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MODELS TO EVALUATE MAGNICON ARCHITECTURES AND DESIGNS
SUITABLE FOR HIGH-PERVEANCE BEAMS

Daniel E. Rees

ABSTRACT

The magnicon, a new high-power, radio frequency (rf) deflection-modulated ampli-
fier, was recently developed at the Institute for Nuclear Physics in Novosibirsk, Russia.
The first magnicon achieved a peak output power of 2.6 MW for 50-|is pulses at a
frequency of 915 MHz with a dc-to-rf conversion efficiency of 73%. The conversion
efficiency achieved by the original mngnkon represents a significant improvement over
state-of-the-art conventional velocity- and density-modulated devices. Therefore, if
properly exploited, the magnicon could substantially reduce the operating expenses of
industrial, scientific, and military facilities that require large amounts of rf power. This
dissertation describes the operational principles of the magnicon, provides small-signal
analytical theory (where practical), presents a large-signal numerical model to charac-
terize magnicon performance, and then utilizes this model to investigate the character-
istics of the component mngnicon structures. Using these modeling tools, the first-
generation magnicon architecture is analyzed for its performance sensitivity to elec-
tron-beam size and is found to support beams of only limited diameter. Finally, an
alternate magnicon geometry, called a "uniform-field" magnicon, is presented and
shown to support beams of larger diameter.



1. Introduction

1.1 Statement of problem

Recently, the Institute for Nuclear Physics in Novosibirsk, Russia, developed a

relatively new class of amplifiers called deflection-modulated amplifiers. These electron

devices have to date shown a remarkable improvement in performance characteristics

over velocity- and density-modulated amplifiers. Researchers in Russia have

demonstrated efficiencies for these devices as high as 90% at frequencies up to 7 GHz

and at power levels exceeding 50 MW. The initial deflection-modulated amplifier

developed at Novosibirsk was known as the "gyrocon." Due to its limiting geometry, the

gyrocon could produce large amounts of power very efficiently, but only at a single

power level. Essentially the gyrocon had no linear range. In an effort to overcome the

limitations of the gyrocon, engineers at Novosibirsk developed a new class of linear,

deflection-modulated amplifier known as the "magnicon." The original magnicon

developed in Russia achieved 2.6 MW of output power at 915 MHz with an electronic

efficiency of 85% and an overall efficiency of 73% for short pulses (50 |As). It is

described in Ref. (1].

The performance characteristics of ihe magnicon show a distinct improvement over

state-of-the-art velocity- or density-modulated high-power if sources. Commercially

available klystrons, for instance, can produce 1.1 MW at 350 MHz with a dc-to-rf

conversion efficiency of only 67%. (Their efficiency at 700 MHz would likely be less.)

Also, recent developments in klystrode amplifiers have improved their power output to

250-kW continuous-wave (CW) at 267 MHz with a dc-to-rf conversion efficiency of

70%. (It is not clear at this time whether grid technology would allow the klystrode's

output to be extended to the higher frequency regime or allow for increased levels of CW

power.) Despite the promise of deflection-modulated amplifiers, their development to

date has concentrated on short-pulse amplifiers with low-perveance beams. The beam

voltage and current for the first magnicon, for instance, was 300 kV and 12 A for a

perveance of 7.3xl0"8 pervs.

The question raised and answered by this research is: can the magnicon still provide

the high efficiency demonstrated in its initial development when it is operated at

perveances three to four times higher? For if it can successfully operate at higher

perveances, the magnicon can become a very attractive alternative to conventional tube
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technology for proposed particle accelerators that require hundreds of megawatts of CW

if power at frequencies around 700 MHz. For these systems, even a 5% increase in

efficiency could save over $50 million annually in operating costs, according to current

projections (Ref. J2]).

To answer the basic question, I have developed and applied large-signal numerical

models to the magnicon in order to analyze the effects of parameter and geometry

variations on performance. Then, once the attributes of a high-efficiency design are

identified, this design will be evaluated for performance sensitivity to beam size. The

magnicon geometry will then be modified to decrease performance sensitivity to beam

diameter, and a new magnicon geometry and design will be proposed that has an

improved tolerance to beam diameter.

1.2 Research approach

The research is organized into four parts.

The first part (Chapter 2) consists of a summary of the history of the development of

the magnicon. Information for this summary was gathered from the appropriate scientific

literature, which is listed in the references. Then, using this information, I analyze the

potential capabilities and shortcomings of the first magnicon, which was developed and

demonstrated at the Institute for Nuclear Physics. Because the magnicon was initially

developed to solve some problems encountered in the development of the first deflection-

modulated amplifier, the gyrocon, I also examine the gyrocon's shortcomings as part of

the historical review. Current work underway on the next generation of magnicons in the

United States and Russia is also described.

The second part of the investigation (Chapter 3) follows the development of a small-

signal theory for the magnicon and evaluates the usefulness of the theory, which proves

to be suitable only for an examination of the magnicon's drive cavity. This is because

small-signal theory cannot completely describe particle trajectories in the drift spaces and

beam-driven cavities that follow the drive cavity. This shortcoming is due to the

complexities involved in generating a small-signal theory for the arbitrary beam-entrance

time and arbitrary beam-entrance position in passive cavities and drift spaces and in

generating self-consistent solutions within beam-driven passive cavities. Large-signal

numerical methods must be employed to solve these problems. Nevertheless, I do

provide small-signal theory for drift spaces and passive cavities, but it is based on

restrictive boundary conditions with respect to beam entrance time and position.
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Although 1 draw some conclusions from this theory, 1 present U here mainly as a

reference to benchmark the large-signal numerical model.

Part three (Chapters 4,5,6, and 7) focuses on the generation of a large-signal, rigid-

beam model and on the large-signal, finite-beam-size model. The rigid-beam model

assumes that a beam has an infinitesimally small diameter. Due to the unique nature of

the rotating rf fields within the magnicon, the rigid-beam model allows the behavior of

the entire beam to be simulated by tracking a single particle through the cavities. I also

use it to explore what effects varying the magnicon's geometry and operating parameters

have on performance. Furthermore, I use it to generate high-efficiency magnicon designs

and self-consistent solutions for cavity field amplitude and phase. Once this has beer

accomplished, the high-efficiency design can then be evaluated by a numerical model that

uses the rigid-beam model's self-consistent solutions in order to calculate the

performance of a beam with a finite diameter. I use this model to analyze the impact of

beam size on magnicon performance, first for the Russian magnicon then for a new

geometry that is much more tolerant of beams with larger diameters. Space-charge forces

of the beam are discussed and evaluated, as well as the force applied to the beam by the

cavity walls when the beam is deflected off-axis.

The fourth part of the dissertation (Chapter 8) consists of a summary of the work and
the conclusions.

1.3. Results

The primary result of this research is to lay the groundwork for a new magnicon, one

that preserves the high efficiency of the original magnicon but decreases the sensitivity of

its performance to beam diameter. However, the analysis supporting this research also

provided several intermediate results.

In modeling the rotating-fields in the magnicon cavities, the research demonstrates the

effectiveness of certain modified modeling techniques in calculating self-consistent

solutions for standing-wave, beam-driven cavities. Using a rigid-beam modeling

technique, I show it is possible to calculate self-consistent solutions for the rotating

magnicon fields. Specifically, I use the rigid-beam modeling technique to evaluate the

effect of entrance position, entrance angle, and cavity length on the beam-driven cavity

gain in the large-signal regime. Also, I compare the performance of simple cylindrical

beam-driven cavities to coupled beam-driven cavities in order to determine which

passive-cavity geometry can increase the conversion of longitudinal beam energy into the
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transverse direction with the lowest if losses in the cavity walls. Optimum coupled-

cavity lengths and simple-cavity lengths are then determined in order to lessen if cavity

loss while maintaining the highest gain possible. The rigid-beam model also allowed me

to examine output cavity geometry, focusing field, and decelerating voltage in order to

determine the optimum geometry and operating parameters for converting the beam

energy to the rf fields in the output cavity. These data represent a body of information

that can be used to determine the optimum operating parameters and geometry for

magnicon design.

Another tool that proved useful was the induced-current method for determining

beam loading and cavity detuning. This tool for cavity analysis, which was originally

developed for klystron modeling, was here modified and adapted for modeling the

magnicon. I show that the induced-current technique may be used to calculate self-

consistent solutions for the rotating modes by decomposing the modes into their

component standing-wave modes. Then, using an iterative approach, I arrive at the self-

consistent solution for the standing-wave fields. I also use the induced-current method to

calculate, for different values in the focusing field, the beam-loaded quality factor (Q) of

the cavity and the frequency detuning caused by the beam in the beam-driven cavities.

(The relationship between the strength of the focusing field, the cavity Q, and detuning

frequency is discussed in Ref. 13].)



2. Background

Most high-power microwave amplifiers can be classified as electron devices that

are either velocity-modulated (klystron, traveling-wave tube |TWT), gyrotron) or density-

modulated (gridded-tube). In any of these devices, a continuous beam of electrons is

transformed into a series of electron bunches that are separated in time by the length of

the rf period. If these bunches were monocnergctic and infinitely dense, then each

microwave amplifier would be able to achieve 100% efficiency. Unfortunately, neither

velocity nor density modulation produces monoenergetic, infinitely dense bunches, and

this factor limits the efficiency achievable by the generator. For example, in the case of

the klystron, bunching is accomplished by modulating a continuous electron beam in a

number of consecutive cavities using a time-varying electric field. The velocity

distribution of the bunch limits the strength of the electric field that can be developed

across the output cavity. If the electric field were high enough to decelerate the most

energetic electrons of the bunch, then the less energetic electrons would be turned around

and would manifest themselves as body current, which could potentially damage the

klystron or cause instability. (This phenomenon has been verified at CERN through

experiments on high-efficiency klystrons and documented in Ref. [1].)

Another limiting factor for velocity- and density-modulated high-power

microwave generators is that the interaction region, where energy is extracted from the

electrons, is limited to half an rf period (a transit angle of 180°), which limits the peak-

power capability of high-frequency klystrons because of voltage breakdown in the output

cavity. The limited size of the output cavity in higher-frequency klystrons can also limit

the average-power capability because of thermal effects. The impetus for the

development of deflection-modulated microwave amplifiers was to overcome these

limitations.

The primary advantage of deflection-modulated devices is that they require no

electron bunching. The interaction between the rf fields in the output cavity and the

electron beam is nearly monoenergetic. Thus, much higher electronic efficiencies are

theoretically possible.

The gyrocon, the first major deflection-modulated amplifier, was invented by G. I.

Budker in Russia (Ref. [2]). Electronic efficiencies up to 90% have been demonstrated

for it at 430 MHz. The gyrocon, however, suffers from some of the limitations of



6 Background

conventional electron devices—mainly, the limited length of the interaction region. This

limitation, along with others discussed in the next section, led to the development of an

improved deflection-modulated amplifier, the magnicon.

The magnicon utilizes the input structure of the gyrocon, but its output structure

has been modified to address some of the limitations of the gyrocon. The first magnicon,

which was developed and tested by Dr. Oleg Nezhevenko in 1985 at the Institute for

Nuclear Physics, demonstrated an efficiency of 73% at a frequency of 915 MHz and at a

powci level of 2.6 MW, as shown in Ref. [3]. A second magnicon, designed to operate at

7 GHz for linear-collider applications, is in the process of being tested at Novosibirsk.

(As of this writing, no test results have been made available.) Another magnicon

designed for high peak power is under development at the U.S. Naval Research

Laboratory (NRL) for linear-collider applications (Refs. [4,5]).

2.1. The gyrocon

The gyrocon, which is shown in Fig. 2.1, represented the first generation of

deflection-modulated amplifiers. It consists of an electron source, a deflection cavity, a

drift space, and an output cavity. Electrons leaving the source enter the deflection (or

input) cavity, which is a circular cavity resonant in the TMJIO mode. The if energy is

coupled into the cavity through two apertures separated in angle by 90° and in excitation

phase by n/2. This configuration sets up a rotating TMno mode at the rf frequency (Fig.

2.2). (Throughout this report, the magnicon cavity mode is referred to as a rotating

TMno mode. This is not strictly true. Figure 2.2 illustrates that the rotating mode does

not have the typical TMno mode pattern. The correct, but cumbersome, way to refer to

the mode present in the magnicon cavities would be to call it a rotating mode made up of

two TMi JO modes.)

Because the mode is rotating, interaction with the radially directed rf magnetic

field converts a portion of the electrons' longitudinal velocity into transverse velocity.

Therefore, when the electron beam enters the drift space, it contains a transverse velocity

component that rotates in time with a frequency equal to the rf frequency. The result, as

the beam enters the drift space, is an outward-spiraling beam traveling along a conical

surface.
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Collector
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* Note: magnetic benders
have also been applied.
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Figure 2.1. Schematic diagram of the gyrocon.
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Figure 2.2. Input-cavity field of a gyrocon.

The system described above is the most rudimentary of possible deflection

systems and wos used only in early gyrocon designs. Later gyrocons (and the magnicon)

employ multiple cavities that are classified as input cavities, passive cavities, and

deflection cavities. All utilize rotating TMno modes immersed in a static, axially

directed magnetic field. All but the input cavity are excited by the electron beam. With

this type of deflection system, which will be explained in detail in later sections, the

gyrocon can achieve a gain of 60 dB.

Once in the drift space, the deflected electrons travel along straight lines, tracing

out a conical surface and passing through an azimuthal slot into the circular output cavity,

which is resonant in the TMnn mode. The angle at which the electrons enter the output

cavity rotates in time with a frequency equal to the rf frequency. Energy is removed from

the electron beam by interaction with the electric field of a rotating TMj JO mode. The rf

energy is then extracted through two windows with an angular separation of 90°. The

phase of the if output from the first window lags behind that from the second by n/2.

Table 2-1 summarizes gyrocon results obtained in Russia (Ref. [6]).

In the gyrocon, as in ir.ost conventional velocity-modulated or density-modulated

electron devices, all the energy must be extracted from the electron beam within half a

wavelength in the longitudinal direction. Therefore, problems connected with

overheating and voltage breakdown become severe as power and frequency increase.



Ruckgrourut 9

Furthermore, the gyrocon is a nonlinear device; it has no range of linear amplification

(Ref, [7]). If the rf drive is decreased, then the deflection angle is changed and the

electron beam misses the entrance slot. (This factor limits its applicability as an rf

amplifier for accelerators.) Finally, because the entrance slot and the collector slot are

coaxial, rf leakage can compromise beam quality in the drift space and complicate the

design of an isolated collector. Efforts to overcome these difficulties led to the

development of the magnicon.

Table 2-1. Gyrocon results from Russia.

Frequency (MHz)
Power (MW)
Pulse width (us)
Rep. rate (Hz)
Beam voltage (kV)

Efficiency (%)
Gain (dB)
Reference

Initial
gyrocon

430
0.6

20

0.1

320

65

7

[6]

cw
(VEPP-4)

182
0.4

CW
—

240

60

17

[7]

Pulsed
(VEPP-4)

430

65

0.7

1

1600

75

26

t7]

Pulsed
(Balakin)

7000

60

50
1

; 1300

25

60

[8]

2.2. The magnicon

The niagnicon and the gyrocon have identical input structures; however, the

output cavity of the magnicon is quite different and has none of the other's limitations.

The output cavity of the magnicon couples the beam energy to the rf fields through an

extended interaction with the same rotating TMi io field as in the gyrocon output cavity.

Therefore, the magnicon is not constrained to extract all beam energy within a half cycle.

This feature addresses the gyrocon limitations of output-cavity overheating and voltage

breakdown as the operating power and frequency increase. The magnicon output cavity

is cylindrical rather than coaxial, and the beam entrance port in the output cavity is

circular. The circular nature of the entrance prevents propagation in the coaxial mode

into the drift space, a feature that troubled the gyrocon. This improvement results in a

linear range of amplification because it is no longer critical that the beam precisely passes

through the output cavity entrance slot, as was the case with the gyrocon.
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Table 2.2 summarizes past and ongoing magnicon development efforts. Only one

magnicQUi has been successfully developed and tested, the original one at the Institute for

Nuclear Physics (Novosibirsk). A second magnicon is currently being developed there,

and although it has not yet been tested, its design parameters are known. In addition,

work on two other magnicons is progressing elsewhere (Ref. 19]). Both of these operate

at high-frequencies where the magnicon is operated in the frequency-doubling mode (i.e.,

the extraction frequency is twice the drive-cavity excitation frequency.)

Table 2.2. Russian magnicon results and NRL design summary.

Novosibirsk Novosibirsk NRL
First magnicon Second magnicon magnicon

measured results design parameters design parameter
(Ref, HOI) (Ref, 111])* (Ref. [12])

Drive frequency (MHz)
Operating frequency (MHz)
Pulse width (us)

Repetition rate (Hz)
Gain (dB)

Efficiency (%)

Beam voltage (kV)

Beam current (A)
Power (MW)

915
915

50

1

30

73

300
12

2.6

3500
7000**

2

5

50

60-70

420

240

60-70

5700
11400**

0.5

single-shot

50

50

500

200

50

* Magnicon has not yet entered test phase.
** Magnicon used in frequency-doubling mode of operation.

A mechanical drawing of a magnicon is shown in Fig. 2.3. This geometry,

although not identical to the initial magnicon, does have similar features. It represents a

design for a higher-gain magnicon. The greater gain comes from the fact that more and

different types of beam-driven cavities in the input structure have been added. These

additional cavities will be examined now because they reflect an enhanced magnicon

structure currently being considered by research efforts both in this country and Russia.
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Collector

Output cavity

Drift spaces

Deflection system

Coupled passive
cavity (deflection

Simple passive cavities

Figure 2.3. Drawing of possible magnicon geometry.

The magnicon in Fig. 2.3 consists of an electron gun; a deflection system

comprising simple passive cavities, a coupled passive cavity, and drift spaces separating

the individual cavities; a larger drift space separating the deflection system from output

cavity; an output cavity; and a collector. The deflection system and output cavity each
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has its own separate solenoid magnet. Therefore, a sharp magnetic transition can exist in

the drift-space region when different strength magnetic fields are being used. The

deflection system consists of a drive cavity and a number of passive cavities that are

driven by the beam. In the figure, two types of passive cavities can be seen: simple

passive cavities and a coupled passive cavity. The coupled passive cavity, which

operates in the pi mode, provides the majority of beam deflection before the beam departs

the deflection system. It is sometimes referred to as the deflection cavity. The pi-mode

coupled cavity is often used in such situations because it keeps the rf wall losses

associated with providing the beam deflection lower than if the equivalent deflection

were accomplished using a simple cylindrical cavity.

The deflection system of the magnicon transfers the electron beam's initial

longitudinal energy into the transverse direction. The output cavity extracts the

transverse energy of the beam. Additional conversion of longitudinal-to-transverse

energy takes place in the drift space between the deflection system and output cavity.

Upon exiting the deflection system, the beam is allowed to drift approximately one

Larmor diameter off-axis. It then enters the output cavity through a sharp magnetic

transition, ideally a half-cusp. The sharp magnetic transition further transfers the beam's

longitudinal energy into the transverse direction. To a first approximation, the efficiency

of the magnicon is determined by the ability of its input structure and half-cusp magnetic

field to convert the electron beam's longitudinal energy into transverse energy.

The magnicon cavities are all cylindrical and resonant in the TMi 10 mode. These

cavities support a rotating mode that is composed of two TMno mode fields. The

standing-wave mode and rotating-wave modes are illustrated in Fig. 2.4 and 2.5.
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Figure 2.4. TMno mode cavity fields.

Figure 2.S. Rotating mode field pattern.

The rotating mode is excited in the drive cavity through two apertures separated in

angle by 90° and in excitation phase by n/2. The rotating mode in the output cavity is

coupled through two waveguide openings with similar spatial and phase characteristics.

It is the interaction of the longitudinal velocity of the beam with the radial rf magnetic

field near the axis that transforms the beam's longitudinal energy into transverse energy.
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The deflection-system cavities are immersed in a magnetic focusing field directed along
the axis of the magnicon. The strength of the deflection-system focusing field is selected
such that the ratio of the resulting cyclotron frequency, £2, to the rf frequency, to, satisfies
the expression

0£-£2-
(O (2.1)

Selection of this ratio determines the position of the rotating beam with respect to

the rotating rf fields. This is illustrated in Figs. 2.6 and 2.7, provided in Ref. [12]. Figure

2.6 shows the trajectory of a single particle in a driven deflection cavity for different

values of the magnetic field. It is shown from the viewpoint of an observer looking down

the beam pipe. The particle starts at the center and moves outward. The paths followed

by the electrons are indicated for various ratios of the cyclotron frequency to the rf

frequency. Figure 2.7 shows the azimuthal position of the beam relative to the zero

electric-Held line of the mode. In Fig. 2.7 the abscissa is the particle transit; angle and the

ordinate is the angle between the beam position and line of zero electric field. This figure

illustrates the fact thai the amount of energy the drive-cavity fields impart to the beam is a

function of focusing-field strength. For example, for Q/ca ~ 2, the beam is always in the

region of zero electric field, and the beam does not gain energy. This is equivalent to

saying the cold-cavity quality factor, Q, is equal to the beam-loaded Q, For Q/to < 2 the

beam is exposed to accelerating fields and gains energy resulting in a beam-loaded Q that

is less than the cold-cavity Q. Figure 2.6 also shows that when Q/co > 2 , the beam is

exposed to decelerating fields and gives up energy to the drive cavity. This could cause

instabilities because the energy given up by the beam could excite an additional self-

consistent rotat ing mode in the drive cavity that would, in turn, modify the beam

trajectory.
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y

n/»=o

ft/w= 0.5

Figure 2.6. Particle trajectories in a deflection cavity for various values of
magnetic field.

-2

Figure 2.7. Azimuth position of electrons relative to zero-electric-field region.

The output-cavity focusing field is selected such that the rf frequency and

cyclotron frequency are equal. Figure 2.8 illustrates the output-cavity field and one
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revolution of the cyclotron orbit of an individual electron. (The figure is used more for

geneniil understanding of the physics of the conversion of the beam energy to the rf fields

than as an accurate depiction of particle trajectories in the output cavity.) The conversion

of the irotating-beam energy to the rf fields is accomplished by an extended interaction

with the steady-state rf fields. With each cyclotron revolution, a fraction of the transverse

energy of the beam is transferred to longitudinal energy, and interaction with the

longitudinal rf electric field converts this energy to the rf field. When the electron orbit is

near the axis of the output cavity in the region of a strong rf magnetic field and weak

electric field, the (V'radial XBRF) component of the Lorentz force converts a portion of the

perpendicular velocity component into longitudinal velocity. Then, at the other extreme

of the electron orbit, where the electron is in the region of the strong rf electric field, the

interaction of the electrons with the longitudinal electric field removes this added

longitudinal velocity. Through this interaction, the electrons give up their transverse

energy to the rf fields over a number of wavelengths, and the spent beam contains only

the longitudinal energy the electron beam possessed when it entered the output cavity. A

representative trajectory of a single electron as it travels through the output cavity is

shown in Fig. 2.9.

