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Preface

Intense charged-particle beams currently have many different applications.
High-current electron beams are used in various microwave tubes: O-type
tubes (klystrons, travelling wave tubes, etc.), M-type tubes, gyrotrons, and
free-electron lasers. High-current electron and ion beams are applied as tools
in the installations of charged-particle beam technology. High-current elec-
tron and ion accelerators have been developed for industrial applications and
physical experiments.

This book is devoted to intense charged-particle beams used in vacuum
tubes, particle beam technology, and installations for physical experiments
(free-electron lasers, accelerators, etc.). The following scope of topics is con-
sidered in this book:

Physics and basic theory of intense charged-particle beams
Methods of electric and magnetic field computation as applied to the
development of the systems used for the charged-particle beam formation
and focusing

e Methods of analytic and numerical analysis of charged-particle beam mo-
tion in self-consistent fields

e Computation and design of the charged-particle guns for initial formation
of pencil, hollow and strip beams Computation and design of the systems
for focusing (transport) beams by different types of electric and magnetic
fields

e Computation and design of the systems for formation of charged-particle
probes used in charged-particle beam technology

e Multiple beam charged-particle systems, peculiarities of their design, and
computation
Peculiarities of relativistic beam motion and focusing
Methods of experimental investigation of intense particle beams

Therefore, this book contains both the physics and theory of intense charged-
particle beams and the design of their optical systems for beam formation and
focusing. The methods of successive approximation, as well as the method
of synthesis, are considered. The corresponding algorithms, formulas, and
graphics are presented. The book reflects the authors’ experience in the de-
velopment and experimental investigation of charged-particle optical systems
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with an emphasis made on the systems for microwave tubes and particle-beam
technology.

The book is recommended to people who are studying or work with vac-
uum electronics and charged-particle beam technology: students, postgradu-
ate students, engineers, research workers. The material presented in the book
grew out of lectures given by one of the authors over many years to students
and postgraduate students of the electronics faculty of St. Petersburg State
Electrotechnical University. Two editions of this book have been published
in Russian.

At preparation of the English version of this book a chapter devoted
to multiple-beam systems was added and supplementary references were in-
cluded. Chapters 2-5, 7-11 and the Appendix were written by Professor
S.I. Molokovsky, Chap. 12 by Professor A.D. Sushkov, and Chaps. 1 and 6
were prepared in collaboration.

The authors express great appreciation to the head of the Radioelectronic
Department Dr. V.B. Yankevich and our colleague Dr. V.A. Ivanov for their
help preparing the English version of this book and for their continued interest
in it. The authors would also like to express deep gratitude to the staff and
managers of Ingredient Ltd. (St. Petersburg) for their support of this work.

S.I. Molokovsky, A.D. Sushkov St. Petersburg, May 2005
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1 Introduction to Particle-Beam Formation

1.1 Application and Parameters
of Intense Charged-Particle Beams

In the period 1920-1940 charged-particle beams, mainly electron beams, were
used in such devices as cathode ray tubes, X-ray tubes, electron microscopes,
and charged-particle accelerators. Low-current beams with value of currents
within the range microamperes—milliamperes are typical for these devices.
The space-charge density in such beams is extremely small and its action on
charged-particle motion is negligible. Charged-particle dynamics and optics
of such beams are the subject of classical optics [1-6].

Later, beginning in the 1950s the charged-particle beams found many
other applications. High-current electron beams are used in various mi-
crowave tubes: O-type tubes (klystrons, traveling-wave tubes, etc.), M-type
tubes and in the installations of electron-beam technology for electron-beam
welding, melting and refining of metals. High-current accelerators were de-
veloped for industrial applications.

Charged-particle beams with high values of currents of order of amperes
and tens of amperes are used in these beam applications. The space-charge
density of such beams is rather high and the motion of charge particles is
considerably affected by the electric self-fields created by the space charge.

The necessity to take into account the self-beam fields led to the develop-
ment of the new direction of charged-particle optics known as charged-particle
optics of intense beams. The first monograph on the subject was written by
Pierce in 1954 [7]. Since then, many monographs on intense charged-particle
beams, devoted to their physics, theory, computation, simulation, design and
application, have been published [8-20].

An important parameter of the beams, which characterized the bea;m
32

intensity is beam perveance that is determined by the expression P = I /U’ ",
where [ is the beam current expressed in amperes, U, is accelerating voltage
expressed in volts.

If the beam current is expressed in microamperes, the above parameter
sometimes is called as microperveance.

It is known from experiments and computations, that in electron beams
the space-charge effects become appreciable at perveance values P > 0.1 uA/

VL2,
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Fig. 1.1. Trajectories (a) and phase curves (b) of a laminar charged-particle beam
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Fig. 1.2. Phase figures: a nonlinear phase curve, b phase ellipse

The electron beams used in microwave tubes have perveance values up
to 20 },LA/V3/ 2. i.e., several orders more than values of beam perveance of
cathode ray tubes.