Figure 2.8. Magnicon output cavity field and cyclotron orbit of a single electron.



Background 17

Figure 2.9. Trajectory of an electron moving through the magnicon output cavity.

It is also possible to use the magnicon as a frequency doubler by designing the

output cavity to be resonant at twice the drive frequency and selecting the output-cavity

focusing-field strength so that the cyclotron frequency in the output cavity is twice the

drive frequency. This is the approach that NRL (Ref [4]) and the Institute for Nuclear

Physics (Ref. [11]) are using to design magnicons intended to provide rf power to the

Next Linear Collider.

Because of the extended interaction between the rf field and the beam, the

magr.icon, unlike the gyrocon, does not suffer the same power and frequency restrictions

due to voltage breakdown and overheating. In addition, because of the nature of the

interaction, the magnicon will function as a linear amplifier. The beam enters the output

cavity through a circular aperture rather than a slot. Hence, as drive power is decreased,

there is a corresponding decrease in the resulting deflection angle. The magnicon

continues to serve as an rf amplifier, although at reduced efficiency (as a result of the

reduced transverse velocity). Thus, the magnicon does have a linear range of operation.

2.3. Parameter selection

Whenever possible in this research, results will be presented in a normalized

format so they can be translated to magnicon designs involving a variety of operating
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parameters. However, in some cases specific operating parameters must be selected. For

instance, the beam current must be selected before self-consistent cavity field solutions

can be calculated. Therefore, a baseline set of parameters needs to be selected and used

for the modeling. The results of the modeling, when possible, will be presented as

normalized results.

The parameter selection for the magnicon is determined by its application. The

application of interest to Los Alamos National Laboratory (LANL), the funding agent for

this effort, is to use the magnicon as a high-efficiency, CW if source for particle

accelerator applications. LANL has ongoing development efforts for several projects that

could make use of the magnicon: the Acceleiator Transmutation of Waste (ATW)

program and the Accelerator Production of Tritium (APT) program, among others. The

baseline design for these efforts calls for 700-MHz generators with beam power of 3

MW. The high beam power was chosen because of limitations in commercially available

rf windows. Currently, commercial windows are available for power levels up to 1 MW.

It is likely that the window technology could be extended to 1.2 MW. Because power is

coupled out of the magnicon output cavity through two windows, this would mean the

maximum possible magnicon output would be 2.4 MW. Assuming the amplifier has an

80% efficiency, the device's total beam power should be 3 MW to achieve the 2.4 MW

output.

To achieve 3 MW of beam power, the current and voltage beam parameters have

been set at 170 kV and 18 A. The beam voltage was selected because it represented an

incremental improvement over the 300 kV beam voltage of the initial magnicon based on

its perveance. The perveance of the LANL baseline design is 2.57x10"7 pervs, compared

to 0.73x 10"7 pervs used in the initial development. This difference represents a

perveance 3.5 times as large as that in the initial development. Ideally, the magnicon

voltage would be no higher than the voltage of a conventional klystron. However, for

such a high value of perveance, 3-D space-charge modeling would be required. The 170

kV was selected as a intermediate step to determine if a magnicon geometry could be

identified that would provide high efficiency at a greatly increased perveance. In

addition, a CW gun at 170 kV is feasible, and the baseline design could be experimentally

verified if funding was available.



3. Analytical Treatment

3.1. Magnicon rotating cavity fields

The analytical expressions for the rotating cavity fields are developed below.

3 J.I. Generalized field expressions

The geometry used for derivation of general field expressions is shown in Fig.

3.1.

Figure 3.1. Geometry used for generalized field expressions.

The vector potential, A, expressed in cylindrical coordinates for the magnetic modes

transverse to the z axis, is given by Ref. [ 1 j as

(3.1)
[C3cos(j8,Z)+Disin(ftZ)].

19



20 Analytical Treatment

The constant Bt has a value of zero because Kmis unbounded at the origin, and Pi can be

set to zero by an arbitrary selection of the origin. The fields are given by

/jLYi^l (3.2)

(3.3)

and

W,=0. (3.7)

Az is then given by

A = ^^(/8pp)cos(m0)[C3 cos(P,z) + D3 sin(/}tz)]. (3.8)

Substituting Eq. (3.8) into Eqs. (3.2), (3.3), and (3.4) results in component values for E

given by

3cos(A2)], (3.9)

{,z)], (3.10)

and

E> = - ^ ^ ^ ( V ) s i n ( ^ ) [ C 3 C 0 S ( A 2 ) + ^sin(j3,z)]. (3.11)

At the cavity radius, a, Ez equals zero. Therefore,
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0P = ̂  (3.12)

where Xfru, is the mh zero of the mth-ortler Bessel function, Also, Ep must also equal zero
at i = 0 and z = /». Therefore, D$ - 0 and

£=•£7 , (3.13)
ft

where p = 1, 2, 3 Specializing these results to the magnicon mode of interest, the
TMno mode, results in field quantities given by

fip = 0, (3.14)

E ,=0 , (3.15)

~ A.o/.^pjsin^). (3.17)

• j^{^)(^)M (318)

and

H,=0 , (3.19)

Rewriting Eqs. (3.13) through (3.16) in terms of peak field magnitude, Eo, results in

£ o = 0 , (3.20)

£ , = 0 , (3.21)

(3.22)
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and

H, =^0. (3.25)

These are converted to instantaneous expressions for use in the simulations as

£=Re(Ee»*) (3.26)

and

H=Re(tfe / M), (3.27)

resulting in

£, = £ o y , ^ p jcos(^)cos(«i), (3.28)

p ( 0 ) ( ) (3.29)
pH a J

and

J i | ^ J ( 3 . 3 0 )

The rotating TMno mode is excited in the magnicon drive cavity by coupling to

the cavity through two drive loops equidistant from the axis, spatially displaced by n/2.

In addition, the field coupled into the first pon differs by n/2 from the excitation phase at

port 2. The result on Eqs. (3.28) through (3.30) is that

ax-Hot-^ (3.31)

and

0 - » 0 - | . (3.32)

Making these substitutions, the fields at port 2 are written as
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(3.33)

(3.34)
a

and

(3.35)

The equations for the rotating TM] io mode are given by adding Eq (3.28) through

(3.33). Eq. (3.29) through (3.34), and Eq. (3.30) through (3.35). as

£ . = V . | ^ P | C O S ( G M - 0 ) , (3.36)

at-0), (3.37)

and

H#=*J^,frpW«-*). (3-38)

For the TMno mode, the resonant frequency is found from

/J = (o-sjjie = ^ ^ . (3.39)
a

Substituting Eq. (3.39) into Eqs. (3.36), (3.37), and (3.38). and using the relations

c = l/V/^c and J? = Y % > g'ves

£ t = £o./,| ^ - p jcos(<u/ - 0), (3.40)

E 4 p )
= ^ \ a Jcos{(Ot -<(>), (3.41)

a

and



24 Analytical Treatment

This can be converted to Cartesian coordinates using

and

(3.43)

(3.44)

(3.45)

Substituting Eq. (3.40) into (3.43), Eq. (3.41) into (3.44), and Eq. (3.42) into (3.45), and

using the relation

a

(3.46)

results in

1) XlLp
a

cosfcor ~ 2(P) ~ Jo( ~\ a

(3.47)

, (3.48)

and

( ^
- at) + Jo\ &±p }sin(o)t -

v a J
. (3.49)

Therefore, by converting H toB, the full set of field equations for the rotating T M U Q

mode is given by

£ , = 0 ,

ey=o.

(3.50)

(3.5!)
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and

c

JJ/ —
c

a

J./.2. Small-signal field equations

20)- yo[&ip ]sin(®r

Jo ^i-p si
\ a J

(3.52)

. (3.53)

, (3.54)

(3.55)

The small-signal forms of these equations are sometimes useful. The small-signal

regime for the magnicon can be defined as occurring when the expression

Xu _

approaches zero. The resulting small-signal field equations are found by using

a J 2a as
a

(3.56)

and

to yield

70(jf) -> 1 as x —> 0

£t = ̂ •

(3.57)

(3.58)

(3.59)

(3.60)
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B, = (3.61)

(3.62)

and

(3.63)

The derivation of Eqs. (3.58) through (3.63) used trigonometric identities for
transforming products into sums or differences and trigonometric identities for
transforming angle sums or differences into products. It also took advantage of the fact
that x and y could be represented as x = p cos (0) and y = p sin (Q).

3JJ. Cavity loss

Both the Q and the wall loss of the magnicon cavities are calculated by using the

cylindrical cavity model. The perturbations caused by the beam pipe as it enters and exits

the cavity are not considered. Assuming the cavity wall to be a good conductor, the

current density on the side wall, top, and bottom is calculated to be

(3.64)

where Js is the current density and h is the outward unit normal. The cavity loss and

quality factor are computed for one of the TMj JO modes, and the result for the cavity loss

is then doubled to account for the presence of the two modes that make up the rotating

TMuo mode. The calculations will use the time-averaged form of the field expressions

from Eqs. (3.20) through (3.25). The current densities on the side wall and bottom are

given by

(3,65)

and

= - a , x (3.66)
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or

(3.67)

and

(3.68)

The power dissipated in the walls is found from

(3.69)

where Rs is the surface resistivity. Substituting Eqs. (3.65) and (3.66) into Eq. (3.69)

results in

I J * » l l i + \ *•* ' _ ' 1 I I I ™ adQdz

and

n « 2lC

P - £ f f
p=0#=0

Solving first for the dissipated power in the side wall gives

(3.70)

. (3.71)

(3.72)

Using Eq. (3.46) to further simplify this expression yields

(3.73)

Solving for the dissipated power in the bottom wall gives
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pdp. (3.74)

Using Eq. (3.46) to further simply this expression results in

d(i>oHom) (3.75)

To account for the power dissipation of both the top and bottom of the cavity, the

total power dissipation is equal to the sum of Eq. (3.73) and twice Eq. (3.75). The total

dissipation in the walls is given by

(3.76)

Equation (3.76) represents the power dissipated in the wall for one of the two TMno

modes that make up the rotating TMj JO mode. Therefore, the power dissipated due to the

rotating TMnn mode would be twice that expressed in Eq. (3.76).

3.1.4. Stored energy and quality factor

The stored energy in the cavity is found, as above, for one of the two TMno

modes that make up the rotating TMno mode. The electric field is used to calculate the

time-averaged stored electric energy according to

W,=U\\e\EfdVol. (3.77)

Using Eqs. (3.20) through (3.25), this stored energy is found to be

(3.78)

or

•'.'(*„) (3.79)
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Using Eq, (3.76) and Eq. (3.79), we can determine the Q of the cavity as

(3i8O)

Note that this derivation was completed using only one of the rotating modes. However, the

result would be the same if both modes were included, considering that both modes double

the stored energy and also double the power lost in the cavity walls.

3.2. Generalized small-signal model

Particle trajectories are determined from a relativistic form of the Lorentz force

equations, Ref. [2], which consist of two equations: the Lorentz force equation and the

Lorentz energy equation. The former equation is

. . , „ . . . . _ , , (3.81)

dt

where p is the momentum given by

p = ytnv , (3.82)
and the energy equation is

m c ^ = - e v £ . (3.83)
dt

The time derivative of/? is

dt dt dt

If we assume ideal fields, for a rotating TMi in magnicon mode in the presence of

a solenoidal focusing field in the z direction (along the axis of the magnicon), the only

field components present are Bx, By, Bz, and Ez. Using Eqs. (3.81), (3.83), and (3.84),

the component forms of the relativistic force equations are

(3.85)
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and

rtv o
_ = jV,E,. (3.88)
«f we

These equations can be specialized to the small-signal regime by assuming that vz and y

are constant. This results in

( > . . , ) . (3.89)

and

^ - = 0 . (3.91)
at

Equations (3.89), (3.90), and (3.91) are used to analytically derive small-signal

trajectories in the deflection system.

Particle trajectories derived from small-signal analysis serve several functions.

They describe particle trajectories in the drive cavity, they are used to determine the

loaded Q of the drive cavity, they are used to predict optimum drive-cavity geometry, and

they are: used as an independent evaluation on the accuracy of the large-signal numerical

simulation. However, small-signal analysis is limited in applicability to those cavities

having a small radial displacement. In addition, the results of the analysis are not self-

consistent, and they are extremely complex for an arbitrary cavity entrance time. The

analysis; that follows assumes zero entrance time for passive cavities and drift spaces and

is, therefore, useful only as a tool to benchmark the self-consistent numerical simulation

and illustrate restrictive cases.

Substituting Eqs. (3.58) through (3.63) into Eqs. (3.89) through (3.91) results in

^ - = -Qvy + E2 sin(ftK) (3.92)
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and

dv
~ * =

where £2 a°d ̂ > t n e cyclotron frequency, are given by

Qv, - E2 eos(c*), (3.93)

fl = ̂  (3.94)
ym

and

£ 2 = f ^ , (3.95)

and where fl0 represents the solenoid focusing field. Equations (3.92) and (3.93) can be

decoupled by taking their second derivatives. This results in

^ = E2 (SI + <u)cos(<Uf) (3.96)

and

d\
2 (3.97)-—

The solutions for Eqs (3.96) and (3.97) are given by

v, = A3 cos(Qf) + AA sin(Qr) + A; cos(fi«) (3.98)

and

vy = A) cos(Qf) + A, sin(Qr) + Aj sin(fi»). (3.99)

The constant for the particular solution is given by

^ ^ ( S ^ T (3100>

The particle trajectories are given by

A A A.
x = -^sin(ftr)- - f cos(fiO+—sin(G») + constant (3.101)

Q Q co
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and

y = ^s in (&0 - ^cos(ftr) - -^cos(fi)r) + constant . (3.102)
Q Q <o

Equations (3,101) and (3.102) can be specialized for either a drive cavity, passive

deflection cavity, or drift space by evaluating their constants at the proper boundary

conditions.

The boundary conditions for the drive cavity, when f = 0, are

v,=v l0, (3.103)

and

dt dt

The boundary conditions for a passive deflection cavity, when t = 0, are

x = x0, y = y0, z = 0,

^ (3.104)

and

(For simplicity, the conditions defined in Eq. [3.104] assume zero entrance time and that

particles enter the cavity on-axis. The variable <p is added to represent the rf phase.

Neither assumption is strictly valid, and the small-signal trajectories are not useful

without the self-consistent phase, but they can be useful as a verification of the large-

signal numerical simulation.)
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The boundary conditions for a drift space, when t s 0, are

^ = avM, ^ . = -Qv (3.105)
dt at ^

and

To simplify the trajectories, these boundary conditions also assume zero entrance time

and are useful as a benchmark on the large-signal numerical simulation routines. They

also predict trajectories for panicles entering a drift space at a time increment such that

Qf is an integer multiple of 2it.

3,2.1. Drive-cavity small-signal model and trajectories

Using the boundary conditions in Eq. (3.103), the velocities and trajectories in the

drive cavity can be calculated as

v, = ^2 [cos(ftx) - cos(ftr)], (3.106)

v, = -_&—[ s i n (Qr >" *"»(«)]. (3-107>

x = -,n
 2 J —sin(Qf) sin(ftX) , (3.108)
(Q-ft))LQ a> J

and

P r 1 i i fr
(3.109)7 (Q-©)Lft>

32.1.1. Optimum drive-cavity length

The optimum length of the drive cavity is one that maximizes the conversion of
longitudinal velocity to radial velocity at the output of the drive cavity. The magnitude of
the radial velocity, vp, is given by
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v j a v j + vj (3.110)

and is found, using Eqs, (3.106) and (3.107), to be

vj = "f 7 ^ - ) [-2 + 2cos(Qf)cos(GK) + 2sin(ft0sin(ft*)J. (3.111)

This simplifies to

v, = V2 (

To find the transit time of maximum radial velocity (or equivalent length), the first
derivative of the velocity is calculated and set equal to zero. The derivative is

dv,_E2 sin(fl-o))r «n«

After setting the derivative equal to zero, we find the cavity transit time that maximizes
the conversion of longitudinal to radial velocity is

(3.114)

which corresponds to a cavity length in the small-signal regime given by

(3.115)

32.12. Beam loading

The cyclotron-to-rf-frequency ratio (Q}(&) determines the beam loading in the
drive cavity. The difference between the rate of rotation of the cyclotron motion and the
rate of rotation of the cavity fields affects the degree, to which the beam experiences any
accelerating and decelerating forces from the rf fields. It will be shown that for values of
£l/(d less than 2.0, power is absorbed by the beam. Furthermore, it will also be shown
that the power absorbed increases for lower values of Q/<o and decreases for higher
values. For values of Q/o greater than 2.0, the beam gives up energy and enters a
potentially unstable operating regime. From the conservation of energy equation, Ref.
[1], the instantaneous supplied power is calculated from
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(3.116)
Volww

To determine the power provided to the beam, the small-signal regime assumes the beam

to be infinitesimally thin. The small-signal form of the instantaneous, rotating electric

field for the TM i IQ mode from Eq. (3.60) is

£t = ^(&L\xcos(ttt) + .vsin«W)]. (3.117)

Substituting x from Eq. (3.108) and>» from Eq. (3.109) into Eq. (3.117) results in

<3"8>

Because the beam is assumed to be infinitesimally small, the current density is

represented by

where !o has a value equal to the beam current, and x0 and y0 represent the position of

the beam. Using Eqs. (3.118) and (3.119), the power supplied by the beam can be

calculated as

P = _X»1;EOE> fff L n r ( Q _
; n ( Q ^j + s in(fW)

Q2a{Q- to)v{ll.\ lV n <o 7 (3J2O)
8(x-xo)8(y-yo)dxdydz

or

(3.121)

where T is the cavity transit time. Equation (3.121) evaluates to

P XntpfyLf
' A£{Q)2
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To demonstrate the effect of changing the strength of the focusing field, here is a

numerical example. In it, the power absorbed by the beam is calculated as well as the
stored energy, the power dissipated in the walls, the cold-cavity Q, and the beam-loaded

Q. The beam-loaded, or hot, Q is calculated according to

The numerical example is based on the following conditions:

^,, =3.83128,

£o = 2.0xl0sV/m,

vK = 1.9808 x 10s m/s, (3.124)

a = 0.26m,

and

co = 2nx 700.0 xl06rad/s.

Table 3.1 summarizes the calculations.
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Table 3.1. Summary of calculations

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

i i

3.S2E+O9

3.96E+09

4.40E+09

4.84E+09

5.28E+09

5.72E+09

3.16E+09

3.60E+09

7.Q4E+09

7.48E+09

7.92E+09

8.36E+09

8.80E+09

9.24E+O9

9.68E+09

1.01E+10

Pd
(watts)

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

118.6

(watts)

5357.8

5044.0

4623.3

4123.9

3571.9

2989.1

2403.2

1848.7

1338.0

890.4

513.2

219.9

0.0

-149.5

-238.4

-278.8

We

(joules)
1.20E-03

1.20E-03

1.2OE-O3

1.2OE-O3

1.2OE-O3

1.20E-03

1.2OE-O3

1.20E-03

1.20E-03

1.20E-03

1.20E-03

1.20E-03

1.20E-03

1.20E-03

1.20E-03

1.2OE-O3

Qcold

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

44631

Qhol

966

1025

1115

1247

1434

1703

2096

2690

3633

5245

8337

15637

44631

-171165

-44163

-33024

Note the negative Qfot value for Ji/co ratios greater than 2. Although the negative

value has no meaning, it is caused by the beam providing power to the cavity, which can

lead to a potentially unstable and oscillatory condition. Based on my personal

experience, I cannot accept this. A minimum bandwidth of 0.05% is desirable for particle

accelerator rf sources in order to minimize operational difficulties and the impact on

amplifier performance of machining tolerances and amplifier-cavity heating. Based on

the hot Q of Table 6-1, an Q/(0 ratio of 1.4 would provide this approximate bandwidth in

the drive cavity. It will be shown in subsequent sections that a similar relationship

between the loaded Q and magnetic-field strength exists in the passive cavities.

Figure 3.2 illustrates a top view of particle trajectories for various values of Jl/o>.

The length for each trace is that which results in the maximum velocity conversion to the

transverse direction. Figure 3.3 shows the corresponding radial velocity for the same

values of QJw with the traces ending at the corresponding optimum lengths.
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0.01

-0.01
-o.oi 0.00

x (maters)
0.01

Figure 3.2. Drive-cavity particle trajectories (top view).

art (radiant)

Figure 3.3. Radial velocity presented as a fraction of initial
longitudinal velocity.

Figures 3.2 and 3.3 were generated at a frequency of 700 MHz with the conditions

described in Eq. (3.124), except that the peak cavity field, Eo, was 0.36 MV/m, not 0.2

MV/m. The figures show that lower values for the focusing field (QJaai) resuh in a greater

transfer of initial longitudinal velocity into radial velocity. Passive-cavity large-signal

analysis will demonstrate this to be true only in the drive cavity. In addition, the figures
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illustrate that the optimum electrical length may be greater than 2rc for lower focusing-
field values.

32.2. Drift-space small-signal model and trajectories

Substituting the boundary conditions for a drift space in Eq. (3.105) into Eqs.

(3.98) through (3.102) provides the trajectories in the drift space. These trajectories are

given by

v, = vM cos(«r) - v,,, sin(ftr) , (3.125)

v, = Vj0 cos(Qr) + v,0 sin(ta), (3.126)

^ ^ ( O ] (3-127)

and

^ ^ [ ] (3.128)

Large-signal analysis will show that drift-space length should be selected to bring

the beam into the passive cavities at a minimum radius. An attempt to generate a closed-

form solution for optimum length by taking the derivative of the expression for the radius

leads to a transcendental equation and would only be valid for drift spaces with an

entrance time that is an integer multiple of 2n. Thus, selecting the optimum length would

rely more on numerical modeling than an analytical solution. A top and side view of the

particle trajectories described by Eqs. (3.127) and (3.128) are presented in Figs. 3.4 and

3.5 for a range of magnet focusing-field values. The small-signal analysis for the drive

cavity is used to calculate a set of initial conditions. The initial conditions are the output

position and velocity of a drive cavity where Qt is an integer multiple of 2n. The drive-

cavity conditions used to generate Fig. 3.3 were also used to determine the input

conditions for Figs. 3.4 and 3.5.
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Figure 3.4. Drift-space particle trajectories.
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Figure 3.5. Displacement off-axis of a single electron as a function of time.
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Figures 3.4 and 3.5 provide n limited insight into magnicon behavior. The

limitation arises from the fact that the initial conditions used to solve the equations

governing particle trajectories in the figures were limited to cases where the entrance

value of Gtt was equal to an integer multiple of 2n. For this restricted class of trajectories,

the figures illustrate the cyclotron motion in the drift space. It has been noted that the

cyclotron radius increases in the drift space as the strength of the magnetic focusing field

decreases. The increase in the radius of the cyclotron motion results from the increase in

transverse energy at the output of the drive cavity as the magnetic focusing field

decreases in strength (see Fig. 3.2).

Figure 3.S also indicates that it becomes increasingly difficult to focus the beam

to the axis in the presence of a decreasing magnetic focusing field. For the case where

QJw = 1.0, the beam maintains a constant radius in the drift space. In generating Fig. 3.5,

which used the initial conditions that were determined from the small-signal drive-cavity

trajectories where ftr = 2n, it was discovered that the center of the cyclotron motion turns

out to be equal to the longitudinal axis of the magnicon. The result is a constant radius in

the drift space. The large-signal theory will show that this phenomenon is a result of the

exit time constraint on the drive cavity. In other words, it is incorrect to infer from Fig.

3.5 that the magnetic focusing field determines the quality of the focus achievable in the

drift space. The quality of the focus is not only determined by the magnetic focusing

field, it also depends on the initial conditions (or length of the cavity or cavities prior to

the drift space). Large-signal analysis will further clarify this point and the importance of

focusing the beam to the magnicon axis by demonstrating that passive-cavity gain

decreases as the entrance position of the beam moves off-axis.

32.3. Passive-cavity small-signal model and trajectories

Substituting the boundary conditions for a passive cavity in Eq. (3.104) into Eqs.

(3.98) through (3.102), the equations for the trajectories in the drift space are calculated

to be

v, = Bo cosQr + B, sin Qt + B2 cas(a)t + $) , (3.129)

vy = B3 cos(Qr) + B4 sin(Qr) + B2 sin(ow + 0 ) , (3.130)

and
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(3.131)
€0

and also

y = -|-sinftr-^-[cosQf-l] + ̂ [cos(0)-cos(ft» + 0)] + yo, (3.132)

with

(3.133)

(3.135)

B3 = v>o-fi2cos(^), (3.136)

and

fi4 = v*> - - ^ 7 7 ^ — 2 Q > c o s ( 0 j (3.137)

The quantity 0 represents the rf phase of excitation of the passive cavity.

Remember, as has been noted earlier, that the restrictive boundary condition necessary to

solve these equations limits their usefulness to being an independent verification of the

numerical model.

3.3. Model for half-cusp field

Two techniques are employed in this work to model the magnetic transitions in

the drift space. One method uses a matrix of field values computed from a numerical

code like POISSON. This method is best suited for final verification of a magnicon

geometry. It is not ideally suited for the intermediate modeling because of the time

associated with calculating POISSON magnetic fields for the necessary number of

geometry variations. It would be most desirable if an analytical method for modeling

magnetic transitions in this drift space could be tied in the code to the magnicon

geometry.
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The method selected for modeling and simulating the magnetic field around the

pole pieces nt the exit of the deflection system and entrance of the output cavity is

described in Ref. [3], (Although this topic is slightly out of place, this method is

described here to consolidate all analytical theory into a single chapter.) In Ref. [3] the

mixed-boundary-condition problem is solved for an infinitely thin, grounded, perfectly

conducting plane. In addition, the plane has a circular hole of radius a cut in it.

Furthermore, the electric field, which is normal to the plane, is far from the hole, has a

constant magnitude, and has different values on either side of the plane. This deriva'ion

is analogous to the problem associated with the modeling of a pole piece. The geometry

of the analogous problem is illustrated in Fig. 3.3.

B.

Figure 3.3. Magnetic-field-problem geometry.

Reference [3j determines the electric potential as

* = £oz + cD(I) for Z > 0

and

(3.138)
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for z<0 (3.139)

and gives a value for the added potential on the axis as

' I n I > (3-140)
Tt a

In the magnetic analog for the detlection-cavity pole piece, the analog of EQ, BQ, is

equal to zero, and the analog of E], Bj, equals the negative of the deflection-cavity

focusing field, #<&/. With these substitutions, the magnetic potential, 0m, for the

deflection-cavity pole piece is

<Dfl=<DM
(1) for z > 0 (3.141)

and

4>m=-BHz + *mV for * < 0 , (3.142)

with the value for the added potential on-axis given by

(3.143)
n I a \-z.

With these equations, the magnetic field on-axis is found, using

5(0, z) = -V<D(n, (3.144)

to be

for 2 > 0 (3.145)
n \_a \zj 2 + a '

and

[ t a n f V ^
n \_a \zj z +a

(3.146)

Near the axis of the magnicon, the radial and longitudinal components of the

focusing field can be found using a paraxial approximation for the magnetic field, which

is given in Ref. [4] as
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and

(3.148)

By using the paraxial approximation, B is assumed to make only small angles with the

axis so that Bp« Bt. This assumption is certainly valid for the exit from the deflection

system because the beam is very near the magnicon axis. However, the assumption is not

as valid at the entrance into the output cavity, where the beam has drifted off-axis and is

approaching the pole piece. This fact partially motivates using the POISSON calculated

fields to check the final geometry.

The radial component of the focusing field is given by Hq. (3.147) for all z and p

near the axis as

n[z2+a2)

and the longitudinal component is given as

(3.150)

and

* for

The fields for the output-cavity pole piece are calculated using the same approach,

except that B/ is now set equal to zero, and -Bo is equal to the output-cavity field, Boui.

The magnetic potential is given by
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(l) M 2 > 0 QA52)

and

O w =Oj l ) /or 2 <0 . (3.153)

The on-axis magnetic field is given by

f £ > ) L ] far z<0 (3.154)) f)
n la KzJ z2+a

and

for z > 0 , (3.155)

and the paraxial approximation finally results in the magnetic fields near the axis being

given by

n(z2+a2) <3 '1 5 6>

(3-157)

and

(3.158)
z>0.



4. Large-Signal Numerical Model

This chapter describes the approach to large-signal modeling of the magnicon

cavities. Large-signal modeling is used because small-signal modeling proved to be

insufficient for several reasons:

• the boundary conditions are too restrictive,

• the solutions lack self-consistency, and

• the actual magnicon particle trajectories do not satisfy small-signal

modeling criteria.

The generation of self-consistent solutions for the beam-driven cavities is discussed as

well as the components of the large-signal model. This information will provide the

details for implementing the large-signal model.

The application of the large-signal model to two regimes is described. One

regime uses the rigid-beam approximation. This approximation is equivalent to assuming

that a beam has an infinitesirmiUy small radius. For this regime, none of the finite-beam-

size effects are considered. The second regime uses the self-consistent solutions for

cavity-field amplitude and phase taken from the rigid-beam model.

I will utilize the rigid-beam model to investigate the effects of parameter variation

on the magnicon's simple and coupled passive cavities and on its output cavity.

Comparisons will then be made between simple and coupled cavities in order to

characterize their beam deflection. The rigid-beam model will finally be used to propose

high-efficiency magnicon geometries and to evaluate a geometry for a high-efficiency

CW magnicon proposed by its inventor, Dr. Oleg Nezhevenko.

I v/ill utilize the finite-beam-size model to evaluate the impact of large beam

radius. It will also be used to evaluate the sensitivity of the high-efficiency design

created with the rigid-beam model to variations in beam size and to investigate methods

for minimizing the performance degradation from increased beam size.

4.1. Generation of self-consistent solutions for beam-driven cavities

Two methods are presented here for calculating self-consistent solutions for the

cavity field. One method, called the energy-balance approach, utilizes both the rf phase

that extracts the most energy from the beam and the rf field amplitude that results in an

47
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energy balance between the power provided by the beam and the power dissipated in the

cavity wall. The second method utilizes the beam's induced current to calculate the self-

consistent solutions. These methods will be briefly discussed below and then explored in

depth in subsequent sections.

The main advantage of the energy-balance approach is the speed of its algorithm.

The primary disadvantage is that the energy-balance approach is strictly an "on-

resonance" method. It does not consider the cavity detuning action of the beam. The

effect of the cavity detuning on the self-consistent solution is such that the resulting

solution is valid at the detuned resonance, which is very near the cold-cavity resonance

and could be adjusted by tuning the cavity. Furthermore, the energy-balance method

cannot be used to calculate the loaded Q of the beam-driven cavity. In order to determine

that, the frequency response of the cavity must be known. Unfortunately, the energy-

balance approach, because it is strictly a resonance calculation, cannot determine

frequency response.

The induced-current method allows for the calculation of both beam loading and

cavity detuning. These parameters are determined by calculating a range of self-

consistent solutions at frequencies around resonance. The loaded Q and cavity detuning

are then determined from the frequency response. The disadvantage of the induced-

current method is the speed of its calculation. The convergence of the algorithm is quite

slow, especially as conditions near resonance. However, when the self-consistent

resonant solutions generated by the two approaches are compared, there is excellent

agreement. Thus, the solution used for the bulk of the modeling was the energy-balance

approach because of its speed. The induced-current method was used only to determine

the attributes of the beam-driven cavity that required knowledge of the frequency

response, such as the loaded Q and the cavity detuning.

4 J.I. Energy-balance approach

The energy-balance approach to calculating the self-consistent solution for cavity

amplitude consists of the following steps:

1. Select an initial value for cavity-field amplitude.

2. Determine the phase that extracts the most power from the beam. This

phase is the self-consistent cavity phase.



Uirge Signal Numerical Model 49

3. Calculate the power dissipated in the cavity walls for the current value of
cavity-field amplitude,

4. If the power dissipated in the cavity walls is equal to the power provided

by the beam, then the cavity-field amplitude is the self-consistent

solution for the cavity amplitude. Using the self-consistent phase from

Step 2, the self-consistent cavity field can be determined.

5. If the conditions of energy balance are not satisfied, then the cavity-field

amplitude estimate is updated and the process repeats starting at Step 2.

Furthermore, a unique aspect of the nature of the beam/field interaction in the

tnagnicon can be used to simplify the implementation of the energy-balance approach. In

the beam-driven magnicon cavities, under the rigid-beam assumption of zero radius and

in the steady state, each electron traverses the exact same rf fields. This is due to the fact

that both the entrance vector of the beam and the cavity fields are rotating at the rf

frequency. Thus, although each subsequent particle that enters the cavity has an entrance

vector that has shifted, the rf fields have shifted by the same amount. Therefore, the

energy given up by each electron in the beam during the transit of the cavity is constant.

Because each electron sees exactly the same if fields while in the cavity, a single electron

trajectory can be used to calculate the self-consistent fields rather than an entire electron

beam whose longitudinal length exceeds the cavity length. In addition, because the

energy extracted from each electron as it passes through the cavity is a constant in time

and is equal to the energy given up by the beam in the cavity at any moment in time, the

time-averaged value of power provided by the beam is also a constant and equal to the

energy provided by the integration of the electric field with the current of a single

electron as it crosses the cavity. Thus, equating the energy lost by a single electron as it

crosses the cavity to the time-averaged power dissipated in the walls provides the basis

for the self-consistent solution of the energy-balance approach.

The initial guess at cavity-field amplitude for this approach should be as close as

possible to the self-consistent amplitude in order to minimize the time required for the

algorithm to converge on the self-consistent solution. The phase that extracts the most

energy from the beam is determined from a component of the conservation of energy

equation. From Ref. [1J, the instantaneous real power supplied by the beam is given by
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where € is the instantaneous electric field and J is the instantaneous current density. For
the rigid beam model, J is represented, according to Ref. [2], by

y . ) . (4.2)

Substituting Eq, (4.2) into Eq. (4.1) results in

Ps = -J£(x,y,z,t)lo8(x-xo)S(y-yo)dxdyd2 . (4.3)

This equation is evaluated numerically as particles are advanced through the
beam-driven cavity. For example, at a given cavity-field amplitude and phase, the
electron is advanced through the cavity by a constant time step. The instantaneous
electric-field value at the center of a time step is multiplied by the change in z, Az, and the
beam current. The variation in Az for the constant time step weights the numerical
integral; as longitudinal velocity is transferred into the transverse direction, Az decreases,
lessening its contribution to the numerical integral. This process is equivalent to a
numerical integration with a constant step in Az . Here, the beam current is weighted by
the ratio of present longitudinal velocity to initial longitudinal velocity. The numerical
integration can be represented as a summation by

2 (4.4)

where k represents the cavity transit time divided by the constant time step. The supplied
power calculated in Eq. (4.4) is compared to the power dissipated in the cavity walls
given in Eq. (3.76) as

(4.5)

Note that Eq. (4.5) was developed for only one of the two standing-wave modes that
make up the rotating mode, so the value of Eq. (4.5) is calculated from

(4.6)
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4J.2. Induced-current approach

A numerical model based on the induced current ICHIS to self-consistent solutions

of the voltage excited by the presence of a beam in a passive cavity. This model is also

useful for calculating beam-loading and cavity-detuning effects. Ramo's theorem,

described in Refs. [3] and [4], gives the induced current for the dc case based on the

motion of charge between two electrodes as

J-\JEdV
_ volmu

(4.7)

In Eq. (4.7), iWis the induced current, Vnorm\$ a normalizing factor representing

the voltage between the electrodes, J is the current density, dV is the cavity volume, and

E is the electric field between the electrodes. For the dc case, the induced current is a

physically measurable quantity. It is the current at an instant in time flowing between the

electrodes. For the rf case, the induced current no longer has a simple physical

interpretation. It cannot be measured. Nonetheless, it provides a tool for the self-

consistent calculation of cavity fields driven by the beam. In the high-frequency case, the

induced current can be described as a fictitious current source that can be combined with

a lumped equivalent-circuit representation of a resonant cavity to simulate not only cavity

wall loss but also the effects of loading and cavity detuning. These effects are due to the

beam's influence on the cavity fields and the stored energy in the cavity. The definition

of the induced current is not unique, but it is fixed by the cavity model and its cavity

impedance.

The cavity voltage, Vcav, is related to the induced current, //„<*, by

V = i. Z
eav (4.8)

where Zcav is the impedance of the cavity with no beam present. The cavity voltage is

the integral of the cavity field along the line of maximum cavity field. In Eq. (4.8), both

Had an£l Vcav a1"6 in phasor notation with an G 'fl)nf time variation. An iterative solution

of Eq. (4.8) gives the self-consistent beam-driven cavity voltage. This method requires

an initial guess at the complex cavity voltage, VQ. Equation (4.7) then gives the induced

current based on the beam distribution resulting from the field estimate. A new value for

the cavity voltage, Vj, is calculated using Eq. (4.8). The initial guess is then replaced by
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a new cavity voltage, V?, which is calculated from the initial guess and the value from Eq.

(4,8) using

V a «*V,+( l -y )V 0 , (4.9)

where

(4.10)

This process repeats until it converges upon the solution. The selection of Jaffects the

stability and speed of convergence. While this approach has been used in the past to

model klystron cavities (see Ref. [5]), this is the first application of this technique to

modeling deflection-modulated amplifiers. The application of the induced-current

method to the magnicon resulted from an effort to calculate the beam-loaded Q and cavity

detuning caused by the beam in the magnicon passive cavities.

The induced-current method is used to calculate the magnicon passive-cavity

voltage at frequencies near the resonant frequency of the cold cavity. The bandwidth of

the cavity in the presence of the beam gives the beam-loaded Q, and the peak of the

voltage response indicates the frequency detuning. However, the nature of the magnicon

cavity complicates this approach. The rf fields in the magnicon are a traveling wave, and

it is necessary to decompose the traveling wave into two standing waves to use this

approach. In addition, the unloaded and beam-loaded Q's of the magnicon cavities are

much higher than those in a comparable velocity-modulated device like a klystron. This

factor slows convergence.

The following proof demonstrates that Ramo's theorem, stated in Ref. [3], is valid

in the steady state for cavities with large unloaded Q's. The method is similar to the

development given in Ref. [5] but is only applicable for a current variation with a

harmonic time variation. The development in Ref. [5] assumes only a periodic current

density that can be decomposed into Fourier components as necessary for a velocity-

modulated electron device with beam bunching. The results of the two models are

identical.

Using normal-mode field expansions, Ref. [6] solves the steady-state excitation of

fields in cavities by the volume distribution of currents. According to Ref. [6], the

electric field of the wth mode resulting from the volume distribution of current follows

from
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(4.11)

and

(4.12)

E represents the total field in the cavity from all modes, k is the wave number, and the

product of en and Eti represents that component of the total field associated with the nth

mode. (For this derivation, all quantities are phasor representations with an implicit

e Wn1 time variation. This accurately reflects the time variation of the current density

for the magnicon.) We define the peak cavity voltage, Vn, for the nth mode as

or

where Zcav is the empty cavity impedance. (Note: The definition for Vn is not unique. It

only needs to be consistent with the definition of Zcav. In this derivation, Vn is defined as

the peak cavity voltage.) Using a parallel RLC circuit representation of the resonant

cavity, we can give the impedance by

(4.15)

where Qn is the quality factor of the nth mode,/is frequency, R is the shunt resistance of

the unloaded cavity for the nth mode, and/n is the resonant frequency of the nth mode.

We can express the induced current as

(4.16)

Substitution of en from Eq. (4.11) into Eq. (4.16) gives
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(4.17)

Expanding the denominator of Eq. (4.17) results in

(4.18)

For Qn » 1 , Eq. (4.18) becomes

a
Further simplification of the denominator results in

(4.19)

(4.20)

For values of/approximately equal to/M, Eq. (4.20) becomes

(4.21)

In Eq. (4.21), Qn is given by

Gi - (4.22)

This development is based on the normalized modes requiring
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(4.23)

Then, canceling the <*n's in Eq. (4.22), the equation simplifies to

a.eR

(4.24)

Substitution into Eq, (4.21) gives

(4.25)

When/approaches/M, Eq. (4.25) reduces to

— L v (4.26)

Equation (4.26) is the same as Eq. (4.7), except it is in phasor form. There is an

implicit e Wn1 time dependence in the equation, and Eq. (4.26) can be generalized to

any of the n modes as

jj*EHdV , /<»„'

(4.27)

Equation (4.27) provides a guide to calculate the induced current. It is necessary

to calculate the induced current from the instantaneous form of Eq. (4.27) at a number of

time samples over a complete rf period. The current can then be decomposed into its

phasor notation by evaluation of the Fourier coefficients.
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The induced-current method can be applied Jo the beam-driven magnicon cavities

to detennine the self-consistent solution for the cavity voltage (and consequently field).

The nature of the beam/field interactions, already mentioned in the application of the

energy-balance approach to calculating self-consistent solutions, also applies here. If a

rigid-beam model is used (infinitcsimally thin beam), then each particle in the beam sees

the same passive cavity fields in the steady state because both the entrance vector of the

beam and the rf fields rotate at the same rate. Therefore, it is possible to track only a

single particle through the cavity and extract from the single-particle trajectory the

position of the full beam at an instant in time. This characteristic also implies that the / •£

integral in the rotating mode is a constant function of time. In order to apply the induced-

current method to the magnicon, the rotating mode is decomposed into the two standing-

wave modes. The self-consistent solutions for the two standing-wave modes are

identical, with the expected phase shift.

The implementation of the induced-current method is quite similar to the energy-

balance approach. The primary steps are as follows:

1. Based on the initial guess or current computed value of the cavity field, a

single electron is advanced across the cavity. The electron position at each

time step is stored in an array.

2. The array is manipulated to determine the position of the beam at a time t. The

manipulation involves rotating the angular polar coordinate of the array

position by the product of the rf frequency (the speed of rotation of the

entrance vector), the time interval separating the exit time of the cavity, and

the time tag associated with the position being corrected. With this approach,

the position that the rigid beam would occupy at time / is extracted from the

trajectory of a single electron. This extraction is repeated at a number of time

steps evenly spaced between t and f + 2n/(a. A discrete Fourier analysis of

these sample points is used to calculate the complex value of the induced

current.

3. The induced current is multiplied by the cavity impedance to calculate a new

estimate of the cavity voltage.

4. The new estimate of the cavity voltage is compared to the old estimate in order

to detennine if the solution has converged. If the solution has not converged,

then the old estimate is updated by the new value and the process repeats.
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4.2 Algorithm implementations

The techniques used to advance the particles, calculate Bcsscl functions, and

implement Bessel functions are described in Appendix A. The following sections address

how these algorithms arc used to model specific magnicon structures.

4.3 Simple passive-cavity algorithm

The passive-cavity algorithm serves two functions. It calculates the self-

consistent cavity-field amplitude and phase using the energy-balance approach, and it

advances a single particle through the cavity. Section 4.1.1, which described the energy-

balance approach, explained that due to the unique nature of the magnicon beam/field

interactions, it was possible to characterize the behavior of the entire beam with a single

panicle.

The passive-cavity algorithm implements the energy-balance approach in this

way. A user-defined search i.uerval is selected for the determination of the self-

consistent phase. This interval divides the 2n phase space into some number of equal

intervals. For each of these intervals the particle is pushed through the cavity, and the

energy extracted from the beam is calculated for each phase value. The energy extracted

from the beam and corresponding phase value is stored in an array. The array entries are

sorted, and the top two phases that extracted the most energy from the beam are

identified. A phase between these values is calculated, and the energy extracted from the

beam at this new phase is calculated. The new value is then inserted into the array at the

third position, and the sort repeats. This process continues until the phase difference

between the top two phases in the array is less than a user-defined threshold. When this

happens, the average phase is then used to calculate the energy extracted from the beam

again. This energy is then compared to that which is dissipated in the walls for the initial

value of cavity amplitude. If agreement is within a user-defined threshold, the complete

self-consistent solution for the cavity field has been determined. If the values are not

within the threshold, then the cavity-field amplitude is adjusted and the process is

repeated.

The energy extracted from the beam is calculated using Eq. (4.4). The energy

supplied to the walls is twice the value calculated in Eq. (3.76). The particle position is

advanced in accordance with the equations given in Appendixes A.I and A.2, and the

instantaneous form of the field expressions were presented in Eqs. (3.50) through (3.55).
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Another form of this algorithm was created to implement the induced-current

method for u study of beam loading in passive cavities. However, this algorithm was

never incorporated into the main program but was used as a stand-alone analysis tool for

beam loading. (It was described in Section 4.1.2.)

4.4 Coupled-cavity algorithm

My approach to the coupled cavity can best be explained by considering an

analogous system: two pendulums connected by a spring. These two pendulums,

considered together, will either swing together with the same frequency (the zero mode)

or opposite with the same frequency (180° out of phase—the n mode). The coupled

cavity will operate in the same manner. The fields in the two cavities will either be in

phase or 180° out of phase, and the relative amplitude will depend on the coupling

coefficient between the two cavities and how much energy is extracted in each cavity. (In

Appendix A.4 an equivalent-circuit argument is provided to substantiate this assertion.)

The description below considers only coupled cavities with the geometry shown in Figure

4.1, which shows a cross section of a coupled cavity made up of two cylindrical cavities

with an inductive coupling aperture at the outer radius of the cavity. In the figure, the

two cavities have equal lengths. However, I have not limited the algorithm with this

constraint.
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Cavity axis

Inductively coupled aperture

Figure 4.1. Coupled-cavity geometry.

The coupled-cavity algorithm assumes that the coupling coefficient is small.