Perveance values of the installations of charge particle beam technology
lay in the range 0.01-20 pA/V3/2,

Beside the perveance, the following set of parameters is used in the the-
ory and the practice of intense charged-particle beams: beam-compression,
phase curve, phase ellipse, emittance and brightness. They are applied for
the description of the structure, degree of order and quality of charge parti-
cle beams.

The concept of the phase curve and its application for the beam-structure
analysis is illustrated by drawings presented in Figs. 1.1 and 1.2. The axially
symmetric beam shown in Fig. 1.1a is a laminar one whose trajectories are
not crossed. Any point of a separate trajectory is characterized by the three
parameters: coordinates r and z and the trajectory slope ' = dr/dz.

Considering a transverse plane z = const (for instance, plane P; in
Fig. 1.1) one can find a set of points, where beam trajectories cross the plane,
and fix the radial coordinates r and trajectory slopes r’ at these points. Then,
plotting the values r and r’ for this set of points at coordinate plane r — 7",
known as transverse phase space or phase plane, one obtains the phase curve
for the given transverse plane. The phase curves plotted for several transverse
planes (for instance, Py, P3, etc.) create the phase-curve family or phase di-
agram, which is used for the description of the beam structure, the beam
degree of order and beam behavior.

If the phase curves of a beam r’ = f (r) are single-valued functions of r,
they describe a laminar beam, whose trajectories are not crossing.
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For the beam shown in Fig 1.1a the phase curves are straight lines
(Fig. 1.1b). They describe motion of the beam in the following way. The
linearity of the phase curve at plane P; indicated that the beam is uniformly
convergent in this plane. Furthermore, it is uniformly compressed up to the
minimum cross section at plane Po, where its initial convergence is completely
balanced by the action of space-charge forces. The phase curve at this plane
is the line located at r-axis of the phase plane r,r’. At plane P3 it is line 3,
showing a uniformly divergent beam.

Aberrations of charged-particle optical system, in particular, gun aberra-
tion, lead to crossing of beam trajectories and give nonlinear phase curves
like that shown in Fig. 2a. This curve obtained for a transverse plane in the
vicinity of minimum beam cross section indicates crossing of peripheral beam
trajectories.

As the thermal velocity spread is taken into account particles with a range
of transverse velocities exist at any point of beam cross section and instead
of a phase curve a figure of finite area is formed. In many cases this figure
can be approximated by an ellipse (Fig. 2.1b). There exist two parameters
that are used to describe beam quality: emittance € and brightness B.

The emittance of a beam is determined as phase ellipse area A divided
by 7

e=A/r.
The brightness of a beam is determined as
B=1/m?0,

where I — beam current, 772 — beam cross section, 2 — solid angle, which
determines beam divergence.

More details concerning the above-mentioned parameters and their appli-
cation can be found in the Appendix.

In general, a charged-particle optical system includes two main parts. One
of them provides initial formation of the charged-particle beam with setup
parameters: beam current, perveance and shape of beam cross section. It is
usually named as “charged-particle gun”.

Another part is traditionally referred to as a “focusing system”. But its
real functions can be different depending on the optical system application.
Focusing systems of most installations of particle-beam technology are really
intended for beam focusing, that is, obtaining a very small beam cross section
(point focusing). While focusing a system of linear beam microwave tubes
(klystrons, traveling-wave tubes, etc.) should provide transport of electron
beams through extended channels with minimum beam-current loss. In this
case their name does not correspond to their function. This is why they also
can be named as transport systems, as is commonly done for the accelerator
technique.



4 1 Introduction to Particle-Beam Formation
1.2 Optical Systems of Electron Devices

1.2.1 Electron Guns

In electron devices intended for electromagnetic-wave generation electron
beams are used as an “instrument” for transformation of electric energy of
a power supply into energy of electromagnetic waves. In microwave tubes
with linear beams (O-type tubes) the energy of a power supply initially is
transformed into kinetic energy of an electron beam during beam acceleration
in the gun region. A part of this energy is transformed into electromagnet
field energy as a result of interactions of the electron beam with a resonator
or slow wave system. Electron beams of different cross section are used in
the tubes: solid and hollow axially symmetric beams, strip beams and beams
with variable cross section (in quadruple focusing systems).

To obtain a high level of output power, electron beams with high current
density are required. In many cases the value of beam current density con-
siderably exceeds the permissible current density of modern cathodes. The
system of electron-beam formation (electron gun) should provide beam com-
pression, which is characterized by a coefficient of compression equal to the
ratio of beam current density j to cathode current density ji, C; = j/jk. It is
attained in guns with convergent beams, which are usually developed using
Pierce’s principle (see Chap. 5).