Therefore, from Eq. (A.49) it can be seen that the resonant frequency of the n mode is

approximately the resonant frequency of the simple cylindrical cavity; the coupled cavity

would have the same radius and same field expressions as the simple cylindrical cavity.

It is also assumed that the cavity-field amplitude is the same in each of the two

cylindrical cavities that make up the coupled cavity. These two assumptions tie together

and result in a third assumption: that the beam gives up approximately the same energy

in each of the cavities. So the same field amplitude exists across the coupled cavity with

only minimal coupling between the two individual cylindrical cavities.

The coupled-cavity algorithm is similar to the simple passive-cavity algorithm.

The phase is selected that extracts the most energy from the beam, and then the energy

extracted from the beam is balanced against the energy required by the wall for the field

amplitude. The self-consistent solution is determined when the energies balance. The

coupled-cavity algorithm uses the same approach as the simple cylindrical cavity

algorithm to determine the phase of maximum energy extraction; however, when the
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particle passes the boundary between the two cavities, the if phase is increased by n in
the second cavity,

4.5 Output-cavity algorithm

The output-cavity algorithm follows the passive-cavity algorithm, except that the

routine does i.ut iterate on the amplitude of the cavity field. Instead, the output cavity

iterates on the phase as described in Section 4.3 in order > select the phase that extracts

the most energy from the beam. The cavity-fMd amplitude is a user-defined input that is

similar to those used in conventional design practices, hi these conventional situations,

the tube designer can select an output-cavity voltage by adjusting the coupling iris to the

output cavity. The power extract 1 from the bea•<! in the output cavity is the if output

power.

4.o OiirMit«r program organization

The u.i M ter program 1 used to calculate beam dynamics is organized into

subroutines called by the main program. The main program determines which subroutine

to call based on the current longitudinal position of the particle. The main routine reads

an input Hie, which, among other things, contains the start and stop coordinates of the

drive cavity, simple passive cavities, coupled passive cavities, and the output cavity. The

end coordinate of the deflection system is also read from the input file. The position of

the particle at subsequent time steps is compared to these coordinates, and the appropriate

subroutine call is executed based on the particle's longitudinal position. Program control

resides in the main program until the particle enters a cavity (simple, coupled, or output),

where computation of a self-consistent solution is required before the particle position

can be advanced correctly. In this case, program control transfers to the subroutine,

which calculates the self-consistent solution for the simple, coupled, or output cavity.

Program control resides in these subroutines, which make calls to the other subroutines,

until the self-consistent solution is determined. The subroutine remains in control until

the particle is advanced to the end coordinate of the cavity. Control is then passed back

to the main program.

The program treats all spaces between cavities as drift spaces where the beam
experiences forces due only to the static Bz component of the focusing field. However,

the ending coordinate of the deflection system and the input coordinate of the output

cavity are used in conjunction with the drift-space algorithm to model the fringe field

associated with the pole piece at the input of the output cavity and the output of the
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deflection system. (The model was described in Section 3,3.) Provisions are also made
within the output-cavity and coupled-cavity algorithms to include the effects of the fringe
Held at the output- and deflection-system solenoids,

4.7. Rigid-beam model description

The rigid-beam model is used to compute self-consistent solutions using the

energy-balance approach described in Section 4.1.1 and the induced-current approach

described in Section 4.1.2. The rigid-beam model was introduced in these sections and is

described in more detail below.

The rigid-beam model is a modeling technique in which the beam is assumed to

have an infinitesimally thin radius and is modeled by a spatial impulse of current. In

other words, through any transverse cross section of the magnicon, the current would

have a finite value at only one point. The rigid-beam model assumes a steady-state. The

transient response is not considered. The model is three-dimensional and can utilize all

field components. However, for the results presented here only the fundamental-mode

field components are utilized, while the effects of the holes where the beam enters and

exits the cavities are ignored. The model considers neither space-charge effects nor the

effects of finite-beam diameter. Because of the unique nature of the magnicon's rotating

fields and the rotating entrance vector of the beam into the cavities, the rigid-beam model

for it is essentially a single-particle model, where the behavior of the magnicon can be

fully characterized by the behavior of a single electron.
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In this chapter, the rigid-beam model is used to evaluate, characterize, and

develop insight into the beam-field interaction in the component structures that make up

the magnicon: the drive cavity, single passive cavity, coupled passive cavity, and output

cavity. The beam-field interactions are evaluated several ways: by varying initial beam

velocity vectors and positions as the beam enters these structures, by varying the

geometry of the cavities, by varying the focusing-field strength, and, in the case of the

output cavity, by varying the output-cavity voltage. The results of this chapter will

provide the basis to generate new or improved magnicon designs.

Large amounts of data and performance plots have been provided in these

sections. They arc included to provide a tool for generating magnicon designs when an

approximate geometry will suffice, or when establishing an initial geometry, which can

then be further refined through large-scale modeling. Insights gained from the plots are

presented immediately following each set of graphs.

S.I. Rigid-beam model validation

The material in this section serves to benchmark the code. Specific numerical

examples are calculated using the large-signal rigid-beam model. These results are then

compared to results calculated from the small-signal model. They show excellent

agreement.

Figures 5.1 through 5.4 demonstrate the agreement between the small-signal

theory and the large-signal simulation for a drive cavity. Figures 5.1 and 5.2 illustrate

transverse displacement of the particle off-axis (x and y), while Figs. 5.3 and 5.4 illustrate

transverse velocity (Vx and Vy). All of the data plotted in these figures was generated for

the conditions listed in Table 5.1. The drive-cavity length is approximately the optimum

length for a>/fi = 1.4

62
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Table 5.1 Simulation parunulers for Figs. 5.1 through 5.4.

Beam Voltage

Beam Current

Frequency
Time Step

Drive Cavity Field

fi/co Ratio

V/.0

170 kV
1KA

700 MHz

0.5x10-12 s

0.12x10^ V/m

1.4

1.981xl08m/s
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Figure 5.1. Drive-cavity comparison for displacement in x.
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Figure 5.2. Drive-cavity comparison for displacement in y.
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Figure 5.3. Drive-cavity comparison for velocity in x.
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Figure 5.4. Drive-cavity comparison for velocity in y.

Figures 5.5 through 5.8 demonstrate the agreement between the small-signal

theory and the iarge-signal simulation for the drift spaces. Figures 5.5 and 5.6 illustrate

transverse displacement, while Figs. 5.7 and 5.8 illustrate transverse velocity. Figures 5.5

through 5.8 were generated under the conditions listed in Table 5.2. The drift-space

length was approximately 0.2 m.
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Table 5.2 Conditions for drift-space simulation.

Beam Voltage

Beam Current

Frequency

Time Step
Q/(o Ratio

"o
yo
vxo
v.vo
vzo

170 kV

18A

700 MHz

0.5x10"12s

1.4

2.02656xl0-4m

-9.14656xl0-4m

5715279.62 m/s

815644.35 m/s

1.98O8xlO8m/s

• small .signal simulation

O large signal simulation

0c+0 5c-10

Time (seconds)

lc-9

Figure 5.5. Drift-space comparison for displacement in x.
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Figure S.6. Drift-space comparison for displacement in ,v.
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Figure 5.7. Drift-space comparison for velocity in JC.
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Figure 5.8. Drift-space comparison for velocity in y.

Figures 5.9 through 5.12 demonstrate the agreement between the small-signal

theory and the large-signal simulation for the passive cavity. Figures 5.9 and 5.10

illustrate transverse displacement, while Figs. 5.11 and 5.12 illustrate transverse velocity.

Figures 5 9 through 5.12 were generated under the conditions listed in Table 5.3. The

passive-cavity length is approximately 0.2 m.
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Table 5.3 Conditions for passive-cavity simulation.

Beam Voltage

Beam Current

Frequency

Time Step
ii/co Ratio

xo
Jo
Vxo

vvo
v?,o

170 kV

18A
700 MHz

0.5x10-! 2 sec

1.4

-5.9231xl0-4m

-3.5077xl0-4 m

2253045.16 m/sec

-5315399.94 sn/sec

1.9808x108 m/sec
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Figure 5.9. Passive-cavity comparison for displacement in x.
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Figure 5.10. Passive-cavity comparison for displacement in y.
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Figure 5.11. Passive-cavity comparison for velocity in x.
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Figure 5.12. Passive-cavity comparison for velocity in y.

Even a cursory glance at these figures confirms that there is excellent agreement

between the small-signal and large-signal simulation. (This is not unexpected, because

the large-signal simulations were conducted using cavity field strengths that would result

in trajectories in the small-signal regime.) These figures also serve as a validation of the

rigid-beam model. The data for the small-signal simulation was generated on a

spreadsheet, while the large-signal simulation data was generated using the large-signal

code implementing the rigid-beam model. Due to the restrictive nature of the boundary

conditions for the small-signal theory, minor large-signal code modifications were

required to zero the time when the beam entered the drift space or passive cavity.

However, no changes to algorithms in the large-signal code were required.
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5,2. Optimum drive-cavity length

The optimum drive-cavity length was calculated in Section 3.2.1.1 using small-

signal theory. It is expected that the small-signal theory will be valid in the drive cavity

because the electron beam stays very near the axis. This section will verify that

expectation as well as investigate the effect of drive field levels that are no longer in the

small-signal regime. While these drive fields may be interesting in themselves, the

magnitudes required to evoke large-signal behavior would limit the magnicon to very low

power gain (<10 dB). Therefore, this does not represent a design that anyone would ever

seek to physically realize. Except where noted, all simulations in this section use the

baseline set of parameters described in Section 2.3.

Section 3.2,1.1 indicated that the cavity transit time that maximizes the

conversion of longitudinal to radial velocity is

• _ _ * _

a-to'

The cases investigated in this section are for fl/<a = 1.0, 1.4, and 1.8. Fora 700-MHz rf

frequency, the optimum cavity transit angles calculated from small-signal theory are:

for —=1.0 r = oo, (5.1)

for — = 1.4 t = 1.79 x 10"* seconds , (5.2)

and

for —=1.8 / = 8.93xlO"10seconds. (5.3)
(0

In the figures presented below, the drive-cavity output angle is plotted as a

function of drive-cavity transit time. The corresponding drive power required to achieve

the transit time and output angle is also illustrated in the Figures. Figures 5.13 and 5.14

arc for fl/(o = 1.0. Figure 5.13 shows the drive-cavity output angle for three values of

cavity field: 0.1 MV/m, 0.7 MV/m, and 3 MV/m. Figure 5.14 shows the corresponding

drive power for the 0.1-MV/m drive-cavity field case. This field level was selected

because it is consistent with the design of a moderate-gain magnicon. The other field

levels require a drive level that is a significant portion of the total beam energy.

Therefore, they do not allow for the realization of a high-gain device. In the other figures
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shown below, I do include some plots of the drive power for drive-cavity field levels in

excess of 0,1 MV/m, This results from the fact that the drive power required for higher

field excitations decreases with increasing values of ft/to. In all plots an effort is made to

describe only those drive power curves that would provide a reasonable level of gain for

the magnieon, as specified by the baseline parameters.

The power required to support the drive-cavity fields is calculated from two

components. The first component comes from Eq. (3.76). The power calculated using

this equation is doubled to account for the two TMJIO modes that comprise the rotating

fields. The other component of drive power is calculated from the increase in the particle

gamma as the electrons in the beam cross the drive cavity. This component is calculated

according to

IZl ^ ^ M ^ ^ ( 5 < 4 )
y Pbeatn
'entrance entrance

This second component is equal to the change in beam power and is added to the first

component to determine the drive power required to support the drive cavity field.
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Figure 5. 13. Output angle as a function of drive cavity exit time for Qfco = 1.0.
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Figure 5.14. Drive power for the 0.1 -MV/m curve of Fig. 5.15 versus cavity exit
time plotted against the same abscissa as Fig, 5.15.

Figure 5.13 illustrates what is expected from the small-signal theory: that the
optimum cavity length is infinite in length. This is seen in the two curves on Fig. 5.13
representing the lower field values. This is an expected result. Because the rf and
cyclotron frequency are in phase, the electron beam experiences a constant deflecting
force. This is only true in the small-signal regime, however. In the large-signal regime,
the rf and cyclotron frequency will no longer be in phase, because the beam gains energy
from the drive-cavity fields and the beam gamma changes. As is also seen in the curve
corresponding to 3 MV/m in Fig. 5.13, the large-signal effects do result in an optimum
length for high drive-cavity fields.
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Figure 5.15 illustrates the output angle as a function of the cavity transit time for
the same values of drive-cavity field as Fig. 5.13, except that D/to -• 1.4. Note that for the
lower values of the cavity field, the optimum cavity transit time is consistent with the
time predicted by the small-signal iheory. Comparing Figs. 5.13 and 5.15 shows that
more longiJudinal velocity is converted into radial velocity for lower values of Q/co. The
drive-power requirements for the two lowest-field curves of Fig. 5.15 are shown in Figs.
5.16a and 5.16b. By comparing Figs. 5.14 and 5.16a, it can be seen that the lower value
of Q/<a requires a substantially increased drive-power level to obtain the same output

angle. For example, for a drive-cavity field of 0.3 MV/m to obtain an output angle of

0.7°, 70 W of drive power is required at Q/a> = 1.0, 56 W of drive power is required at

Q/a = 1.4, and 45 W of drive power is required at £i/o) = 1.8. (This is also consistent

with the small-signal analysis beam-loading calculations for the drive cavity.)

S 30-
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o.
3
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O Brive Csvity Field = . 1 MV/ni

• Drive Caviiy Field = .7 MV/m

• Drive Csvity Field = 3 MV/m

S.OOc-10 l.00c-9 1.5Oc-9 2.00c-9

Drive Cavity Exit Time (seconds)

2.50c-9

Figure 5.15. Output angle as a function of drive cavity exit time
forfi/to=1.4.
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Figure 5.16a. Drive power for the 0.1-MV/m curve of Fig. 5.15 versus cavity exit
time plotted against the same abscissa as Fig. 5.15.
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Figure 5.16b. Drive power for the 0.7-MV/m curve of Fig. 5.15 versus cavity exit
time plotted against the same abscissa as Fig. 5.15.

Figure 5.17 illustrates the output angle as a function of cavity transit time for four

values of cavity field, the three used in Figs. 5.13 and 5.15 and 0.7 MV/ra. The same

trends identified above continue to apply, and the small-signal optimum transit time is in

agreement with the results presented in Fig. 5.17. Figure 5.18 illustrates the drive power

requirements to support the three lower values of the drive cavity field of Fig. 5.17.
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Figure 5.17. Output angle as a function of drive cavity exit time
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Figure 5.18. Drive power for the curves of Fig. 5.39 versus cavity exi: rime
plotted against the same abscissa as Fig. 5.19.
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5.3. Investigation of parameter variation on simple passive cavity performance

Results of the rigid-beam modeling are now used to provide insight into the effect

of passive-cavity length on performance and the effect of off-axis beam injection. The

results presented are specific to the beam energy of the baseline model (170 kV),

although the results are presented in general units.

53,1. Effect of variation of cavity length andfocusing-field strength

The velocity conversion for a range of cavity lengths is examined for three

focusing field strengths (Q/a = 1.0, 1.4, and 1.8) and four input angles (oijn = 2.9°, 8.7°,

14.6°, and 20.7°). These values were selected to provide a sampling of the available

parameter space and to allow for interpolation between known values. Several types of

data are presented. One set of data depicts cavity gain versus transit angle as it is

referenced to both the rf and cyclotron frequencies for each value of focusing field. In

these cases, cavity gain is defined as

CavityGain = lOtogJSea. j . (5.5)

The angles in this equation are measured from the magnicon longitudinal axis.

Therefore, the greater the angle, the larger the transverse velocity. The gain variation and

self-consistent cavity-field variation resulting from varying the focusing-field strength are

then examined for a fixed input angle. The relationship between power lost in the

passive-cavity walls and cavity gain is presented. The scaling of results to different beam

energies is discussed and so is gain variation with electrical length (rather than transit

angle).

Figures 5.19 and 5.20 illustrate the cavity gain as a function of entrance angle.

Four input angles were selected between 2° and 21°. This spread of input angles is

typical of what angles would be seen by simple, cylindrical magnicon passive cavities in

a high-efficiency design. The corresponding specific numerical values for the simulation

calls for a beam with a gamma of 1.3322, a beam current of 18 A, and transverse input

velocities of O.lxlO8, O.3xlO8, O.5xlO8, and0.7xl08 m/s. Several interesting

observations can be made by examining the figures. For instance, it can be seen that for

the 2.9° and 8.7° input angle, the gain curves overlay each other almost exactly.

However, for the 14.6° and 20.7 ° input angles, the curves begin to broaden and the peak

gain decreases. This indicates that there is a saturation effect. The input angle increases
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as a result of an increase in input transverse velocity. As the transverse velocity is
increased, it is physically impossible with a passive structure to maintain the same ratio
of velocity conversion from the longitudinal to transverse direction. It can also be seen
that as the cavity gain exhibits the saturation effect, the peak of the response shifts to
higher transit angles.
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Figure 5.19. Angle gain as a function of transit angle referenced to cyclotron
frequency (Cl/(& = 1.4).
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Figure 5.20. Angle gain as a function of transit angle referenced to if frequency
(Q/to=1.4).

Figure 5.21 illustrates the relationship between power dissipated in the cavity

walls and cavity gain for the 2.9° angle, with the ordinate referenced to the cyclotron

frequency. This figure is representative of the cavity's behavior at all angles and is

intended to illustrate a specific point rather than serve as a design tool to determine

specific geometries. The left vertical axis of the figure is cavity gain and the right

vertical axis is power dissipated as a fraction of initial beam energy. Two cures are seen

in the figure. The top curve represents cavity gain and the bottom curve dissipated

power. The figure shows that when designing for a specific cavity gain, two transit

angles can be selected. The longer transit angle (longer cavity length) decreases the

power dissipated in the cavity and, therefore, would be the better design choice.
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Figure 5.21. Relationship between cavity gain and dissipated power for 2.9° input
angle (Q/«= 1.4).

Figure S.22 illustrates the trend of self-consistent cavity voltages as a function of

input angle and transit angle for Q/co = 1.4. Only three input angles are examined. The

20.7° input angle is not included on the graph, because the loss associated with this angle

does not make it usable for a high-efficiency design. From the graph it can be observed

that the cavity voltage can approximately scale with transverse input velocity. This is

especially true for the two lowest input angles, but it is only approximately true for the

largest input angle, where the saturation effects begin to be observed.
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Figure S.22. Self-consistent passive-cavity voltage excited for cavities with
different transit angles for input angles in the linear range (QAo
= 1.4).

Figure 5.23 is similar to Figs. 5.19 and 5.20, except that oniy one figure is

presented because the cyclotron frequency is equal to the rf frequency. Figure 5.23

displays the same four entrance angles displayed in Figs. 5.19 and 5.20. Note that for

Q/co =1.0 only the largest input angle begins to exhibit the saturation effect. This results

from the fact that the peak gain of the passive cavity for Q/co = 1.0 is less than that for

ft/o) = 1.4, so saturation is not evident until the highest value of input angle. A

comparison of Fig. 5.23 with Figs. 5.19 and 5.20 also shows that the transit angle
associated with the peak gain is smaller for fi/co = 1.0 than it is for Q/co = 1.4.
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Figure 5.23. Angle gain as a function of transit angle referenced to rf frequency
(Q/(d=1.0).

Figures 5.24 and 5.25 are similar to Figs. 5.19, 5.20, and 5.23, except they

represent the case where QAo = 1.8. In Figs. 5.24 and 5.25 the saturation effect is even

more pronounced when compared with the other figures. This effect results from an

increased peak gain over the cases depicted in Figs. 5.19, 5.20, and 5.23. The spread of

entrance angles in Fig. 5.23 is reduced to a maximum input angle of 14.6°. For the 20.7°

input angle, the dissipation at the transit angles of maximum gain was in excess of 30%

of the beam power and, therefore, not consistent with a high-efficiency device.
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Figure 5.24. Angle gain as a function of transit angle referenced to cyclotron
frequency (fil/o) = 1.8).
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Figure 5.25. Angle gain as a function of transit angle referenced to rf frequency
(Q/co=1.8).

Figures 5.26 and 5.27 compare the plots presented on Figures 5.19, 5.20, 5.23,

5.25, and 5.26. They illustrate the cavity gain as a function of the transit angle referenced

to the cyclotron and rf frequency for the smallest input angle. From the figures it can be

seen that the gain and optimum transit angle increases with increasing values of Q/to.

They also show that the change in cavity gain is significant as the focusing-field strength

changes.
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Figure 5.26. Angle gain versus transit angle referenced to cyclotron frequency for
a fixed input angle of 2.9°.
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Figure 5.27. Angle gain versus transit angle referenced to rf
frequency for a fixed input angle 2.9°.

Figure 5.28 illustrates the power lost as a function of transit angle for the three

curves of Figs. 5.26 and 5.27. It illustrates that the point of maximum power Joss is not

the point of maximum energy conversion, as might be expected. It also shows that the

way to achieve peak gain of the Q/oo = 1.0 curve in Fig. 5.26 is to lengthen the cavity

beyond optimal length with the focusing-field strength set such that Qfto = 1.4 or 1.8.

This would provide a cavity that achieves the same gain with a lower dissipated power.
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Figure 5.28. Power loss versus cavity transit angle corresponding to
Figs. 5.26 and 5.27.

Figure 5.29 is used to quantify the beam-energy dependence of the results. It is

the same type of plot as Fig. 5.19, except that the two curves in Fig. 5.29 represent two

beam energies with gammas of 1.3322 and 1.155. Both plots have the same input angle,

14.7°. From the plots it can be seen that both responses peak at approximately the same

transit angle. However, the gain differs. This observation docs not apply to all magnicon

passive cavities. Other parameters would affect the shape of the gain response. For

instance, in the case of Fig. 5.29, the same beam current was maintained for the two

curves. If the gain had been different, the shape of the higher-gain curve may be affected

by saturation effects, while the iower-gain curve would not.

Figure 5.29 data is provided again in Fig. 5.30, except that the ordinate in Fig.

5.30 is a fraction of the rf wavelength rather than transit angle. This parameter was

chosen to provide insight into the optimal cavity lengths. Figure 5.31 displays a similar
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plot. However, in this figure the curves nearly overlay each other. In Fig. 5.31, the

higher gain cun'e has been corrected by adjusting it for the difference in gamma

according to

CorrectedGain = Cain - lulogf

UJ (5.6)
Figure 5.32, which is similar to Fig. 5.29 where the beam current is constant

between the two cases, provides further insight into scaling the results between beam

energies. In Fig. 5.32, the beam current is changed between the two cases to maintain a

constant perveance. Figures 5.29, 5.31, and 5.32 indicate that linear scaling between

beam energies is not possible. The correction would have to be a function of transit

angle. Therefore, the results presented in this section are for a specific beam energy and

current, but they could be scaled in frequency for the same beam energy, beam current,

and input angles.