At values of beam perveance P < 0.5 uA/V3/2 beam compression can
be of the order of 10? or greater, as in the gun developed in the State Elec-
trotechnical University of St. Petersburg [8] shown in Fig. 1.3. Its design
includes a concave spherical cathode (2) with heater (1), cathode focusing
electrode (4) and anode electrode (3).

The Pierce principle allows easy design of electron guns with convergent
beams with values of perveance up to 1 uA/V3/2. Designing guns for higher

— | SN
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Fig. 1.3. Electron gun of Pierce type: Fig. 1.4. Modified gun of a high per-

U, =50 kV, P =0.5 uAV®2 C; =10 veance: U, = 20 kV, P = 3 pA/V®/2

1 — heater, 2 — cathode, 3 — anode, 4 — C; = 6. 1 — heater, 2 — cathode, 3 —

cathode focusing electrode cathode focusing electrode, 4 — anode,
5 — collector



1.2 Optical Systems of Electron Devices 5

perveance of order of (2-3)uA /V3/2 required considerable modification of the
cathode focusing electrode geometry (Fig. 1.4).

Formation of strip beams with initial beam compression can be arranged
with electrode configuration shown in the drawings of Figs. 1.3 and 1.4 if we
consider them as drawings of cross sections of electrode systems with planar
symmetry, which have some extent in the direction normal to the plane of
the drawing.

Additionally, it is possible to imagine that these electrodes can be used
for formation of hollow, initially compressed beams. For this it is necessary
to rotate these figures around some assumed axis that is parallel to their axis
of symmetry.

A modification of an electrostatic electron gun for formation of a hol-
low beam with a value of perveance equal to 15uA/V3/ 2 is presented in
Fig. 1.5 [21].

A special class of electron guns intended for formation of hollow high-
perveance beams is magnetron guns (Fig. 1.6) [22]. A hollow beam is formed
in the region between two coaxial conical electrodes, the inner one being
the cathode electrode, immersed in a magnetic field, the magnetic lines of
which are approximately parallel to the surface of the cathode electrode. The
motion of electrons in the vicinity of cathode surface is similar to that in a
coaxial magnetron at operating conditions when the value of the magnetic
induction exceeds the critical one, B > B... However, inclination of electrode
surfaces relative to the axis of symmetry results in electron-beam motion in
the direction of this axis and formation of a hollow beam that is emitted from
the interelectrode ring gap.

A variant of the magnetron gun is widely used in a new class of microwave
tubes, known as gyrotrons (see Fig. 1.12).

Fig. 1.5. Electron gun for hollow beam:  Fig. 1.6. Magnetron electron gun:

U, =100 kV, P =15 uA/V3/? U, =50 kV, P =10 pA/V3/?

1 — cathode, 2 — heater, 3 — cathode fo- 1 — cathode, 2,3 — cathode focusing elec-
cusing electrodes, 4 — anode trodes, 4 — heater, 5 — anode
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1.2.2 Electron Guns with Beam Current Control

Modulation of the power carried by electron beams is necessary for some
electron-beam applications such as UHF tubes, electron-beam technology
and so on. This can be done by different methods. The most obvious is
variation of the anode voltage of a gun. It is known as the method of “anode”
modulation. However, it requires a modulator unit designed for high values of
voltage and power. The second disadvantage of the method is that the power
modulation is accompanied by the variation of electron velocities. This is why
the method of “grid” modulation is preferable in practice when the beam
power modulation is achieved by the variation of the potential applied to an
electrode other than the anode. This can be the cathode focusing electrode or
an additional modulating electrode specially introduced in a gun design. In
this case the beam-power modulation is produced by the variation of the beam
current, the beam velocity being kept constant. Under certain conditions
the voltage and the power required for modulation can be reduced to small
portions of the corresponding beam parameters.

There are several types of controlled electron guns, which differ in the
design of the control electrode (Fig. 1.7a-f) [23]. A focusing electrode insu-
lated from the cathode (a), a focusing electrode together with a pin passing
through the central hole in the cathode surface (b), a wire or laminar grid (c),
a thick or thin diaphragm (d,e), and first anode in a magnetron type gun (f)
can serve as the control electrode.

il
U, f)

Fig. 1.7. Types of electron guns with beam current control: U,y — bias voltage,
Uy~ — control voltage, U, — anode voltage
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The effectiveness of beam-current control is characterized by the follow-
ing parameters: relative value of cutoff voltage of the control (modulat-
ing) electrode, which provides the cutoff beam current, Uy./U, or triode
amplification factor u = U,/|Ugc|, control-electrode voltage Uy, at which
the beam current reaches its rated value I,,; coefficient of current control
K =Ua/(Ugm + |Ugel)-

Comparative analysis shows the low effectiveness of beam-current control
(K. is not more then several units) of all systems with the exception of guns
with a grid control electrode [23].