Demonstration of frequency scaling is provided in Figure 5.33, which illustrates

the gain curves for frequencies of 700 MHz and 1400 MHz, a 14.6° input angle, fi/co =

1.4, and the same beam energy and beam current. Note the excellent agreement between

the curves. The same agreement can be seen in Figs. 5.34 and 5.35, which compare the

seif-consistent cavity voltage and dissipated power between the two frequency curves of

Fig. 5.33. It is important to note that the excellent agreement between frequencies

resulted from the assumption of a frequency-independent surface resistivity, R$.

Reference [1] suggests that for a good conductor, Rs is approximately

(5.7)

where a is the conductivity. If Rs were varied, the self-consistent cavity voltage would

vary, the trajectory would vary, and frequency scaling would no longer be possible due to

the nonlinear nature of the trajectories with variation in cavity field.
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Figure 5.29. Comparison of angle gain versus transit angle for two beam energies
with the same input angle (li/o> = 1.4).
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Figure 5.30. Angle gain for two beam energies with the same input angle versus
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Figure S.31. Angle gain versus transit angle referenced to the cyclotron frequency
for two beam energies with the same input angle (14.6°) corrected
for the difference in gamma (fi/0) = 1.4).
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Figure 5.32. Gain comparison for two beam energies with the same input angle
(14.6°) and beam perveance (QAo = 1.4).
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Figure 5.33. Gain curves as a function of cyclotron transit angle for 700 MHz and
1400 MHz for a 14.6° input angle and constant beam energy and
current (Q/<o = 1.4).
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Figure 5.34. Cavity voltage as a fraciion of the beam voltage versus cyclotron
transit angle for conditions of Figure 5.33 ($Vco = 1.4).
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Figure 5.35. Power dissipated in cavity walls as a fraction of beam power versus
cyclotron transit angle for conditions of Figure 5.33 (Q/(D = 1.4).

5J.2. Beam entrance position

In this section the effect of an off-axis entrance radius of the beair into a

cylindrical, beam-driven cavity is evaluated. The evaluation considers a range of cavity

lengths and entrance angles for three £tyo) ratios: 1.0,1.4, and 1.8. The results of the data

presented in this section are used to determine the appropriate length of the drift spaces

separating the cylindrical cavities in the deflection system in order to maximize

conversion of Songitudinal-to-transverse velocity in the deflection system (or to maximize
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deflection-system gain). All performance plots in this section were calculated using the

nominal operating conditions specified in Chapter 2, Section 3, except as otherwise

noted. (Note: A uniform length was not used for all curves. Some curves do not

consider the full range of distances off the axis. From a physical point of view, only

those points 0.05 wavelengths or less are useful for design. Some curves terminate at this

point while others terminate when the gain gets too low to be usable.)

The first family of plots is presented in Figures S.36 through 5.44. These plots
illustrate the cavity angle gain for different values of Q/cu as a function of the radial

displacement of the beam at the cavity entrance. Figures 5.36, 5.37, and 5.38 are for
Q/to = 1.0. Figure 5.36 is for an entrance ang'o of 2.9°. Figure 5.37 is for an entrance

angle of 8.7°. Figure 5.38 is for an entrance angle of 14.6°. Each plot contains four

curves corresponding to the four cavity lengths as specified in the graph legends.

O .175 Wavelengths

• .292W*vclcnglhs

• .409 Wavelengths

+ .525 Wavelengths

0.02 0.04 0.06 0.08 0.10 0.12

Distance Off Axis
(In fractions of a wavelength)

Figure 5.36. Cavity angle gain as a function of radial entrance position of beam
for Q/o) = 1.0 and cavity entrance angle of 2.9°.
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Figun; 5.37. Cavity angle gain as a function of radial entrance position of beam
= 1.0 and cavity entrance angle of 8.7°.
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Figure 5.38. Cavity angle gain as a function of radial entrance position of beam
for il/ta =1.0 and cavity entrance angle of 14.6°.

Figure 5.39, 5.40, and 5.41 are the same as Figs. 5.36, 5.37, and 5.38, except that
Q/(0=1.4.
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Figure 5.39. Cavity angle gain as a function of radial entrance position of beam
for Q/(0 - 1.4 and cavity entrance angle of 2.9°.
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Figure 5.40. Cavity angle gain as a function of radial entrance position of beam
for fi/w = 1.4 and cavity entrance angle of 8.7°.
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Figure 5.41. Cavity angle gain as a function of radial entrance position of beam
for Q/o) =1.4 and cavity entrance angle of 14.6°.

Figures 5.42,5.43, and 5.44 also follow the same format, except that Q/ca = 1.8.
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Figure 5.42. Cavity angle gain as a function of radial entrance position of beam

for Q/to = 1.8 and cavity entrance angle of 2.9°.



Application's ofRigid-Beam Model for Magnicon Structures 111

|
a
a

I
M

0,00 0.08

Ofr Axis
(In fractions of • wavelength)

0.10

D .175 Wavelengths

• .292 Wavelengths

• .409 Wavelengths

•+• .525 Wavelengths

0.32

Figure 5.43. Cavity angle gain as a function of radial entrance position of beam
for Q/tt) = 1.8 and cavity entrance angle of 8.7°.



U2 Applications of Rigid-Beam Model for Magnicon Structures

• .175 Wavelengths

• .292 Wavelengths

• .409 Wavelengths

•f- .525 Wavelengths

0.02 0.04 0.06
Distance Off Axis
(In fraction!) of a

0.08 0.10 0.12

wavelength)

Figure 5.44. Cavity angle gain as a function of radial entrance position of beam
for Q/co = 1,8 and cavity entrance angle of 14.6°.

From Figs. 5.36 through 5.44, the following conclusions can be drawn:

• For smaller values of input angle, injection off-axis increases cavity angle

gain over on-axis injection.

• The entrance radius that maximizes cavity-angle gain decreases with

increasing input angle and with increasing Cl/to ratio. In fact, as the input

angle increases and Q'o) ratio increases, the optimum injection radius is on

the cavity axis.

The remaining 24 plots present the same data from a different perspective.

Figures 5.45 through 5.56 are grouped in four sets of three and illustrate beam cavity

angle gain versus beam entrance displacement off the longitudinal axis. The first set of

three figures (Figs. 5.45,5.46, and 5.47) is for a cavity length of 0.175X. The second set

of three figures (Figs. 5.48,5.49, and 5.50) is for a cavity length of 0.292X. The third set

of three figures (Figs. 5.51, 5.52, and 5.53) is for a cavity length of 0.409X. And the

fourth set of three figures (Figs. 5.54, 5.55, and 5.56) is for a cavity length of 0.525X.

These four sets each contain three figures corresponding to fi/(o = 1.0, 1.4, and 1.8. On
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each of these three figures arc three traces corresponding to the three beam entrance
angles as defined in the graph legends.
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Figure 5.45. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175,\ and ft/o> =1.0.
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Figure 5.46. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175A. and Q/co = 1.4.
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Figure 5.47. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175X and Q/w - 1.8.
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Figure 5.48. Cavity angle gain versus beam entrance displacement off the
longitudinal axis fora cavity length of 0.292X and ft/to = 1.0.
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Figure 5.49. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.292X. and Ota) = 1.4,
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Figure S.SO. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.292X. and Q/di = 1.8.
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Figure 5.51. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0,409A. and Q/to = 1.0.
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Figure 5.S2. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.409A. and Q/(o = 1.4.
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Figure S.S3. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.409X. and Q/(0 =1.8.
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Figure S.S4. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.525X. and fli/O) = 1.0.
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Figure 5.55. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.525X, and QJca = 1.4.
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Figure 5.56. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of O.525X. and Sl/<a = 1.8.

Figures 5.45 through 5.56 illustrate again that as the input angle increases, the

increases in angle gain that can be realized through off-axis injection into the cavity are

reduced or disappear. These figures also illustrate that even though the on-axis angle

gain is similar for different input angles where the other parameters remain constant (or

exactly the same for small angles), the gain corresponding to an off-axis injection is quite

different and is a strong function of the input angle.

Figures 5.57 through 5.68 are very similar to Figs. 5.45 through 5.56. They show

cavity angle gain versus beam entrance displacement off the longitudinal axis. The same

four sets of graphs are distinguished by cavity length, and each set is made up of three

graphs. However, in Figs. 5.57 through 5.68 each graph represents a different input

angle, and the three traces on each of these three graphs represent different values of ft/to

(1.0,1.4, and 1.8).



122 Applications of Rigid-Beam Model for Magnicon Structures

<

e

«c

a.

©

o

Ww=1.0

0.02 0.04 0.06 0.08 0.10 0.12

Distance Off Axis
(In fractions of a wavelength)

Figure 5.57. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175A. and input angle
of 2.9°.
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Figure S.S8. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175A. and input angle
of 8.7°.
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Figure 5.59. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.175X and input angle
of 14.6°.
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Figure 5.60. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.292X and input angle
of 2.9°.
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Figure 5.61. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.292X and input angle
of 8.7°.
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Figure 5.62. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.292X and input angle
of 14.6°.
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Figure 5.63. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.409X and input angle
of 2.9°.
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Figure 5.64. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.409X and input angle
of 8.7°.
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Figure 5.65. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.409A, and input angle
of 14.6°.
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Figure 5.66. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.525X and input angle
of 2.9°.
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Figure 5.67. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of 0.525X and input angle
of 8.7°.
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Figure S.68. Cavity angle gain versus beam entrance displacement off the
longitudinal axis for a cavity length of O.525X and input angle
of 14.6°.

This last set of graphs suggests the same conclusions of the previous set, with one

addition. Through the inspection of Figs. 5.57,5.58,5.59,5.60, 5.61, and 5.62, it can be

seen that the peak gain achieved for small values of input angle is independent of the Q/G)

ratio. From these figures it can be seen that if the input radius of the beam into the cavity

is adjusted, then the same peak gain can be achieved. This is an unexpected result and

leads to an additional question: what is the most effective combination of parameters to

achieve the desired peak gain?

To determine this, the power dissipated in the cavity walls is examined for Figs.

5.57 and 5.60 in Figs. 5.69 and 5.70, respectively. Figures 5.69, 5.70, 5.71, and 5.72

show cavity angle gain versus power dissipated in the walls for Q/co = 1.0, 1.4, and 1.8.

Because these figures are scatter plots taken from a limited data base, they are not perfect.

But they do illustrate an important point: by injecting the beam into the passive cavity

off-axis it is possible to realize the same cavity gain with lower wall losses as is realized

for higher values of Q/o.
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Figure 5.69. Scatter plot of angle gain versus power lost for Q/(0 = 1.0,1.4, and
1.8 with a cavity length of 0.175X and a 2.9° input angle.



Applications of Rigid-Beam Modelfor Magnicon Structures 135

o

• 1.0 Cain

• 1.4 Gain

* 1.8 Cain

100 200 300 400 500 600 700

Power Dissipated (hW)

Figure 5.70. Scatter plot of angle gain versus power lost for Q/co = 1.0,1.4, and
1.8 with a cavity length of 0.175A. and a 8.7° input angle.
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Figure 5.71. Scatter plot of angle gain versus power lost for Q/a> = 1.0,1.4, and
1.8 with a cavity length of 0.292A. and a 2.9° input angle.
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Figure 5.72. Scatter plot of angle gain versus power lost for Cl/a = 1.0,1.4, and
1.8 with a cavity length of 0.292X and a 8.7° input angle.

In addition to the conclusions drawn above, Figs. 5.36 through 5.68 taken

collectively provide a data base for the design of the portion of the deflection system

consisting of simple passive cavities. (It would be possible to interpolate between these

figures to determine parameters for those cases that fall in between the figures.) The

scalability of these results would be identical to those results presented in Section 5.3.1.

5.3.3 Beam-loaded Q and cavity detuning

The induced-current method described in Section 4.1.2 earlier will now be used to

calculate the beam-loaded Q and cavity detuning. The data provided in this section was

implemented only for a simple cylindrical passive cavity using ideal fields and the rigid-

beam assumption. The algorithm for calculating the self-consistent solution was

implemented as described in Section 4.1.2. Based on an initial estimate of cavity field

and phase, a single particle is advanced through the cavity. At each time step, the

position of the particle is stored in an array. It is then possible to extract the full beam
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position at any instant in time from the data stored in the array and calculate the
instantaneous power provided by the beam at any given time.

It is necessary to define two time variables, tsami)le and hxit- The first represents

the time corresponding to one estimate of the induced current that makes up the discrete

Fourier transform. This variable is used to calculate the fundamental component of the

induced current and has a value between (at = 0 and 2n. The second variable is the exit

time of the single particle in the cylindrical cavity sample corrected for sample time.

These times are given by

W * (5-8)

and

Vrui ~ 'mil .ranyWr ' W''/

where i represents a single sample number of the samples that makes up the discrete

Fourier transform, tout is the time the single particle exited the cylindrical cavity, and

dt sample *s l n e l m i e s t eP °f l n e sample by which an ox -In. interval is sampled for the

discrete Fourier transform.

For a given sample time, it is only necessary to correct the angular polar

coordinate of the generated positional array by pushing a single particle through the

cavity. The array contains particle radius, angle (in conventional cylindrical coordinates),

time, and longitudinal position. The fact that only the polar angle needs to be corrected is

another result of the rotating nature of the fields and beam. (This phenomenon was

previously described in Section 4.1.1.) The angular position is corrected according to the

following five equations:

ptoadj] = to * dt * (j - 1) + o> * tsamplt, (5.10)

phsadj2 = a*dt*(j) + G>* W . (5.11)

plu\ = phsadj{ + phi(ncoord - j), (5.12)

p/iij = phsadjz + phiincoord - y -1) , (5.13)

and
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phi = --{phi} + jp/«j). (5.14)

These five equations correct the polar angle of two adjacent array entries based on the
time difference between the particle designated by the array pointer, y, the exit time, and

the sample time. Two adjacent array entries are corrected so that the average value can

be used to calculate the instantaneous power provided by the beam. The average radius is

also used. The field value is calculated according to Eq. (3.28) and the power extracted

from the beam is given by

ncoord

BeamPower= Y1El(pmn(A^m[j,t-li,),t,^)*l*\z(j)-z(j-\)]. (5.15)

In this equation, a time-centered approach to calculating the beam power is used.

Applying this equation, it can be seen that each sample point of induced current is

calculated according to

Beam Power

where Vgap is the product of the field magnitude and cavity length, and <p is the if phase.

The induced-current time samples are used to calculate the fundamental componen jf

induced current using a discrete Fourier transform. The Fourier transform coefficients

are calculated according to Ref. |2] as

nbeam

ntxam

and

CH = AH-jBH, (5.19)

where Cn is the complex Fourier coefficient, nheam is the number of samples that are

taken within an cot = 2n interval of the induced-current function, and iexit is the exit time

corresponding to beam n. The coefficient for the fundamental mode is the fundamental

component of induced current. Using Zcav from Eq. (4.15), the new value for the cavity

voltage is calculated from
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i • n

4 * (5.20)

This new value is used in conjunction with the original guess or current value to
generate the next value. The next value, Vncxl is generated according to

Vwt = * V _ + (l-*)VoM1 (5.21)

where X is a number between +1 and -1. The selection of X controls the convergence of

the algorithm. In the generation of the figures provided below, I observed that the

algorithm converged quite rapidly off-resonance when large positive values of X were

used; however, as the resonant frequency was approached it was necessary to greatly

reduce the value of X, or use negative values, in order to get the algorithm to converge.

This condition worsened as the beam-loaded Q increased. In fact, for very high Q's near

resonance, it was necessary to start with a very accurate initial value for the algorithm to

converge.

Figures 5.73, 5.74, 5.75, 5.76, and 5.77 illustrate the self-consistent cavity field

amplitude and phase as a function of frequency for a simple cylindrical cavity 0.41 A, in

length for an input angle of 2.89°, an input radial velocity of O.lxlO8 m/s, and

longitudinal velocity of 1.978X108 m/s. All plots have a common ordinate, and it can be

seen that as Q/co increases, the bandwidth of the response decreases while the peak

amplitude increases.
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Figure 5.73a. Cavity field amplitude response for Q/co = 1.0.
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Figure 5.73b. Cavity field phase response for Q/(O = 1.0.
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Figure 5.74a. Cavity field amplitude response for fl/co = 1.2.
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Figure 5.74b. Cavity field phase response for ft/o) = 1.2.
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Figure 5.75a. Cavity field amplitude response for Q/<» = 1.4.
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Figure 5.75b. Cavity phase amplitude response for Q/© = 1.4.
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Figure 5.76a. Cavity field amplitude response for ft/co = 1.6.
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Figure 5.76b. Cavity field phase response for ft/o> = 1.6.
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Figure 5.77a. Cavity field amplitude response for Q/a> = 1.8
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Figure 5.77b. Cavity field phase response for ft/to = 1.8.

The beam-loaded Qhot can be calculated from the half-width of the amplitude

response in the figures according to

"" r (5.22)

where .Pis the half-width (in terms of power) of the response. Gamma can be determined

from the voltage response. It is the width where the voltage is equal to 0.7071 times the

peak voltage. Table 5.4 contains the power half-width of the responses, the cyclotron-to-
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RF-frequency ratio, and the loaded (or hot) Q calculated from Figs. 5.73,5.74,5.75,5.76,

and 5.77.

Table 5.4. Beam-loaded Q as a function of Q/co.

1.0
1.2

1.4

1.6

1.8

Power Half-Width (MHz)

0.45

0.36

0.30

0.20

0.10

Beam-Loaded Q

1556

1944

2333

3500

7000

Table 5.5 compares the self-consistent solution calculated using the induced-

current modeling and the self-consistent solution calculated using the energy-balance

approach.

Table 5.5. Comparison of self-consistent solutions.

1.0

1.2

1.4

1.6

1.8

Induced-Current

Cavity
Amplitude

(MV/ra)

0.86

0.95

1.1

1.5

2.4

Cavity Phase
(radians)

-0.4

-0.68

-0.9

-1.15

-1.4

Energy-Balance

Cavity
Amplitude

(MV/m)

0.82

0.92

1.12

1.48

2.38

Cavity Phase
(radians)

-0.36

-0.64

-0.88

-1.17

-1.41

The agreement between the two solutions is excellent, considering the data in the table

for the induced-current solution was read from the graphs.

Figure 5.78 illustrates the cavity amplitude response versus frequency for three

cavity lengths: 0.18^, 0.29X, and 0.4Ik. These graphs were used to determine how

beam-loaded Q varies with length for fi/a) = 1.0. The entrance condition of the beam for

the generation of this figure is the same as was used for the generation of Figs. 5.73

through 5.77.
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Figure 5.78. Cavity amplitude response for three lengths and Q/to = 1.0.

The beam-loaded Q for the three cases is provided in Table 5.6 and plotted in Fig.

Table 5.6. Beam-loaded Q for different cases.

Cavity Length
0.18\

0.29a.

0.4 IX

Power Half-Width (MH/.)

0.10

0.25

0.45

Beam-Loaded Q

7000

2800

1556
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Figure 5.79. Beam-loaded Q versus cavity length at 700 MHz for Q/o = 1.0.

From Figs. 5.78 and 5.79 and Table 5.6 it can be seen that beam-loaded Q

increases with decreasing cavity length. This phenomenon would essentially limit the

maximum achievable gain out of a cavity if a minimum instantaneous bandwidth is

desired.

The figures and tables above indicate that a magnicon with a reasonable
bandwidth would use a lower ratio of cyclotron frequency to rf frequency and a cavity of
larger than optimal length. Using the data from Table 5.4, an Q/o) of 1.6 would provide a
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maximum instantaneous bandwidth of 2(K) kite for ihe 700 MHz magnicon (or 0.03 %
bandwidth). I would feel uncomfortable designing a device with a loaded Q in excess of
this value based on a fear that thermal effects would require some type of dynamic tuning
be applied to the passive cavities in order to keep them in tune. Also, if the magnicon
were used in a linear accelerator application, a bandwidth much smaller than 200 kHz
would compromise the ability of a low-level rf control system to control the accelerating
cavity amplitude and phase with a rapid response time. Based on these results, I am
going to try to use low values of Q/to in the magnicon design with longer-than-optimum

lengths.

5.4. Investigation of parameter variation on coupled-cavity performance

This section describes the performance of the coupled deflection cavity and the

effect of varying the parameters of the coupled cavity: length, magnetic focusing-field

strength, and entrance position.

First, coupled-cavity angle gain and power dissipation will be presented for a

beam entering on-axis with an entrance angle of 8.7°. This plot is intended to illustrate

the general performance characteristics of the coupled-cavity structure. Specific

geometries are then evaluated over a range of Cl/a ratios, and the loss of the coupled-

cavity structure is recorded for a range of angle gains. In the next section these losses

will be compared to the losses of simple cylindrical cavities that provide approximately

the same angle gain. Specific geometries will then be identified that have desirable gain

and power dissipation characteristics. For the case where Q/o) = 1.4,1.2, and 1.0 with

the input angle of 14.6°, the effect of moving the entrance position of the beam off the

longitudinal axis will be evaluated in order to predict the general trend. Several specific

cases showing desirable on-axis angle gains will be examined. The simulation

parameters for this section are those given in Section 2.3, except where otherwise noted.

Figures 5.80 and 5.81 are three-dimensional plots illustrating the coupled-cavity
angle gain and corresponding power dissipated in the walls. The plots were generated
from the data points shown in the contour plots of Figs. 5.82 and 5.83. In the figures fl
and 42 represent the length of the first and second cavity in the coupled-cavity structure.
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Figure 5.80. Three-dimensional plot of coupled-cavity angle gain as a function of
the length of the two cavities, fl and 42, which make up the coupled-
cavity structure. (Plot generated using commercial software
package Precision Visuals—Wave. Special thanks to Stuart
Bowling who helped with data manipulation, plotting,
and graphing.)
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% * « c o v rvHa»ot.

Figure 5.81. Three-dimensional plot of the power dissipated in the coupled-cavity
walls as a function of the length of the two cavities, fl and Q, which
make up the coupled-cavity structure. This curve is to be used in
conjunction with the gain given in Fig. 5.80. (Plot generated using
commercial software package Precision Visuals—Wave. Special
thanks to Stuan Bowling who helped with data manipulation,
plotting, and graphing.)
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Figure 5.80 illustrates four regions of operation that maximize gain. In order (o

understand these regions, it is best to assume that the rt fields are stationary, such as

might IK* the case for a simple, one-dimensional magnetic deflector. By making this

assumption, we can see that maximum deflection could be achieved from a structure with

a transit angle of n in each of the cavities that comprise (he coupled-cavity structure.

Likewise, if either cavity had a transit angle of 3n while the other cavity had a transit

angle of n (or both cavities had a transit angle of 3n), a local maximum in deflection

would occur. Unfortunately, with the cyclotron motion caused by both the magnetic

focusing field and the rotating rf fields, a simple physical picture is not possible.

However, I believe the regions of maximum deflection illustrated in Fig. 5.80 are

analogous to the regions described for the simplified passive case.