A drawback of grid-controlled guns operating with a positive value of
Ugm (Ugm > 0) is beam-current interception by the grid. This can be elim-
inated in tetrode guns with a so-called shadow grid (2) (Fig. 1.8) [24-26].
This grid, having zero potential, screens the control grid (3) working with
positive potential, due to this the control grid does not intercept the beam
current. Detailed analysis of the operation of grid-controlled guns is given in
Chap. 5.

It should be noted that triode guns allow forming electron beams with
variable perveance. Let us take as an example an electron gun with a thick di-
aphragm as the control electrode. As the penetration factor of this electrode is
low, formation of electron beam in the interelectrode space “cathode—control
electrode” does not depend on the value of anode voltage U,. The value of
beam current is determined as I = Py U;’ / 2, where P — perveance of “primary
gun” created by the cathode and control electrode, U, — control-electrode
voltage, which is supposed to be positive, U, > 0.

The resulting beam perveance will be equal to P = I/Uf;’/2 or P =
P1(U,/U,)%?. Therefore, electron-beam perveance is a function of the ra-
tio of Uy /U,. Increasing the ratio leads to increasing beam perveance. Triode

1 234

g i

Fig. 1.8. Schematic of a gun with Fig. 1.9. Gun with “longitudinal beam
shadow grid: 1 — cathode, 2 — shadow  compression”: 1 — cathode, 2 — focusing
grid, 3 — control grid, 4 — focusing elec-  electrode, 3 — control electrode (first an-
trode, 5 — anode ode), 4 — anode
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\

NN

N Fig. 1.10. Triode gun with two anodes:

1 — cathode, 2 — focusing electrode, 3 —

///% first anode (control electrode), 4 — second

anode (anode)

electron guns operating with a ratio Uy /U, > 1 are named, some times, as
guns with “longitudinal compression”.

Design of an experimental triode gun operating with longitudinal com-
pression is shown in Fig. 1.9. The perveance of its primary gun P; is
equal to 1.5 uA/V3/ 2. With potentials of control and anode electrodes be-
ing equal to U, = 7 x 103> V and U, = 1.5 x 103, respectively, the elec-
tron gun forms an electron beam with current / = 1 A and perveance
P =1/U* =15 puA/V3/? [27].

A triode gun forming a power electron beam of high brightness was de-
veloped for a free-electron laser. Its main parameters were: beam current
I = 103A, potential of control electrode (first anode) — several hundreds kV,
anode potential U, = 1 MV, beam brightness —10°A /em?sr (Fig. 1.10.) [28].

Systems of Beam Formation
for Microwave Grid-Controlled Tubes

Electron-optical design principles have been recently used in grid-controlled
tubes (triodes, tetrodes) in order to improve their operating parameters and,
in particular, to minimize beam-current loss. A tube design includes a num-
ber of separate cells arranged at a cylindrical surface. The cell is optimally
designed to form an electron beam with the required operating parameters.

Structures of typical cells used in grid control tubes are shown in Ta-
ble. 1.1.

In these structures: C' — cathode, F' — focusing electrode, G; — control
grid, G5 — screen grid.

In all cells with the exception of cell C'3, a directly heated strip cathode
is used. In some cells the cathode is placed inside the special focusing elec-
trode F'. Grid electrodes G, G perform their usual functions. All electrodes
are designed in such a way to provide proper electron-beam formation and
control with a minimum loss of beam current.

The electrode structure placed in the C'3 unit of the table is a grid-
controlled tube designed on the basis of a magnetron-type gun.
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Table 1.1. Types of cells used in grid-controlled tubes

1.3 Focusing System of Electron Devices

The real function of these systems, as has been mentioned above, is transport
of an electron beam through extended channels with minimum beam-current
loss.

There exist a variety of focusing system at present. They can be classified
in the following way:

On type of fields used: electrostatic, magnetic or combined fields;
On space-field distribution: uniform axially symmetric, axially periodic,
longitudinal periodic and reversed field;

e On shapes of beam cross section: solid axially symmetric, hollow axially
symmetric, strip and beam of variable cross section.

The most important of them, from the practical point of view, will be con-
sidered, in brief, below.

1.3.1 Magnetic Focusing with Uniform Field

A magnetic system of uniform field used in a power klystron is shown in
Fig. 1.11. The magnetic field is created by a set of solenoids (5) enclosed
in a magnetic shield (4). The magnetic field inside the shield is practically
uniform. The electron gun of the klystron is completely screened from the
magnetic field and the electrostatic field created by gun electrodes (1, 2,
and 3) produces the initial electron-beam formation.

Beam electrons passing through the channel in the shield interact with
local nonuniform field and obtain angular velocity. Interaction of this com-
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Fig. 1.11. Schematic drawing of a klystron: 1 — cathode, 2 — focusing electrode, 3
— anode, 4 — magnetic shield, 5 — solenoid, 6 — cavities, 7 output, 8 — collector
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Fig. 1.12. Schematic drawing of a gyrotron a: 1 — emitting belt of gyrotron cathode,
2 — first anode, 3 — second anode, 4 — cavity, 5 — output waveguide and collector, 6
— ceramic window, 7 — electron beam, 8 — main solenoid, 9 — auxiliary solenoid; b:
curve of magnetic-field distribution, By — induction of uniform field

ponent of velocity with the longitudinal component of the uniform magnetic
field creates a radial inward force that just balances the two outward forces:
one of them produced by the space charge, another is centrifugal force. In
principle, a balanced beam of a constant radius can be obtained over the
entire tube length. This type of focusing is known as Brillouin focusing [7].
A schematic drawing of a gyrotron-type tube with its magnetic focusing
system is presented in Fig. 1.12. Two solenoids (8) and (9) produce the mag-
netic field. The curve of magnetic-field distribution B, = f (z) shows that
the magnetic field in the central part of the tube is uniform B, = By & const
and smoothly decreases in directions to the magnetron electron gun and to
the tube output window (6). Such a configuration of magnetic field provides
formation and focusing of the hollow electron beam with electrons rotating
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around the force lines along which they are moving, with rotational velocity
being 1.5-2 times more than the longitudinal one, as is required for effective
gyrotron operation [29].

1.3.2 Magnetic Periodic Focusing

An example of a magnetic periodic system used in a traveling-wave tube is
shown in Fig. 1.13. It consists of ring-shaped magnets (4) magnetized in the
longitudinal direction being opposite for neighboring magnets and magnetic
pole pieces of a soft magnet material (5).

Such a system provides a high concentration magnetic field inside the
region of beam propagation with minimum stray magnetic fluxes. This allows
for a considerable reduction (by several times) of the weight of the periodic
magnetic system as compared with a uniform-field system.

Axial magnetic-field distribution is usually described by sine or cosine
curves, for instance B, = B,, cos2nz/L, where B,, is field amplitude, L —
period of the system. A magnetic focusing force being proportional to B2
will be directed toward the beam axis irrespective of the sign of B,. Beam
focusing in a periodic system can be described in the following way. Let us
suppose that in the region of strong magnetic field (B, ~ B,,) the magnetic
focusing force exceeds the space-charge repulsion force. Then electrons will
be deflected here toward the axis and the beam will converge. In the region
of weak magnetic field the space-charge repulsion force will be predominant
and electrons will be deflected away from the axis. As electrons enter the
strong magnetic field region they again undergo the focusing action and so
on. Therefore, the periodic magnetic focusing field can balance the diverging
effect of the space charge on the average for field period L. Evidently, this
beam pulsation is unavoidable for this type of focusing, although their ampli-
tude can be made sufficiently small. Periodic magnetic focusing systems are

Input

J

7\ N

12 7 4
Fig. 1.13. Traveling wave tube with periodic magnetic focusing system: 1 — cath-
ode, 2 — focusing electrode, 3 — anode, 4 — permanent magnets, 5 — magnetic pole
pieces, 6 — slow-wave system, 7 — vacuum envelope, 8 — collector
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traditionally used for traveling-wave tubes. Recently, G. Caryotakis has de-
veloped a high-power relativistic klystrons with a permanent magnet periodic
system at Stanford SLAC Laboratory.

1.3.3 Periodic Electrostatic Focusing

A periodic electrostatic focusing system used in klystron-type tubes is pre-
sented in Fig. 1.14. It includes three unipotential (Einzel) lenses that are
created by incorporating focusing electrodes (7) in the gaps of drift tubes,
that are usually connected to the cathode of the tube. These lenses are con-
vergent ones.

Focusing of the electron beam (actually transport of the beam) is per-
formed in the following way. In the regions between lenses electrons move
under the action of the space-charge field and are deflected away from the
tube axis. Entering the lens-field region they undergo the focusing force action
and are deflected toward the axis. The lens-focusing forces balance, an aver-
age, the space-charge repulsion and provide beam transport through klystron
drift tubes.