Figures 5,82 and 5.83 are plots of cavity angle gain and dissipated power as a

fraction of beam power. In these plots, regions of constant performance are plotted

against the two cavity lengths that make up the coupled-cavity structure. They illustrate

that the maxima corresponding to coupled cavities that are made up of two short sections

have the greatest angle gain. They also show that no real savings in dissipated power is

achieved for this particular case by operating cavities in the vicinity of one maxima

versus another. For a numerical justification of this observation, look at Figs. 5.82 and

5.83. In the regions where there is an angle gain of 3.1 to 4.1 dB, the dissipated power

for the corresponding regions demonstrate areas of equal gain.
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Figure -S.82 Plot of angle gain for different coupled-cavity length
combinations.
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Figure 5.83. Plot of power dissipated in the walls as a fraction of beam
power for different coupled-cavity length combinations.

Because searching the parameter space is further complicated by the addition of a

second cavity in the coupled-cavity structure—as opposed to the single cylindrical cavity

structure evaluated in Section 5.3—all of the potential parameter variations were not

explored. Instead, localized simulations were conducted in regions that showed desirable

gain and dissipated power characteristics. (Moreover, Ref. [3] has determined that

stability issues exist in the coupled-cavity structure for higher values of li/o), and

induced-current modeling has demonstrated the effect of high S2/a> ratios on

instantaneous bandwidth, so only coupled-cavity structures with values of QAo less than

1.4 were evaluated for performance and the impact of parameter variation.)

Table 5.7 summarizes the most desirable coupled-cavity structures at Q/o) values

of 1.4,1.2, and 1.0. The selection criterion was based on a large angle gain for a value of

dissipated power that does not drastically impact overall magnicon efficiency. These

values were calculated for an input angle of 14.62° (a input radial velocity of 0.5x10s m/s

and a longitudinal input velocity of 1.9166xlO8 m/s). This input angle was selected
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because it could result in output angles in the 45°-to-65° range. This particular range in

output angles was selected because the classical application of the coupled-cavity

structure in gyrocons has been as the last cavity in the deflection system. As such, it is

responsible for setting the input angle into the output structure. Section 5.6 will show

that an output-cavity entrance angle in the range mentioned above is necessary for high-

efficiency extraction of the beam energy by the rf fields in the output cavity.

Table 5.7. High-performance coupled-cavity geometries and
corresponding performance.

Cavity 1
Length
(Fraction
oU)

0.397

0.467

0.887

Cavity 2
Length
(Fraction
ofX)

0.303

0.163

0.327

Cavity
Field
(MV/m)

4.79

6.37

2.95

Input
Angle
(Deg.)

14.62

14.62

14.62

Output
Angle
(Deg.)

53.5

46.3

38,5

Angle
Gain
(dB)

5.6

5.0

4.2

Wall
Power
(Fraction
of beam
power)

4.6%

6.8%

1.9%

a/a
Ratio

1.4

1.2

1.0

From this table it can be seen that the angle gain achievable diminishes with

decreasing values of Q/w. (The data in this table will be used in a subsequent section on

magnicon designs and will be compared at that time to simple cylindrical cavities of

similar gain and Q/a> value.) These specific geometries are evaluated below for the

impact of an off-axis beam-entrance position.

Figure 5.84 illustrates the impact of an off-axis injection on the angle gain of the

data presented in Table 5.7. From the figure it can be observed that some values of QJ(O

result in an increase in angle gain with off-axis beam entry while other values result in

little change or a loss in angle gain.



Applications ofRiguPBctmi Model for Magnivon Structures 161

•Q

M

M

B Angle Cain il/w= 1.4

* Angle Gain 0/w= 1.2

• Angle Gain O/w= 1.0

0.00 0,01 0,02 0,03

Beam Entranc- Radius (m)

0.04

Figure 5.84. The impact of off-axis injection on angle gain.

5.5. Comparison of coupled cavity and simple passive cavity

In this section the performance of the coupled cavity and the simple cylindrical

passive cavity is compared and contrasted. The coupled-cavity data is taken from Section

5.4, and the simple passive cavity data is taken from Section 5.3. (In some instances, the

data from Section 5.3 was used to interpolate a value, and this value was then refined

through further simulation.) The rigid-beam model forms the basis of the comparison.

The primary parameter being compared is the power dissipated in the cavity

walls. The goal is to identify which structure provides the most gain for the smallest

dissipated power penalty at three values of Q/co (1.0, 1.2, and 1.4). For this comparison,

only the case with the 14.6° input angle with the beam entering on the longitudinal axis

will be evaluated. This is based on the fact that only the power dissipated in the final

cavity in the deflection system appreciably contributes to decreasing the overall

magnicon efficiency. The power lost in the preceding cavities does not significantly

impact overall magnicon performance. A 14.6° input angle is approximately the one
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required to achieve a large entrance angle into the output cavity, a condition necessary for
efficient conversion of the beam energy into the rf fields.

Table 5.8 displays eight columns. The first is the Q/co ratio. The next three are

for the simple cylindrical cavity and represent cavity length, cavity angle gain, and

corresponding dissipated power, respectively. The last four columns are for the coupled-

cavity structure and represent the length of the two cavities in the coupled-cavity

structure, the coupled-cavity angle gain, and the corresponding dissipated power,

respectively. (The two columns for gain are included because even though every attempt

is made to compare two cases of identical gain, it is not possible to find two cases with

exactly the same gain.)

Table 5.8. Comparison between coupled-cavity structures and simple single cavity
structures with comparable gains.

1.0

1.2

1.4

Simple
Cavity
Length
(Fract.
otk)

0.33

0.28

0.29

Simple
Cavity
Angle
Gain
(dB)

4.33

5.53

5.83

Simple
Cavity
Dis.
Power
(%of
beam
power)

2.7

5.0

6.2

Coupled
Cavity

n
(Fract.
of>.)

0.89

0.42

0.37

Coupled
Cavity

a
(Fract.
ofk)

0.33

0.16

0.3

Coupled
-Cavity
Angle
Gain
(dB)

4.21

5.50

5.80

Coupled
-Cavity
Dis.
Power
(%of
beam
power)

2

10

4.6

It is difficult to make generalized statements based only on the data of Table 5.8.

Nevertheless, it is evident that as Q/o increases, a savings in dissipated power results for

the coupled-cavity structure. This savings can result in higher-efficiency magnicons. At

lower values for Q/co, the saving in dissipated power is reduced or disappears. However,

at values of Q/o) approaching unity, another parameter becomes important: device

length. For the coupled-cavity structure at low values of £i/(d, larger cavity lengths are

required to provide high gain with low dissipated power.

Referring now to Fig. 5.80 in Section 5.4, it can be seen that at lower values of

Q/(0, the optimum operating region is located at the gain peaks farthest from the origin.

Specifically, investigating for fi/o) = 1.0 and Q/co = 1.2 found that operating at the lower-

right-hand region of maximum gain instead of the gain maximum near the origin resulted

in a considerable saving in dissipated power, which allowed for the achievement of the

desired gain. However, as is seen in the table above, this strategy can add considerable
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length to the device at lower frequencies. The length can become an issue both from the

points of view of beam expansion and physical layout.

Based on this argument and the data above, I do not believe it is practical to

employ a coupled-cavity structure for values of ii/O) less than 1.4. At values for Q/d)

smaller than 1.4,1 would use the single-cavity structure. (An ancillary consideration that

is beyond the scope of this investigation is the impact of the rf fringe fields at the

coupling aperture between the two cavities of the coupled-cavity structure. The hole is

large compared to the entrance hole in the single-cavity structures, and the resulting radial

component of electric field could interact with a finite-sized jeam, spreading the beam

and reducing efficiency.)

5.6. Investigation of parameter variation on output-cavity performance

The output-cavity performance is investigated by varying the parameters that

govern output-cavity performance, specifically, the effects of cavity voltage, cavity

length, cavity focusing field, the transverse-beam entrance velocity, and the displacement

off-axis of the beam-entrance position. All these are evaluated to determine which

combination maximizes the conversion efficiency of the output cavity. The approach

taken to evaluate the broad parameter space defined above is to fix an entrance angle of

65° and evaluate the conversion efficiency for different cavity lengths at a range of cavity

voltages for a beam-entrance position on-axis and off-axis. Then, for the on-axis and off-

axis beam injection, the entrance vector is varied (45°, 55°, and 65°) to evaluate the

dependence of output-cavity conversion efficiency on entrance angle. (Also, for the case

of on-axis injection for a 65° input angle, the output-cavity focusing field is varied around

the field level that maximizes conversion efficiency.)

The angle values described above were selected as values that would result in

high conversion efficiency consistent with a high-efficiency magnicon design. All other

parameters of the high-efficiency simulation are consistent with the parameters described

in Section 2.3. The range of values evaluated for the output-cavity field were all less than

2.5 MV/m, which is a smaller focusing field than that for a high-power klystron.

According to Ref. [4], an order-of-magnitude evaluation of the peak output-cavity field in

a high-power klystron can be determined using a peak voltage that is the product of beam

voltage and V2, with a transit angle of I rad. When applied to a 1.25-MW, 85-kV

klystron of 55% efficiency that is being employed at Los Alamos National Laboratory,

these approximate equations determined its output-cavity field was 4.2 MV/m.
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Therefore, because the interaction in the magnicon output cavity is extended—and

remember that one of the advantages the magnicon has over the klystron is an extension

of the output-cavity power capability—the magnicon's high efficiency must be achieved

at a substantially lower output-cavity field than the klystron. Based on the comparison

presented above, a magnicon peak output-cavity field that is approximately one-quarter

that of a 55%-efficient klystron will provide output-conversion efficiency in excess of

90%. (Remember when comparing fields that the peak magnicon field is Eo multiplied

by the maximum value of,/;, or approximately 52.)

The output-cavity evaluation neglects the effect of the sharp magnetic transition

that can occur between the deflection system and the output cavity. Even though the

transition is ideally a half-cusp, in practice the shape of the pole piece at the input to the

output cavity and the size of the entrance hole in the output cavity can affect beam

trajectories in the region of the output cavity. In essence, the actual region in which

radial components of the magnetic-field transition exist are several pole-piece radii on

each side of the cavity opening. This factor affects the input transverse velocity and

consequently the input angle, making it difficult to realistically include the effects of the

magnetic transition and still evaluate the full parameter space with a methodical

approach. Therefore, this analysis assumes that the magnetic transition is very sharp and

has occurred before the beam enters the output cavity. (Only longitudinal components of

the magnetic focusing field are considered.)

In Fig. 5.85 the conversion efficiency in the output cavity is presented as a

function of output-cavity field for several output-cavity lengths and a 65° input angle.

The magnetic focusing-field strength is 0.0292 T, which corresponds to a cyclotron

frequency of 612.7 MHz. As was indicated in earlier sections, the cyclotron frequency

needs to be equal to the rf frequency in the output cavity. Obviously, 612.7 MHz is not

equal to 700 MHz. The difference arises from the selection of gamma in the equation for

cyclotron frequency. From Ref. (5J, the cyclotron frequency can be determined from

(5.23)

As the beam energy is given up to the rf fields in the output cavity, the gamma of

the beam changes from its initial gamma to approximately 1 at the end of the output

cavity. Therefore, the cyclotron frequency of the particles in the output cavity is a
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function of length. The 612.7-MHz cyclotron frequency given above is based on using

the initial gamma (1.3322) for the calculation, and this will be the convention followed in

presenting the results of this section. However, if the average gamma (1.166) is used, the

cyclotron frequency is equal to 7(K) MHz—exactly the rf frequency. As expected, this

value of magnetic focusing field maximizes extraction efficiency in the output cavity and

is used for most of the results presented below. However, two other values of magnetic

field—one 15% higher than this nominal value and the other 15% lower—are also

evaluated and presented.
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Figure 5.85. Conversion efficiency for input angle of 65° for eight lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz.

Figure 5.85 illustrates that the conversion efficiency in the output cavity for an

input angle of 65° for a beam injected on-axis approaches 90%. It also suggests that for

field values in excess of the self-imposed limit of 2.5 MV/m, higher efficiencies may be

achievable.
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Figure 5.86 illustrates what happens to the conversion efficiency when the same

magnetic field and input angle are used for a beam injected into the output cavity, but the

beam is now 2.5 cm off-axis. (This is approximately 10% of the output-cavity radius.)
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Figure 5.86. Conversion efficiency for input angle of 65° for five lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 2.5 cm.

This figure shows that the extraction efficiency is improved by injecting the beam into

the output cavity off-axis, and it demonstrates extraction efficiencies in excess of 90%.
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Figure 5.87 illustrates the same graph with a beam-injection radius of 5 cm (or

approximately 20% of the cavity radius).
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Figure 5.87. Conversion efficiency for input angle of 65° for five lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 5.0 cm.

This figure again shows that the extraction efficiency can be improved by injecting the

beam into the output cavity off-axis. The extraction efficiency in Fig. 5.87 is again in

excess of 90% and slightly higher than the extraction efficiency for the 2.5-cm injection
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radius. Figures 5.88, 5.89, and 5.90 arc similar to Figs. 5.85, 5.86, and 5.87, except that
the entrance angle for these figures is 55°.
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Figure 5.88. Conversion efficiency for input angle of 55° for five lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam is injected on the longitudinal axis.
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Figure 5.89. Conversion efficiency for input angle of 55° for six lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 2.5 cm.
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Figure 5.90. Conversion efficiency for input angle of 55° for six lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 5.0 cm.

These three figures illustrate the same general trend shown in Figs. 5.85,5.86, and

5.87; the output-cavity extraction efficiency increases as the beam-entrance position into

the output cavity is displaced off-axis, with the maximum extraction efficiency

approaching 72% for on-axis beam injection, 81% for a beam injection 2.5 cm off-axis,

and 86% for beam injection 5 cm off-axis. The maximum output-cavity extraction

efficiencies are lower than those for the 65° entrance angle. Later plots will compare

these maximum extraction efficiencies and try to fit analytical functions to these curves.
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Figures 5.91,5,92, and 5.93 are similar to Figs. 5.85 through 5.90, except they are

for an entrance angle of 45°. Again, the output-cavity extraction efficiency increases as

the beam moves off-axis, and the maximum achievable extraction efficiency is lower at

45° than for the 55° or 65° entrance angle. The maximum calculated output-cavity

extraction efficiency for the 45° input angle is 57%, 60%, and 73% for beam-injection

radii of 0.0 cm, 2.5 cm, and 5.0 cm, respectively.
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Figure 5.91. Conversion efficiency for input angle of 45° for seven lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam is injected on the longitudinal axis.
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Figure 5.92. Conversion efficiency for input angle of 45° for six lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 2.5 cm.
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Figure 5.93. Conversion efficiency for input angle of 45° for five lengths as a
function of output-cavity field. Initial cyclotron frequency is 612.7
MHz and the beam-injection radius is 5.0 cm.
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Figure 5.94. Peak output-cavity extraction efficiency for three output-cavity
beam-entrance positions as a function of input angle.

Figure 5.94 illustrates three curves that are each composed of three points. The

curves correspond to the three beam-entrance positions and each point on the three curves

corresponds to a beam-entrance angle. To better understand the shape of these curves, a

top and side view of the particle trajectories are illustrated in Figs. 5.95; 5.96, and 5.97

for an input angle of 65°. Figures 5.95a and 5.95b are for beam injection on-axis.

Figures 5.96a and 5.96b are for beam injection 2.5 cm off-axis, and Figs. 5.97a and 5.97b

are for beam injection 5.0 cm off-axis.
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Figures 5.85 through 5.94 are all based on a magnetic focusing-field strength that

results in an average cyclotron frequency equal to the rf frequency. (This also is the

magnetic-field strength that maximizes output-cavity extraction efficiency for lower

output-cavity-field values.) Figures 5.95,5.96, and 5.97 illustrate particle trajectories and

change in gammas for a 55° input angle with the beam injected on-axis, 2.5 cm off-axis,

and 5 cm off-axis, respectively. For these double figures, each figure "a" is the radius of

a single particle of the beam as it passes through the output cavity, figure "b" is a top

view of the particle trajectory as it passes through the output cavity, and figure "c" is the

gamma of a single particle of the beam as it passes through the output cavity. These

figures are intended to help illustrate the differences in the output-cavity extraction

efficiency for different injection radii, as well as provide insight into the nature of the

interaction. They illustrate that off-axis injection positions result in a larger maximum

radius for a beam panicle, thereby subjecting the particle to a higher decelerating field.

This results in more energy exchange. This is why there is an increase in extraction

efficiency with off-axis injection. It is also interesting to note that the transverse energy

decreases as the particle travels through the output cavity. This can be observed by the

proximity of the data points that are separated in time by a uniform time step at the tail

end of the top view of the particle trajectory (figure "b"), The velocity relationships are

examined in more detail in a later figure.
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Figure 5.95a. Particle displacement off-axis as a function of longitudinal cavity
position for 55° entrance with the beam entering on-axis. The
cavity length is 1.144 wavelengths and the peak electric field is
2.0MV/m.
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Figure 5.95b. Top view of particle trajectory in the output cavity for 55° entrance
with the beam entering on-axis. The cavity length is 1.144
wavelengths and the peak electric field is 2.0 MV/m.
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Figure 5,95c. Particle gamma as a function of longitudinal cavity position for 55°
entrance with the beam entering on-axis. The cavity length is 1.144
wavelengths and the peak electric field is 2.0 MV/m.
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Figure 5.96a. Particle displacement off-axis as a function of longitudinal cavity
position for 55° entrance with the beam entering 2.5 cm off-axis.
The cavity length is 1.004 wavelengths and the peak electric field is
2.5 MV/m.
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Figure 5.96b. Top view of particle trajectory in the output cavity for 55° entrance
with the beam entering 2.5 cm off-axis. The cavity length is 1.004
wavelengths and the peak electric field is 2.5 MV/m.
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Figure 5.96c. Particle gamma as a function of longitudinal cavity position for 55°
entrance with the beam entering 2.5 cm off-axis. The cavity length
is 1.004 wavelengths and the peak electric field is 2.5 MV/m.
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Figure 5.97a. Particle displacement off-axis as a function of longitudinal cavity
position for 55° entrance with the beam entering 5.0 cm off-axis.
The cavity length is 1.284 wavelengths and the peak electric field is
2.0MV/ro.
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Figure 5.97b. Top view of particle trajectory in the output cavity for 55° entrance
with the beam entering 5.0 cm off-axis. The cavity length is 1.284
wavelengths and the peak electric field is 2.0 MV/m.
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Figure 5.97c. Particle gamma as a function of longitudinal cavity position for 55°
entrance with the beam entering 5.0 cm off-axis. The cavity length
is 1.284 wavelengths and the peak electric Held is 2.0 MV/m.
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Figure 5.98. Panicle radial velocity (vp) and longitudinal velocity (vz) as a
function of longitudinal cavity position for 55° entrance with the
beam entering on-axis. The cavity length is 1.144 wavelengths and
the peak electric field is 2.0 MV/m.

Figure 5.98 illustrates the transverse and longitudinal velocity of a single particle

as it passes through the output cavity. As can be noted from this graph, the longitudinal

•velocity (energy) stays approximately constant while.the transverse velocity (energy) is

converted into the if fields.

Figures 5.99 and 5.100 illustrate the effect of varying the magnetic field ±15%

from this nominal value. Figure 5.99 is for a magnetic field of 0.02482 T, or an initial

cyclotron frequency of 521 MHz (or an average cyclotron frequency of 595 MHz).
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Figure 5.100 is for a magnetic field of 0.03358 T, or an initial cyclotron frequency of 705

(or an average cyclotron frequency of 804.9 MHz).
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Figure 5.99. Output-cavity extraction efficiency as a function of peak rf cavity
field for a number of lengths with a magnetic field 15% less than the
nominal field.
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Figure 5.100. Output-cavity extraction efficiency as a function of peak if cavity
field for a number of lengths with a magnetic field 15% greater than
the nominal field.

From Fig. 5.99 it can be seen that a 15% reduction in the magnetic field over the

nominal case drastically reduces the output conversion efficiency for the peak electric

field values of interest. From inspection of the figure, it can be seen that the maximum

output-cavity conversion efficiency is reduced to 64% and appears to peak at higher

values of peak if electric field. From Fig. 5.100 it can be seen that the 15% increase in

magnetic field does not cause as large a reduction in output cavity conversion efficiency

with respect to the nominal case (85% versus 90%, respectively). However, it does

increase the optimum length of the output cavity (1.214 wavelengths for 0.03358 T

versus 0.864 wavelengths for 0.0292 T).
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6.1 Design rules

This section summarizes how the results of the component investigations

presented in Chapter 5 are used to determine magnicon designs. I shall apply these

results to two types of magnicons: the conventional magnicon and a new "uniform-field"

magnicon, which has a revised design.

The first step in applying the results of Chapter 5 is to designate the beam

entrance angle into the output cavity. Figure 5.94 in Section 5.6 illustrates the

relationship between the output-cavity extraction efficiency and the entrance angle into

the output cavity. It can be used to determine the entrance angle. Other plots in Section

5.6 can then be used to determine the output-cavity peak electric field and output-cavity

focusing field. (Typically, this value is selected to equal the rf frequency, which equals

the cyclotron frequency based on an average gamma.)

With the output-cavity entrance angle determined, it is next possible to design the
deflection system. Two deflection systems are possible: one for the conventional
magnicon and one for the uniform-field magnicon.

To design the deflection system, my approach is first to determine the lowest

instantaneous bandwidth I can tolerate. For a uniform-field magnicon, where the Q/o)

ratio is equal to the rf frequency over the entire length of the device, the instantaneous

bandwidth (or, correspondingly, the beam-loaded Q) can be determined by using Tables

5.4 and 5.6 in order to interpolate the smallest cavity length. Figure 5.23 can be used to

calculate the gain of the cavity. Figure 5.21 illustrated that two lengths can provide the

same gain if the instantaneous bandwidth constraint allows it. If two lengths are possible,

Fig. 5.21 demonstrated that the longer length should be used in order to minimize

dissipated power. If a conventic nal magnicon geometry with a half-cusp magnetic-field

transition between the deflection system and output cavity is used, as large an Q/(o ratio

as possible should be selected, within instantaneous-bandwidth constraints, to maximize

gain. (This is based on the data presented in Section 5.3.3.) The data in Section 5.3.1 can

then be used to determine lengths within the bounds set by instantaneous bandwidth iis

order to maximize gain and minimize power loss.

188
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The data of Section 5.3,2 can be used with either the traditional magnicon design
or the uniform-field magnicon, but it must be used carefully. All the off-axis data
presented in Section 5.3.2 used a beam-entrance-velocity vector that was entirely in the
radial direction. Usually this is not the case, and the entrance-velocity vector also has a
^directed component. This will change the results of Section 5.3.2. The best technique I
have found for optimizing drift-space length is numerical and involves adjusting the
length (and consequently the entrance position into the next cavity) in order to maximize
the gain of the next passive cavity; it has substantial benefits for larger values of il/a.