Electrostatic periodical focusing is successfully realized in a traveling-
wave tube with a double helix slow-wave structure, with the focusing effect

12 3 5
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Fig. 1.14. Periodic electrostatic focusing in a klystron: 1 — cathode, 2 — cathode
focusing electrode, 3 — anode, 4 — cavities, 5 — collector, 6 — output, 7 — lens focusing
electrode, 8 — input

G U

Fig. 1.15. Double-helix slow-wave structure: potential difference AU = U, — Uy
creates periodic electrostatic field, which provides periodic electrostatic beam fo-
cusing
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being obtained due to the difference of potentials AU = Uy — U; applied to
the helices (Fig. 1.15). the value of this difference is to be matched with the
beam perveance to provide minimum beam-boundary pulsation.

1.3.4 Hollow-Beam Focusing

Magnetic and electrostatic fields of different space distributions can be used
for hollow-beam focusing, however, there exists a peculiarity of balanced fo-
cusing, which is caused by the specific properties of the space-charge field
distribution in hollow beams. Applying the Gauss theorem to a cylindrical
volume confined by the inner beam boundary (the beam length is supposed to
be much greater than the mean beam radius) one finds that the radial com-
ponent of the field is equal to zero at the inner beam boundary. Therefore, for
obtaining balanced motion of inner charged-particles a radial focusing force
should vanish at this boundary or it should be balanced by some other force,
for instance, a centrifugal force or external electrostatic force. A scheme of
hollow-beam focusing (or more exact to say, beam transport) is shown in
Fig. 1.16 [30,31]. Electrons are accelerated from the ring-shaped cathode (1)
by the anode electrode (3) that simultaneously is a part of the magnetic
circuit. Passing through the ring gap in the magnetic circuit they cross the
radial magnetic field and obtain some angular momentum. Farther on they
are moving in the interelectrode space of coaxial diode (5), being under the
action of the three radial forces: the centrifugal force arising due to electron
rotation, the force of the electrostatic field, directed toward the axis of elec-
trode system and the force of the space-charge field, the latter vanishing for
inner electrons. It is evident that by proper choice of the gap magnetic field
intensity and potential difference of coaxial electrodes it is possible to provide
an exact balanced motion of the inner electrons. For balance motion of all

R
R

4

/
6

Fig. 1.16. A scheme of hollow-beam focusing: 1 — ring-shaped cathode, 2 — focusing
electrode, 3 — anode (simultaneously it is a part of a magnetic circuit), 4 — magnetic
coil, 5 — electrodes of the cylindrical diode, 6 — hollow beam
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electrons of the beam some additional condition should be fulfilled [31]. A
different scheme of hollow-beam focusing will be considered in Chap. 7.

1.4 Optical Systems of Particle-Beam Technology

1.4.1 Installations of Electron Beam Welding and Melting

The electron-optical system of a typical installation of electron-beam welding
is presented in Fig. 1.17a. It includes the electron gun, consisting of cath-
ode (1), focusing (forming) electrode (2) and anode (3), magnetic focusing
coil (5) and deflecting system (6).

The optical system should provide initial beam formation and subse-
quent focusing in a small spot to obtain a value of power density of order
of 10 kW/mm? or more (see Table 1.2) [32]. Electron-beam welding systems
are considered to be of two kinds: low voltage with accelerating potential
in the range 15-30 kV and high voltage utilizing accelerating potentials in
the range 70-150 kV. High-voltage installations allow a smaller beam spot
size with higher spot power density to be obtained. For installations with an
accelerating voltage in the 120 kV to 150 kV ranges an additional multiple-
electrode accelerating system (8) is used (Fig. 1.17b). The function of the
deflecting system is to change (or correct) the beam spot position on the
welded materials.

Peculiarities of electron-beam welding formation and focusing installa-
tions are connected with a rather low operating vacuum (of order 1072 Pa).
This results in a high rate of ionization of residual gases and evaporated met-
als. Positive ions completely neutralize the electron-beam space charge and
produce intensive ion bombardment of the cathode. The latter effect restricts
the choice of cathode materials.

The optical system of an electron-beam melting furnace is shown in
Fig. 1.18. It contains the same main elements as electron-beam welding sys-
tems, that is electron gun and magnetic focusing system. It produces an
electron beam of 100 kW power at an accelerating voltage U, = 20 kW. The
beam is injected into a vacuum chamber, where the metal to be melted is
placed [33,34].

FElectron Guns with Plasma Sources

In these guns electrons are extracted from the plasma of a gas discharge.
Different types of gas discharge can be used for plasma generation such as
cold-cathode glow discharge, arc-type discharge, high-frequency discharge etc.

A schematic drawing of a typical plasma electron source using cold-
cathode glow discharge is shown in Fig. 1.19 [35]. A high-voltage anode
plasma glow discharge is sustained at gas pressure in the range 1-100 Pa
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Table 1.2. Parameters of electron-beam welding installations
Accelerating Beam Beam Power Type of
voltage, current, diameter density cathode
kV mA at focus, at focus,
mm kW /mm?
20 150 0.6-0.8 10 Lanthanum
hexaboride
25 500 1.2-1.3 5 Lanthanum
hexaboride
40 50 0.25-0.3 30 Metallic
60 35 0.6-0.7 5-7 Lanthanum
hexaboride
80 0.3; 0.6 0.03 32; 64 Metallic
100 15 0.1 150 Metallic
150 20 0.1 300 Metallic

Metallic cathode — cathodes of metals Ta or W

and accelerating voltage 1-10 kV. A cold cathode (1) is the emitter of elec-

trons, pure metals, alloys, or metal ceramics being used as cathode materials.

Electron emission results from bombardment of a cathode surface by pos-
itive ions emitted from an anode plasma. Electrons are extracted from the
gas-discharge region through the hole in the anode electrode.

The configuration of the electron beam forming by the gun significantly

depends on the shape of the plasma boundary in the cathode—anode region.

Fig. 1.17. Schemes of electron-beam welding installations: 1 — cathode, 2 — cathode
focusing electrode, 3 — anode, 4 — electron beam, 5 — magnetic focusing solenoid, 6
— deflecting system, 7 — metal pieces to be welded, 8 — accelerating section
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Fig. 1.18. Optical system of electron-beam melting furnace: 1 — cathode, 2 —
cathode focusing electrode, 3 — anode, 4 — magnetic coils, 5 — beam
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K N Fig. 1.19. Scheme of plasma electron

% source: 1 — cold cathode, 2 — anode, 3 —
plasma, 4 — focusing coil

Plasma electron guns with cold-cathode glow discharge allow a convergent
electron beam with a focus spot area about of one square millimeter with
spot power density of order 10 kW/mm? to be obtained. They are used for
welding, brazing, evaporating and other technological applications, with these
processes being curried out in vacuum or in a control-gas atmosphere.

1.5 Ton Optical Systems

The systems are used in charged-particle beam technology, accelerating tech-
niques and other applications.

A natural source of ions is considered to be a gas-discharge plasma. An
arc type discharge with a hot cathode is usually utilized as the source of ions.
They will be considered in Chap. 6.

Ton guns with special solid emitters also have been developed [36]. Such
a gun, intended for formation of a cesium ion beam, is shown in Fig. 1.20. It
includes the following main elements: emitter (4) made of porous tungsten,
heater (5), forming (focusing) electrode (3), accelerating electrode (2). The
emitter is heated to temperature about 1600 K. Cesium vapor proceeds into
the emitter cavity from a cesium evaporator on a fitting pipe (6). Atoms of
cesium diffuse in the pores of the emitter and are ionized as a result of thermal
ionization. Ions diffuse to the surface of the emitter and then accelerated by
the field of the accelerating electrode are creating the ion beam. The process
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e

Fig. 1.20. Ion cesium gun: 1 — tube of Fig. 1.21. Multiple-beam ion cesium

water cooling, 2 — accelerating electrode, gun: 1 — heater of emitter, 2 — thermal

3 — focusing electrode, 4 — emitter, 5 — screen, 3 — emitter of porous tungsten,

heater of emitter, 6 — fitting pipe 4 — cathode beam-forming electrode, 5 —
first accelerating electrode, 6 — second
accelerating electrode

of formation of the ion beam in this gun is similar to that of the Pierce-type
electron gun.

However, the value of perveance of the gun under consideration is three
orders smaller as compared with that of typical electron guns, P; = I;/ Ul 12~
1.5x1073 pA/ V3/2, This result is explained by the fact that ions have greater
mass and move in an accelerating field much more slowly than electrons. The
ratio of their velocities is determined by v; /v = (m/m;)"/2.

It is easy to show that the ratio of perveance values of ion beam P; and
electron beam P being formed by guns of the same geometry is expressed by
a similar equation P;/P = (m/m;)'/?, for a cesium ion beam it is about of
0.5 x 1073, This makes it difficult to design Pierce-type axially symmetric ion
guns for high values of beam perveance. The increase of ion-beam perveance
is possible by using multibeam ion guns as has been done in an ionic rocket
engine, a schematic drawing of which is shown in Fig. 1.21 [36]. The total
perveance of ion beams formed by these systems lay in the range (1 — 3) x
1072uA/ V3/2_ This corresponds to a value of electron beam perveance equal
to 20-60 pA/V3/2,

It is important to note that recently multiple-beam systems have found
application in microwave O-type tubes (klystrons, TWT, etc.). They will be
considered in Chap. 11.



2 Methods of Fields Calculation

2.1 General Equations of Electrostatic Fields

Electrostatic fields in vacuum obey Poisson’s equation

ViU = -2 | (2.1)
€o

where U — electrostatic potential, p — space-charge density, eg — dielectric
constant, V2 — the Laplace operator, which depends on a coordinate system:
In the rectangular coordinates x, y, z

V2 = 0%/02% + 0% )oy* + 0?02 .