Section 5.4 and 5.5 provided insight for the design of a coupled deflection cavity

to serve as the final cavity in the deflection system. These sections allowed for the

determination of geometry parameters required to provide a specific angle gain and the

prediction of dissipated power. The coupled-cavity performance was also compared to

the performance of a simple cylindrical passive cavity.

As a final note, it should be stated that the conventional magnicon design

generated in this fashion must be modified by large-signal modeling. This is due to the

fact that Section 5.6 does not consider the effects of the half cusp magnetic transition,

which provides further conversion of longitudinal velocity into the transverse direction.

Therefore, it is not necessary fcr the deflection system to provide all of the longitudinal-

energy conversion.

6.2 Comparison to Russian high-perveance magnicon design

In February of 1992 the inventor of the magnicon, Oleg Nezhevenko, spent one

month at the Stanford Linear Accelerator Center (SLAC) collaborating with

representatives of Los Alamos National Laboratory and SLAC on a proposal for low-

frequency, high-efficiency magnicon to be used on the proposed SLAC "beauty factory"

and two proposed Los Alamos projects: Accelerator Production of Tritium and

Accelerator Transmutation of Waste. In this section, the large-signal, rigid-beam model

is used to evaluate the specific architecture proposed by Nezhevenko for these projects.

This magnicon architectuie serves as a convenient starting point from which to examine a

number of magnicon geometries.

Nezhevenko's drawing, shown in Fig. 6.1, was intended to be an aid to the reader

of the proposals lo focus attention on the geometry of a high-perveance device and to

estimate the device's overall length. Before proceeding, however, it is important to

realize that the magnicon architecture shown in the figure is based on Nezhevenko's
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experience with a iow-perveanee magnicon operating at 915 MHz and small-signal

approxima^ expressions. However, in spite of these constraints, the calculated efficiency

using the rigid-beam model of his proposed design is very similar to his predictions. The

only major discrepancy is the overall gain of the magnicon, which can be explained by

the difference in assumptions in modeling the half-cusp magnetic field between the

deflection and output cavities.

Figure 6.1 shows Nczhevenko's high-perveance magnicon architecture. The
proposed magnicon consists of one drive cavity, two single cylindrical passive cavities, a
coupled cavity, a magnctic-field-i'ree drift space separating the deflection system and
output cavity, and an output cavity. The parameters of the proposed magnicon are listed
in Table M .
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Figure 6.1. Nezhevenko's high-perveance magnicon architecture.
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Table 6.1. Proposed magnicon parameters.

Beam Voltage (kV)

Beam Current (A)

Efficiency (%)

Gain (dB)

Output Cavity Field (MV/m)
Deflection System Ji/to Ratio

170

18

82.5

44.0

2.31

1.4

I modeled a magnicon with these parameters and the geometry defined in Fig. 6.1

using the rigid-beam model. The approximation described in Section 3.3 was used to

model the magnetic-field transition region between the deflection system and output

cavity. This approximation is quite different from the pole-piece shape illustrated by

Nezhevenko in Fig. 6.1 and accounts for ^ome of the difference in gain between the

predicted and calculated results. The results of the rigid-beam model are given in Table

6.2.

Table 6.2. Calculated magnicon parameters.

Beam Voltage (kV)

Beam Current (Amps)

Calculated Efficiency (%)

Calculated Gain (dB)

Output Cavity Field (MV/m)
Deflection System Q/co Ratio

170

18

81.1

25.0

1.6

1.4

Figures 6.2 through 6.8 illustrate the particle trajectories and velocities of a single

panicle of the beam. Figures 6.2 and 6.3 illustrate the x andy position, respectively, as

the particle moves along the longitudinal z axis of the magnicon. Figure 6.4 is a scatter

plot illustrating the top view of the particle trajectory over the transit time of the entire

magnicon. Figures 6.5 and 6.6 illustrate the transverse velocity, v* and Vy, respectively,

of a single particle as the particle moves along the longitudinal z axis of the magnicon.

Figure 6.7 shows the longitudinal velocity as the particle moves along the longitudinal

axis of the magnicon. Figure 6.8 shows the variation of gamma as a function of the

longitudinal position of the particle.
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Figure 6.2. Transverse x-axis displacement versus longitudinal position.
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Figure 6.3. Transverse y-axis displacement versus longitudinal position.
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Figure 6.4. Scatter plot of transverse particle position.
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Figure 6.8. Particle gamma versus longitudinal position.

Figures 6.2 and 6.3 illustrate the transverse position of a particle as it moves along

the longitudinal axis of the magnicon. When used in conjunction with Fig. 6.1, this

information makes it possible to extract particle behavior in each of the magnicon

structures (i.e., drive cavity, passive cavity, drift space, etc.). These figures show that the

particle is displaced off-axis in the deflection system and then gains off-axis displacement

as it moves through the half-cusp field at the input to the output cavity. The displacement

off-axis then decreases as the particle gives up its transverse energy to the if field. Figure

6.4 shows a scatter plot of the particle position over the transit time for the magnicon.

Two distinct regions of circular motion are observed. The one starting from the origin
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shows the particle position in the deflection system, while the upper-right-hand corner of

the plot shows the particle position as the energy is extracted in the output cavity.

Figures 6,5 and 6.6 illustrate the transverse velocity of the particle as it moves along the

axis. Note that the particle gains transverse velocity in the input structure and then loses

this transverse velocity to the rf fields in the output cavity. Figure 6.7 shows the z-

directed velocity component as the particle moves through the magnicon. Note that the z-

directed velocity decreases in the deflection system as it is transferred to transverse

velocity and that the bulk of velocity transfer actually occurs in the half-cusp field

between the deflection system and output cavity. Thus, the difference between the

theoretical model used here and Nezhevenko's experimental experience could account for

the difference in gain. Also, the velocity is approximately constant in the output cavity,

with a slight upward trend.

This constant z-directed velocity makes the magnicon a prime candidate for

depressed-collector technology, which would further increase the efficiency of the device.

Figure 6.8 illustrates the particle gamma as a function of longitudinal device position. As

the illustration shows, after a slight increase in gamma in the drive cavity, the particle

gamma decreases as the beam excites the passive cavities. Regions of constant ramma

represent the drift spaces separating the cavities. The extended nature of the output

interaction can be observed by noting the sinusoidal variation of gamma in the output

cavity, which results in a net decrease in energy as the particle gives up its energy to the

rf fields.

6.3 Comparison with experimental results

The NRL magnicon development has progressed to an experimental phase. Their

engineers have fabricated and tested the first two cavities of the deflection system: the

drive cavity and the first passive cavity. A 3-mm-diameter beam at 500 kV and

approximately 170 A has been deflected by the drive cavity and has excited a field in the

first passive cavity. The beam-excited field of the passive cavity was measured, and the

gain calculated by comparison to the drive cavity field. The NRL experimental data was

provided in Ref. [1].

The architecture of the NRL magnicon is shown in Fig. 6.9, and the parameters

are listed in Table 6.3. In Fig. 6.9 two types of protrusions are made into the cavities.

The sample pins have a very small coupling coefficient and are used to measure the cold-

cavity Q. The coupling pins have a larger coupling coefficient and are used to excite the
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drive cavity, sample the beam-excited fields in the passive cavity, and lower the passive*
cavity Q.

Faraday cup

Coupling pins (2) Sampling pins (2)

Passive cavity

Coupling pins (2) Sampling pins (2)

T
Driven cavity

O
Graphite anode

Magnet winding

O Magnet winding

Velvet button

Cathode

Magnet winding

Figure 6.9. NRL magnicon experimental magnicon.
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Table 6.3. NRL magnicon parameters.

Parameter
Voltage

Beam Current

Cavity Radius

Drive and Passive Cavity Length

Cavity Quality Factor

Drift Space Length

Input Power

Drive Frequency

Magnetic Field

Drive Cavity Field

Effective Resistivity

Output Cavity Field

Gain = 20 log (Epassivo/Edrive)

Value

500 W

~170A

3.2 cm

2.26 cm

1000

1.13cm

78 W

5.68 GHz

0.81 T

0.08 MV/m

0.2981 £2

0.3838 MV/m

13.6dB

Some of the parameters in Table 6.3—drive frequency, drive power, and effective

resistivity—require some additional explanation. The drive frequency in the

experimental NRL work varied from 5.67 GHz to 5.69 GHz based on the measured cold-

cavity resonance. The desired frequency was 5.712 GHz. The NRL limited the drive

power for the experimental verification to 10-400 W. I chose a comparison with a drive-

power level of 78.3 W. (Both my theoretical comparison and NRL's experimental results

are in the small-signal regime.) Finally, the comparison with the NRL results required

that I use an effective resistivity. The NRL presented for the drive cavity a cold-cavity Q,

a coupled-cavity Q, and a total Q. The cold-cavity Q was very high (> 90,000), while the

coupled-cavity Q lowered the overall Q to around 1100 for the drive cavity and to around

1000 for the passive cavity. Couple-cavity Q in this context refers to the effect on the Q

of the coupling pin in Fig. 6.9. Power dissipated in the coupling ports drastically lowered

the overall Q.

To simulate this effect, I distributed this additional power dissipation over the

entire surface of the cavity by increasing the cavity shunt resistance. I did this so I could
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model the effect of power being dissipated in the coupled ports when I calculated the self-

consistent passive-cavity fields using the energy-balance approach.

The rigid-beam model predicts a cavity gain of 13.6 dB. This result agrees

favorably with both the theoretical and experimental NRL results. The theoretical NRL
results predict a cavity gain of 13.5 dB. The NRL separately measured and calculated the

two standing waves that make up the rotating field in the passive cavity and computed the
gains for the two standing waves separately. One of the standing-wave polarizations

provided a gain of approximately 12 dB while the other standing-wave polarization

provided a gain of approximately IS dB. The NRL attributes the imbalance in the two

standing-wave modes in part to calibration error and possibly an asymmetry in the cavity

excitation (elliptical polarization), which is potentially caused by a small misalignment of

the electron beam or an asymmetry in the mode of the drive cavity.

6.4. New design for a standard magnicon

In the following sections alternate magnicon geometries will be analyzed using

the analytical half-cusp-field model and fields calculated by the code POISSON (Ref.

[2]). The geometries for these models will be supported by the simulation data of

previous sections and will be contrasted with the inventor's model, which was described

above.

The magnicon architecture shown below in Fig. 6.10 builds on the geometry

defined in Section 6.2 to increase the efficiency and increase the gain. The fundamental

structure is the same except for the following changes:

1. The drive-cavity length has been increased to the optimum size as

calculated in Section S.2.

2. The passive-cavity and coupled-cavity lengths were shortened to 0.175 m,
or 0.4086 wavelengths.

3. An additional passive cavity was added.

4. The drift-space distance was optimized between each passive cavity to

maximize the gain of the passive cavity following the drift space.
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5. The output-cavity length and field were optimized to e xtract the most rf

energy from the beam in the output cavity.

Each of these changes is explored below in more detail.

The drive cavity length was increased from 0.205 m in Nezhevenko's design to

035 m, which is the optimum length predicted in Section 5.2. The passive-cavity length

and coupled-cavity lengths were shortened, thus increasing the gain of these cavities and

increasing the beam-loaded Q. However, Section 5.3.3 predicts for a passive-cavity

length of 0.175 m an instantaneous bandwidth of 0.3 MHz, which is suitable for

accelerator application. The addition of the passive cavity helped increase the overall

gain of this magnicon geometry. The large-signal numerical simulation was used to

adjust the drift-space distances in order to maximize the gain of the following cavity by

changing the beam's entrance position into the cavity. A localized parameter search was

conducted to determine the values of cavity field and length that maxiimized efficiency.

As a resuh of these changes, the efficiency was increased from 81% to 88%.

The operating parameters of the magnicon geometry of Fig. 6.10 are included in

Table 6.4.
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Figure 6.10. Proposed alternate magnicon geometry.
(Note: picture is not to scale.)
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Table 6.4. Alternate geometry operating conditions.

Operating Parameter

Beam Voltage

Beam Current

Gain

Efficiency

Output Cavity Field

Deflection System £2/co Ratio

Output Cavity Magnetic Field

Initial Particle Gamma

Output Power

Value
170 kV

18A

41 dB

88%

2.05 MV/m

1.4

0.0292 T

1.33219

2.688 MW

Figures 6.11 through 6.17 illustrate the particle trajectories and velocity

conversion as a single particle of the beam moves through the magnicon. Figures 6.11

and 6.12 show the particles positioned off the longitudinal axis as a function of the

longitudinal position. Figure 6.13 shows a transverse plot of the particle position during

transit of the particle. Figures 6.14, 6. IS, and 6.16 show the longitudinal and transverse

velocity components as a function of longitudinal position. Figure 6.17 shows the

particle gamma as a function of longitudinal position.
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Figure 6.11. Particle jc-axis displacement as a function of longitudinal position.
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Figure 6.12. Particle y-axis displacement as a function of longitudinal position.
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Figure 6.14. Particle Jt-directed velocity as a function of longitudinal position.
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Figure 6.16. Particle z-directed velocity as a function of longitudinal position.
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Figure 6.17. Particle gamma as a function of longitudinal position.

The comments presented in Section 6.2. on the trajectories of the proposed

Russian geometry also apply to this geometry. Even though this geometry does

demonstrate very high efficiency in the rigid-beam approximation, I do not believe that

cither this geometry or the proposed Russian geometry is optimum. This belief is based

on the fact that during the interaction with the sharp magnetic-field transitions, a finite-

sized beam will suffer significantly from energy spread, and the energy spread translates

into efficiency loss. Also, the drift space separating the deflection and output cavities

would result in beam expansion due to space-charge forces. Again, this would have a

negative impact on efficiency. These assertions will be demonstrated in subsequent

sections using a finite beam-size modeling technique. The alternate geometry presented
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above will also be evaluated by applying transition-region fields generated from the

numerical code POISSON, which is given in the next section.

6.4.1 Geometry with PQISSQN half -cusp fields.

The magnicon of Fig. 6.10 will be analyzed using a variation of the method

described in the previous section. Because the magnetic fields in the transition regions

have a significant impact on jnagnicon performance, the approximate, analytical method

of modeling the half-cusp region of Section 6.4 will be replaced by a numerical

technique. This technique uses the code POISSON, which is cited in Rcf. [2], to

calculate the magnetic fields in the transition region between the deflection system and

output cavity. A pictorial representation of the POISSON geometry and fields is

illustrated in Fig. 6.18.
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Figure 6.18. Plot of geometry and POISSON calculated fields.

The POISSON problem made two assumptions: that the pole piece was made of

infinite-permeability iron and that the actual lengths of the two pole-piece assemblies

were shorter than that required by the cavity length. (Note that the reduced length does

not compromise the results, because the POISSON fields are applied only in the region of

the magnetic-field transitions.) POISSON is used to generate a table of radial and

longitudinal magnetic-field values in the region between the coupled cavity and a point

that is two entrance-hole radii into the output cavity. Bilinear interpolation described in

Ref. [3] is used to interpolate between the magnetic-field values in the radial-coordinate-

based POISSON table because the problem is azimuthally symmetrical.
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Table 6.5 contains the operating parameters for the magnicon. Note that the

results of Table 6.5 are very close to the results of Table 6.4 in the previous section. This

fact tends to validate both approaches. Figures 6.19 through 6.25 are trajectory plots that

are identical to the trajectory plots from the previous section.

Table 6.5. Operating parameters of magnicon.

Operating Parameter

Beam Voltage

Beam Current

Gain

Efficiency

Output-Cavity Field

Initial Particle Gamma

Deflection-System (1/0) Ratio

Output-Cavity Magnetic Field

Output Power

Value

170kV

18A

41 dB

86.2 %

2.05 MV/m

1.33219

1.4

0.0292 T

2.64 MW
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Figure 6.19. Particle x-axis displacement as a function of longitudinal position.
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Figure 6.20. Particle y-axis displacement as a function of longitudinal position.
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Figure 6.21. Scatter plot of particle transverse displacement during transit of the
magnicon.
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Figure 6.22. Particle jc-directed velocity as a function of position.
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Figure 6.24. Particle z-directed velocity as a function of longitudinal position.
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Figure 6.2S. Particle gamma as a function of longitudinal position.

65. The uniform-field magnicon: an improved geometry

The geometry proposed below is a modification of the typical magnicon

geometry. It is being proposed to improve the tolerance of the magnicon to high-

perveance beams. Unlike Russian magnicons, the geometry analyzed in this section has

no magnetic transition between the deflection system and the output cavity, and the D/a>

ratio is much smaller than that employed in Russian magnicon and gyrocon work. This

change from the Russian geometry will be shown in later sections to be less sensitive to

finite beam size and more suitable for large beams and a high-perveance magnicon

design. The implications of this change are listed below.
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1. AH transverse deflection must be accomplished by if interactions with

deflection cavities. The half-cusp transition no longer exists and will not

provide any additional deflection.

2. The beam is always immersed in a confining magnetic field, so beam

expansion due to beam-generated forces in the field-free drift space

separating the deflection system and output cavity is r.o longer an issue.

3. The Q/b) ratio in the deflection system is based on the initial gamma is

0.875, resulting in shorter cavities to maintain a gain similar to a magnicon

with an Q/co ratio of 1.4.

4. Because there is no magnetic transition at the entrance to the output cavity,

the concern of the magnetic transition spreading the beam energy during

interaction with the beam is no longer a concern.

The uniform-field magnicon architecture is presented in Fig. 6.26. Note the

length of the passive cavities has been decreased to offset the decrease in gain caused by

the reduction in ft/to ratio. The passive-cavity length was decreased until the results of

Section 5.3.3 indicated the instantaneous bandwidth was being decreased below a

reasonable level. The compromise between gain and bandwidth resulted in passive

cavities with an instantaneous bandwidth of 200 kHz. A variable length between passive

cavities is also used in an attempt both to minimize input radius (in order to keep the

entrance holes in the cavities small) and to maximize passive-cavity gain.
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Figure 6.26. Uniform-field magnicon geometry. This geometry has no half-cusp
magnetic field and different dimensions and oo/fi ratio from Figure
6.10. (Note: drawing is not to scale.)
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Table 6.6 shows the operating parameters of the uniform-field magnicon

geometry. Frem the table it is observed that the gain of this mil gnicon geometry is lower

than the other geometries explored in previous sections. However, the output power and

efficiency are comparable. The gain loss could be compensated by the addition of extra

passive cavities. The other significant change in parameters is the output-cavity field.

The 4.57 MV/m field given here is higher than for previous geometries. The peak cavity

field can be determined by multiplying this value by the peak of the Bessel function in

the elecnic-field expression (0.52), resulting in a peak cavity field of 2.37 MV/m, which

is similat to those in klystrons.

Table 6.6 Operating parameters for uniform-field magnicon architecture.

Operating Parameter

Beam Voltage

Beam Current

Gain

Efficiency

Output Cavity Field

Initial Particle Gamma

Deflection System Q/o> Ratio

Output Cavity Magnetic Field

Output Power

Value

170 kV

18 A

30.2 dB

87.9%

5.0 MV/m

1.33219

0.875

0.0292 T

2.69 MW

Rigid-beam-model trajectory plots are shown below. Figures 6.27 and 6.28

illustrate the x and y displacement of the particle off the longitudinal axis as it passes

through the magnicon. Figure 6.29a ?nd 6.29b are scatter plots of the particle's x and y

position during one transit interval. Figure 6.29a is a scatter plot of the entire transit

interval while Fig. 6.29b is a scatter plot only of the deflection system, where different

symbols designate different regions in the deflection system according to the provided

legend. This convention was adopted for these graphs, which are not the same type

presented in previous sections, because these graphs show more interesting trajectories

and are more difficult to decipher. Specifically, Figs. 6.29a and 6.29b show drastic

changes in trajectory direction, which is different than the behavior observed in the

previous two sections. However, when evaluating the following transverse-velocity

plots, the observer can see that the slope of the plots varies drastically in shon time
intervals, so sudden changes in the particle trajectories should be expected. Figures 6.30,

6.31, and 6.32 show the particle's x-, y -, and z-directed velocity components as a function
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of km^tudinal position. Figure; 6.33 shows the particle gamma as a function of

longitudinal position.
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Figure 6.27. Particle x displacement off axis as a function of longitudinal
position.
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Figure 6.28. Particle y displacement as a function of longitudinal position.
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Figure 6.29b. Scatter plot of only the deflection system



Application ofRigid«Beam Model for Magnkon Design 231

2.00e+8

l.OOe+8

V
V
(A

E O.OOe+0 -

•1.00e+8-

-2.00e+8

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Figure 6.30. Particle x-directed velocity as a function of longitudinal position.
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The geometry and results presented above are not as good as the previous rigid-

beam results from either an efficiency or gain standpoint. However, it will be shown in

the finite-beam-sized modeling that this architecture is superior for beams with a finite

diameter when compared to the geometries with a magnetic-field transition between the

deflection system and output cavity.



7. Finite-Hewn Effects on Magnicon Efficiency

The implementation, structure, and routines in the rigid-beam model form the

basis for the finite-beam-size model. The important distinction between the finitc-beam-

size model and the rigid-beam model is that the finite-beam-size model is not self-

consistent. Instead, it uses the self-consistent solution from the rigid-beam models to

advance the particles that make up the finite-diameter beam. This assumption is quite

accurate when the beam size is small enough so that the field varies in a linear fashion

over the region of the beam. This assumption becomes compromised, however, as the

beam size increases. In the magnicon's case, this assumption is most bothersome in the

output cavity, where the interaction of the finite beam with the sharp magnetic transition

at the entrance to the output cavity has tended to spread the beam size and energy. In

order to encompass the worst-case error caused by this assumption, the self-consistent

phase for the output cavity computed by the rigid-beam model will be compared to the

self-consistent phase computed for a finite-beam size. (The comparison will show that

the resulting error is small.) In the cavities that make up the deflection system, the

particles of the finite-beam cross section maintain a close proximity. Therefore, the field

shapes that affect them are approximately linear, so the average energy exchanged from

the beam to the cavity should be consistent with the value of the centroid position

calculated in the rigid-beam model.

The starting point for the implementation of the finite-beam-size model was the

rigid-beam model. Those portions of th^ code for the rigid-beam model that determined

the self-consistent solution were removed. A routine that input the starting coordinates of

the particles composing the finite-beam cross section was added, and a loop was inserted

around the rigid-beam routines. Each particle of the finite-beam cross section was then

advanced individually through the magnicon geometry. The first particle completed its

journey before the second particle was advanced. Trajectories were written to data files,

and the energy extracted from each particle in the output cavity was saved in arrays for

summation after all particles had been passed through the magnicon model.

Essentially, the finite-beam-size model treats the beam as a collection of rigid

beams. The beam is divided into n equal-area parts, and the finite-beam-size model

assumes a rigid beam with a current of /,,/«, where lo is the full beam current, which is

initially located at the center of each of these « regions. These are the initial coordinates

of each particle that composes the finite-sized beam, fiach of these small rigid beams is

235
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then advanced through the magnicon. The method used to quantize the beam is described

in more detail in a subsequent section, (This approach essentially assumes a uniform

distribution of charge across the beam—uniform current density—and by quantizing the

beam into equal-area regions, it becomes valid to represent the quantized beam by n

equal-current regions. This approach could also be extended to any charge profile across

the beam.)

As has been stated in previous sections, the finite-beam model uses three-

dimensional fields that neglect the beam entrance and exit holes in the cavities, and it is

relativistic. Space-charge forces are not considered in the model but are discussed in

Section 7.4.

7.1 Modeling finite-beam effects

For the finite-beam simulation, the beam is quantized into an n number of equal-

area sections. Each section is then represented by a filamentary beam. For uniform

current density, each filamentary beam has a current value equal to the total current

divided by the number of filamentary beams. The method of beam quantization is

described below for n = 49. This quantization level was chosen as a trade-off between

accuracy and the time required to run the simulation. A visual inspection of the position

of the 49 filamentary beams shows a complete sampling of the beam cross-section. (In

Section 7.3, where the finite-beam modeling is used to present results, the value of n is

varied to demonstrate the impact of n on the accuracy of the simulation.)

The initial coordinates of the filamentary beams that compose the beam cross

section are calculated by dividing the beam into rings. An example of the calculation of

the initial conditions is presented for n = 49. This example will illustrate the method

used, but it does not provide generalized equations suitable for any value of n. The

complexity comes from the determination of the number of rings. In general, my

approach was to place a sample point every 30° (or 12 sample points per ring) with the

samp!" points on four successive rings offset by 15°. An additional sample point was

placed t'i) the center point. Thus, I have considered values of n equal to 13, 25, 37,49,

61, etc. (An argument could also be made for a selecting sample points at every 20° or

10°. I selected the number of sample points per ring by looking at samplings that were

visually pleasing.)

For n = 49, one filamentary beam is placed at the center and the other 48 are

arranged around four rings, with 12 filamentary beams per ring. Each filamentary beam
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represents an equal area of the circular beam cross-section, R represents the beam radius,
and the radii r/, r?, r,?, and 14 represent the rings of the beam cross section used to define
the initial positions of the filamentary beams. Figure 7.1 illustrates ri,r2, r j , and r< for
n = 49 and R = 1 cm. The area corresponding to the point at the center is determined
from

£-»? (7.D

or

(7.2)

The outermost ring radius, rj, is determined from

$ = ~ * K (7.3)
49

or

(7.4,

The next ring radius, r j , is defined by

nr*-nr\ = — nR2 (7.5)

or

Using the same approach, r2 is given by
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Figure 7.1. Illustration of ring regions in beam cross section.

The initial position of the filamentary beams arc plotted on the scatter plot in Fig. 7.2 for
n= 49.
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Figure 7.2. Initial filamentary beam positions that make up beam cross section.

As implemented in the finite-beam-size model, the electron representing each

filamentary beam is initially given the same longitudinal velocity set by the beam

voltage. It has no transverse velocity components (a zero-emittance beam) and represents

a filamentary current 1/mh of the original current. By assuming that the electrons

representing the filamentary beam initially all have the same longitudinal velocity

potential, any depression resulting from the beam-generated fields is ignored. An

approximate estimate of the potential depression can be calculated by considering a

cylindrical beam on-axis in an infinitely long cylindrical pipe whose radius is either the

beam pipe or cylindrical cavity. Using Gauss' law, the fields due to a line source of

charge Qi are calculated from

2nrleoEr = IQ,.

When r is less than the beam radius (r<ry,),

(7.8)
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and when r is greater than the beam radius (r>rt,)t

a^-en.nrl. (7.10)

Using these values, we can define the electric fields inside and outside the beam as

and

The voltage difference between an electron at the center of the beam and one at the edge

of the beam is given by

, ( 7 .1 3)
0 0 i f c e Hfco

The voltage difference between an electron at the edge of the beam and the cavity walls is

(7.14)
r

If these expressions are evaluated numerically for the baseline parameters (/ =
ISA) and we use a typical case where rw = 0.05 m in the beam pipe (or rw = 0.26 m in a
cavity) and rh = 0.005 m as the potential across the beam, Vbeam *s calculated to be

**«, = 817.1V, (7.15)

and the voltage between the edge of the beam and the cavity wall, Vbcam-wall> is

V ^ - ^ ' 6 4 5 7 V. (7.16)

white the potential between the beam and beam pipe is

= 3763 V . (7.17)
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This result can be interpreted to mean two things. First, the potential energy of an

electron at the center of the beam in an infinitely long deflection cavity is the sum of Eqs.

(7.15) and (7.16) and is 7274 V, or approximately 4% of the beam voltage. The change

in voltage across the beam indicates that the electrons' longitudinal velocity is a function

of their radius within the beam, but the magnitude of the voltage change across the beam

(0.44%) makes the velocity difference negligible. Ihe approach for self-consistent

solutions described previously ignores the potential energy that the beam must supply.

This approach is validated by the magnitude of these numbers. In addition, the potential

across the deflection cavity would actually be less than what was calculated above

because the actual cavity length is short and the beam-generated electric fields would

have a longitudinal component near the cavity axis as the beam entered and exited the

deflection cavity.

7.2 Efficiency degradation in standard magnicon

The results of the finite-beam-size modeling of a standard magnicon are presented

below. The parameters of the model are identical to the rigid-beam model of Section 6.4

with the geometry illustrated in Fig. 6.10 and operating conditions given in Table 6.4.

The self-consistent solutions from the rigid-beam model are used by the finite-beam

model. Table 7.1 summarizes the results of the finite-beam-size modeling. The first

column shows beam diameter and the second efficiency.

Table 7.1. Relationship between beam size and efficiency.

Beam Diameter (m)

-0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

Efficiency (%)

86.2

84.1

79.6

75.0

72.8

68.7

63.2

54.5

46.3

39.8
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From the table, it can be seen that a beam diameter of 2.0-3.0 mm will provide a

significant improvement over the state-of-the-art 67.0%-efficient klystrons.

Figures 7.3 through 7.8 illustrate the trajectory and velocities of the electron cloud

as it moves through the magnicon. These plots are for a beam diameter of 9.0 mm.

Figures 7,3 and 7.4 illustrate the trajectory of the electron cloud as it moves through the

magnicon. Figures 7.5, 7.6, and 7.7 illustrate the JC-, y-, and z-directed velocity

components as a function of longitudinal position. Figure 7.6 illustrates the gamma of

the electron cloud as a function of longitudinal position. These plots (particularly Figs.

7.7 and 7.8) illustrate that the decrease in efficiency with large beam diameter is due

primarily to two factors: energy spread as the beam passes through the half-cusp

magnetic field and a magnetic mirroring effect at this same position. The simulation

deals with the beams that are mirrored by adding their contribution to the output cavity

energy for as long as they remain within the rf structure. As soon as they are turned

about and exit the input hole of the output cavity (or hit the wall), the simulation stops

including their energy contributions to the overall total and moves onto the next beam.
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Figure 7.3. X-axis location of electron cloud as a function of longitudinal
position.
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Figure 7.8. Gamma of electron cloud as a function of longitudinal position.

Figures 7.3 through 7.8 show the energy spread and positional spread of the

electron beam as it moves through the magnicon. The energy spread caused by the half-

cusp magnetic-field transition is apparent in all velocity plots and the plot of gamma.

The beam is observed to be tightly bunched before entering the half-cusp, and it is almost

impossible to distinguish the bunches after the half-cusp. Figure 7.8 also illustrates that

some of the sample beams that comprise the finite-diameter beam actually gain energy in

the output cavity. This is explained by the "mirroring" effect. The beam mirrors itself

over a finite length in z and, in the process, traverses a region of the rf fields near the

output-cavity entrance where the transverse velocity is increased before the beam leav s

the output cavity by the entrance hole or impacts on the cavity walls.
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7.3, Efficiency degradation in uniform-field magnicon

The results of the finite-beam-size modeling of the uniform-field magnicon are

presented below. The parameters of the model are identical to those of the rigid-beam

model of the previous chapter (Section 6.4), and the self-consistent solutions from the

rigid-beam model are used by the finite-beam model. Table 7.2 .summarizes the results of

the finite-beam-size modeling. The first column shows beam diameter and the second

efficiency.

Table 7.2. Relationship between beam size and efficiency.

Beam Diameter (m)

-0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

Efficiency

87.9

87.6

86.6

85.6

85.0

84.6

84.5

83.7

81.7

80.1

78.3

From the table, it is observed that a beam diameter of 1.0 cm will provide a significant

improvement over the state-of-the-art 67.0-to-69.0%-efficient klystrons.

Figures 7.9 through 7.14 illustrate the trajectory and velocities of the electron

cloud as it moves through the magnicon. These plots are for a beam diameter of 1.0 cm.

Figures 7.9 and 7.10 illustrate the trajectory of the electron cloud as it moves through the

magnicon. Figures 7.11, 7.12, and 7.13 illustrate the x-,y-, and z-directed velocity

components as a function of longitudinal position. Figure 7.14 illustrates the gamma of

the electron cloud as a function of longitudinal position
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Figure 7.14. Gamma of electron cloud as a function of longitudinal position.

Figures 7.9 through 7.14 show the energy spread and positional spread of the

electron beam as it moves through the magnicon. One very important characteristic is

illustrated by Figs. 7.13 and 7.14. They show that even though there is some degree of

spread in spent-electron energy, the electrons are still tightly grouped, which means that a

depressed-collector design would be workable and would further increase magnicon

efficiency. This phenomenon of tightly bunched electrons is most unusual for a high-

efficiency deflection- or velocity-modulated electron device, which generally creates a

broad energy spread in the spent beam.

Section 7. i indicated a numerical example would be provided to substantiate the

choice for the beam quantization. To provide this support, the finite-beam model was

used to determine the efficiency for a 1-cni beam diameter. (The magnicon-structure



256 Finite-Beam Effects on Magnican Efficiency

model is that of the uniform-field magnicon described above.) The beam was quantized

as described in Section 7.1 using four rings to subdivide the area of the beam. An

additional small rigid beam was assigned as the center coordinate. Table 7.3 summarizes

the results.

Table 7.3 displays three columns. The first represents the number of rigid beams

used to model the finite-diameter beam. The second is the number of rigid beams

assigned to each of the four rings. The third column shows the resulting efficiency.

Table 7.3. Effect of the number of rigid beams used to quantize the finite diameter
beam for a 1-cm beam diameter.

Total Number of

Rigid Beams

49

45

41

37

33

29

25

21

17

13

9

Number of Rigid
Beams per Ring

12

11

10

9

8

7

6

5

4

3
2

Efficiency

78.3

78.0

77.8

78.3

78.0

77.8

77.8

77.5

78.1

77.6

75.9

Table 7.3 shows that a quantization in excess of 33 rigid beams provides results where

the efficiency varies only slightly with increased quantization. Therefore, a quantization

level of 49 rigid beams certainly provides an adequate quantization interval.

7.4. Results of modeling finite-beam effects

The results of Sections 7.2 and 7.3 demonstrate the capability of the uniform-field

magnicon to operate at a higher efficiency for larger-diameter beams than the

conventional magnicon. However, for these results to be meaningful they must be

evaluated in terms of the matched beam current that the solenoidal field for each

magnicon architecture can support. From Ref. [4], the conditions for matched beam

currents for electron beims with zero admittance are described as
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new
2m,o

For the uniform-field magnicon geometry, the matched beam diameter for 18 A is 1.14

em; and for the standard magnicon geometry described Section 7.2, the matched beam

diameter is 0.7 cm. For any comparison to be physically significant, the efficiency of the

two magnicon geometries should be compared at these beam diameters. At these

diameters the uniform-field magnicon efficiency is 75.6% while the conventional

magnicon efficiency is only 54.5%.

Pan of the rationale for neglecting space-charge forces in the modeling was the

assumption that the beam current would be matched, In other words, the focusing force

on the beam envelope would be balanced by the space-charge force. However, in the

uniform-field magnicon this balance will only exist in the deflection system before the rf

forces spread the beam, increasing its radius in the output cavity. Additional beam-

generated forces can be experienced by the beam whenever it is off-axis. Even so, these

forces and their performance implications can be ignored for the following reason.

The force on a displaced filamentary beam due to the image current in the beam

pipe can be calculated from Ref. | 5 | as

where Sr is the distance off-axis and rw is the radius of the beam pipe (for a largest force

calculation). A representative worst-case number for either magnicon architecture,

assuming Sr as 0.5 cm, is 2.95xlO'14 N in the radial direction. In contrast, assuming a

radial velocity of l.OxlO1* m/s—and a velocity much larger than this would actually b-

required to achieve the displacement assumed in the above calculation—the transverse

force on the particle due to the solenoid focusing field would be 4.7x101 ? N, or a factor

of 15.8 over the force caused by the wall. (This calculation was based on the focusing

field of the uniform field magnicon, which provides the weaker focusing.)

A problem unique to conventional magnicon geometry is that the beam must cross

a magnetic-field-free drift space between the deflection system and output cavity. In this

region the beam is free to expand as a result of space-charge forces, unhindered by a

solenoid field. This means that if the drift space were 10 cm long, and the beam entering
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it had an initial beam diameter equal to the matched beam diameter described above (0.7

cm), the radius of its beam envelope would increase from the 0.35 cm matched radius to

0.73 cm radius at the input to the, output cavity. This calculation is based on the

equations of Ref. (6]. This beam expansion represents approximately a 100% growth in

beam radius and would make an already-bad situation worse. In addition, the velocity

spread caused by the interaction with this larger beam would greatly decrease efficiency

below the low number presented above for the conventional magnicon geometry (Ref.

[7]).

Finally, in the output cavity, the condition of matched beam current no longer

exists, because the rf fields have spread the beam to a large extent, as can be seen from

the plots in Sections 7.2 and 7.3. These plots show that the beam diameter approaches 2

cm. For a beam of this diameter, the space-charge radial force is approximately 1.47x

1014 N, as given in Ref. |4]. In contrast, the radial force due to the solenoid field is a

factor of 50 larger. In addition, if we treat the beam in the output cavity as a beam

generated from an immersed cathode, then the ratio of the minimum to maximum

envelope radius would be 1.2, as calculated from Ref. [8]. This variation would have

only a slight impact on efficiency because the average radius would be approximately 1.1

times the minimum radius, and the change in radial velocity due to this variation would

be small compared with the radial velocity changes of the beam due to interactions with

the rf fields. Summarizing, space-charge forces in the output cavity can be neglected

because the beam is admittance dominated.



8. Conclusions

The primary contribution of this work to deflection-modulated amplifier

knowledge is the creation of a new magnicon architecture having increased dc-to-rf

conversion efficiency for large diameter beams—in other words, a higher-perveance

magnicon. This new magnicon architecture is called the uniform-field magnicon because

it uses a constant-value magnetic focusing field along the entire length of the magnicon.

A design for this magnicon is proposed and ready for experimental verification.

Through modeling, I was able to demonstrate a geometry capable of achieving an

efficiency of 78% for a 1-cm diameter beam at 700 MHz. In contrast, the conventional

magnicon architecture I modeled, which uses a half-cusp magnetic transition between the

deflection system and output cavity, achieved an efficiency of less than 50% under

similar conditions. The primary reason for the increased efficiency of the uniform-field

magnicon was the removal of this half-cusp magnetic-field transition.

As an intermediate step to generating the uniform-field magnicon geometry and

optimizing the conventional magnicon geometry, I conducted exhaustive numerical

modeling of the individual magnicon components (drive cavity, simple passive cavity,

coupled passive cavity, magnetic-transition region, and output cavity). The results of this

modeling are presented in this dissertation in a format intended to be used as a tool to

generate magnicon designs. Sufficient detail is provided to permit, through the

interpolation of presented data, design studies for magnicons over a range of operating

conditions and performance specifications. The research also provides design rules for

magnicon deflection-system design.

Two modeling techniques were used to generate the beam-driven cavity fields

required for modeling magnicon performance. One technique, an energy-balance

approach, was used for the bulk of the modeling. The energy-balance approach equates

the energy given up by the beam with the energy required by the walls to maintain the

cavity fields. The convergence of this approach to the self-consistent field solution was

quite rapid and therefore became the method of choice. The weakness of the approach

was that the self-consistent field solution was strictly a resonant solution. Evaluation of

the off-resonant magnicon performance is not possible with the energy-balance approach

to self-consistent solution.

259
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Because the desired magnicon bandwidth i.s an important parameter in

determining both focusing-field strength and cavity length, it was necessary to make a

calculation of the beam-loaded Q's of the magnicon's passive cavities. (Because the
drive and output cavity are both externally loaded, the beam-loaded Q's of the passive

cavities establish magnicon bandwidth.) In order to calculate the beam-loaded Q, a

modeling technique known as the induced-current model was used. It calculated the

beam-loaded Q of the rotating modes in the cylindrical cavities. The induced-current

method represents a new modeling technique for beam-driven rotating-mode cavities and

for calculating the beam-loaded Q in these cavities. (The technique has been used in the

past to calculate beam loading in standing-wave cavities—like klystron cavities—but was

adapted here and modified for application to rotating-mode cavities.) The modification

involved the decomposition of the rotating mode into its standing-wave components and

then calculation of individual solutions for each component mode.

In order to validate the model, the following steps were taken:

1. It was compared to the small-signal modeling results.

2. It was compared to the experimental and theoretical results of the NRL

magnicon, which operates at approximately the same generalized perveance as

the magnicon investigated in this work.

3. It was compared to magnicon inventor Oleg Nezhevenko's proposed high-

perveance designs, which use the same beam voltage and current as the

magnicon investigated here.

4. It was compared to the self-consistent solutions for cavity fields generated

through induced-current modeling and the energy-balance technique.

5. The numerically calculated cyclotron frequency was compared to the analytical

cyclotron frequency.

6. The analytical half-cusp model was compared to the POISSON-calculated

half-cusp model.

In all six cases these comparisons resulted in excellent agreement and, therefore, verify

the accuracy of the numerical model.
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The modeling and results presented in the paper focused on a 700-MHz magnicon

with a beam voltage of 170 kV and a beam current of 18 A (2.6xl()"7 pervs). These

selected parameters were based on the interest of Los Alamos National Laboratory, the

funding agency for this work. The Laboratory is interested in pursuing the magnicon as a

high-efficiency source of CW, if power for future particle-accelerator applications.
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A.I Particle-pushing algorithm

The numerical calculation of particle orbits uses a difference method, which is

known as a time-centered method and is described in Ref. (Al]. The time-centered

approach uses the position and velocity of the particles at time, t, to calculate the forces

acting on the panicles. These forces are used to advance the position of the particle half

of a time step, At/2. At the particle positions corresponding to t + At/2 the forces are

again calculated, and these time-centered forces are used to advance the particle positions

and velocities at time, t, a full time step to / + At. The particle's position and velocity is

advanced according to the following equations:

For the half-step

(A.I)

(A.2)

(A.3)

(A.4)

(A.5)
'V i) ax i

and

dT' (A'6)

For the full-step

x(t f- At) = x(t) + v j t + — W , (A.7)
V 2 ./

>(f + At) = y(t) + vt[t + jj&t, (A.8)

262
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(A.9)

t, (A. 10)
at

- ^ • A r , (A.ll)
at

and

* (A. 12)

The advantage of the time-centered method is that it eliminates first-order errors. The

positions and velocities calculated in Eqs. (A.I) through (A. 12) can then be used to

leapfrog position and velocity to / + 3At/2 for the next advance.

A,2 Bessel function algorithms

Algorithms for the calculation of Bessel functions of the first kind, JoM and

Jl(x), are given in Ref. [A2J as follows:

for-3 <x<3,

J0(x) = 1 - 2.

-.0039444(^)I0
+.0002100(^)'2 + e

where

I 0 0 0 0 2 0 0 ( ^ ) ' 2

and for i <x<«»,

where
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Mx) =. 79788456-, OOOOOO??/3/)-. O0552740(3/f -. 000095 i 2(%)3+.OOl 37237(%)4
Y § * * * * * • • * i • * • * f l jf y

™.00072805(%)%.00014476(%)4 + e ^ ( A l

with

and where

eo(x) = x-.78539816-.04166397(%)-.00003954(%)2+.00262573(3^)3

~.OO054125(%)4-,OO029333(5/)S+.00O13558(3y/)6 + e

with

Jl(x) is determined, for -3 £x <3, from

80003176l(^)1 0+.00443319(^)8-.0003176l(^)10+.00001109(^)12 + e

where

| e | < U x l 0 - ° .

and for 3 <x £«», from
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where

0, (x) = x - 2.35619449+. 12499612(%)+.QQ005650(%)2 -.<)0637879(%)a

+.00074348(^)V.(XX)79824(J/)S--.(XX)29166(%)f' + £

with

|e|<9xl(r\ (A.24)

and where

/ , (x) =. 79788456+. (XXXX)156(%)+. 01659667(%)2 +. 000171GS(%)S

-.(X)24951l(%)V(X)l13653(%)5-.0002O033(%)6 + £

with

M < 4 x l 0 ~ \ (A.26)

A.3 Lorentz force algorithms

The Lorentz force algorithm implements a relativistic form of the force equations.

The equations, derived in Chapter 3, arc given in Eqs. (3.85) through (3.88) as

dt wAy c2 )% ( A 2 7 )

dvy e_(B _vB
 vyv.E,}

dt ~ M V | • v'' c2 J t ( A 2 8 )

dt *"{ ' * ' y ' c2 )t ( A i 29)

and

f-^»A- (A.30)
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A,4 Coupled-cavity equivalent-circuit model

Figure A.I shows an equivalent-circuit series-resonant model for the two

cylindrical cavities that make up the coupled cavities and a equivalent-circuit model for

the coupled cavities.

__JYYYYYY\_J

Cavity 1

L'2 C 2

_ r V Y Y Y Y Y \

Cavity 2

1-1
JYYYYYYY JYYYYYYV.

M1 2

C2

Cavities coupled together

Figure A. 1 Equivalent-circuit models.

The development presented below makes use of the definitions

L, = L\-Ml2 ,

1

(A.31)

(A.32)

(A.33)

and

2 2

(A.34)



Appendix A 267

The circuit equations for (he coupled cavity are

and

-;«w«4 +[JaL'»+'jSc^=0 • (A-36)

These equations can be rewritten as

and

These equations are further simplified to

(l-^]pf,~^2=O (A.39)

and

-*,**,+[*~ff}*2 = 0, (A.40)

where

J (A.42)

and

^ f (A.43)

Simultaneous solution of these equations results in
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Assuming the uncoupled circuits have the same resonant frequency, erf, then

tf, = a ' 2 s t f (A.42)

and

Using this equation, the resonant frequency for the zero and rc mode are given by

JL (A.48)

and

«i.«-A-. (A.49)

To verify that these equations are the zero and it modes, they are substituted back into the

original equations, resulting in

2h (zero mode) (A.50)

and

-^.2 = —-^ (Ttmode). (A.51)
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