In the cylindrical coordinates r, 6, z

G L[ (0N, 0 (1Y, 9 (D
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In the generalized coordinates q1, g2, q3

Vi L [0 (b 0 0 (k0 0 (hind )]
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where hi, ho, hg — scale coefficient of the coordinate system.
In regions that are free of space charge the electric potential is described
by the Laplace equation

VU =0. (2.2)

Electric field strength is expressed as
E=-VU,

where V — Nabla operator which is expressed as follows:
In the rectangular coordinates

- 0d -0 -0

\Y% = lags +zya—y tians

0z’
where Zz, fy, i, — unit vectors.
In the cylindrical coordinates r, 6, z
- 0Jd 10 -0
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where i, ig, i, — unit vectors.
In the curvilinear coordinates ¢1, g2, g3
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where fl, fg, Zg — unit vectors.

Two types of problems are usually required to be solved in the process of
calculation, analysis and design of charged-particle optical systems: Dirichlet
problem and Cauchy problem, which are considered later.

2.2 Electrostatic Field Calculation. Dirichlet Problem

In this case, the potential distribution is sought inside the region confined
by the electrode system, which geometry and potentials are supposed to be
known, as the well as the space-charge distribution. Different analytical and
numerical methods are used for the solution of the problem. Some of them
are considered below.

2.2.1 Method of the Separation of Variables

Let us consider the application of the method for solution of the Laplace
equation for axially symmetric electrode systems [37, 38].

Using the cylindrical coordinates r, 6, z and taking into account the axial
symmetry we can write the following equation for the potential distribution:

10 ou U
2 = - — _— _— =
VU_T87"<T87">+822 0.
The solution is sought as the product of two functions of r and z:
U(r,z)=R(r)Z(2).

Substitution of this expression in the Laplace equation splits it into two
ordinary differential equations:
d’Z 1d ( dR

- 2 = _— — _ k2 =
8z2+kZ 0 rdr 7“dr) FR=0,

which are related by a separation constant & and have the following solutions:

Z = Apsinkz + By coskz,

R = Cylo(kr) + Dy Ko(kr); } k — real value

Z = Ay sinh xz + By cosh xz,

R = CuJo(xr) + D No(xr): } k = 1x — imaginary value

In these equations: Ay, Bk, Ck, Dy are arbitrary constants, Jy (xr) and
No(xr) are the Bessel functions of the first and second kind and zero order,
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Iy(kr) and Ko(kr) are the modified Bessel functions of the first and second
kind and zero order.

The Laplace equation is a linear one, so its general solution can be ob-
tained by summing of the product of the above functions and can be written
as follows:

Ulr,z) = Z (Agsinkz + By coskz) [Cylo (kr) + DKo (kr)] , (2.3)
k

Ulr,z)= / [A (k)sinkz + B (k) coskz] [C (k) Io (kr) + D (k) Ko (kr)] dk ;

g (2.4)
U(r,z) = Z(AX sinh xz + B, cosh x2)[Cy Jo(xr) + Dy No(x7)] ,
Ul(r,z) = /[A(X) sinh xz + B(x) cosh xz X
x[C00)Jo(xr) + D(x)No(xr)ldx - (2.5)

The arbitrary constants, which are involved in these equations, are found to
meet boundary conditions and some additional physical conditions following
from a problem. For example, if the region where the solution is sought in-
cludes the axis of symmetry (r =0),then the arbitrary constants Dy and D,
should be taken equal to zero.

Example 2.1. Let us apply the obtained results for calculation of the field of
an electrostatic lens formed by two semi-infinite coaxial cylinders separated
by an infinitesimal gap (Fig. 2.1). The cylinders are at potentials U; = 0 and
U,. For a given lens the electrode configuration potential at the middle plane
of the lens (z = 0) is constant and equal to Uy = (U + Us)/2 = Us /2. Inside
the cylinders the potential has a finite value.

At the cylindrical boundary » = R the potential is changed by a jump at
z =0 from U; = 0to Uy, that is, U = Uy at z < 0 and U = Us at z > 0. This
potential distribution can be expressed in terms of Heaviside’s unit function
changed by a jump from 0 to 1 at z =0, U (R,z) = Uz - H (2).

Heaviside’s function is analytically expressed through a Fourier integral:

1 1 [sink
0

The potential at the cylindrical boundary r = R can be presented as:

o0
:@_F% sinkz

2 s k
0

U(R,z)=Us-H(z) dk .
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U1 U2

Fig. 2.1. Immersion lens formed by two coaxial cylinders at potentials Uy = 0
and+Us

The solution of the Laplace equation, which meets the above condition
can be taken in the form (2.4) with B (k) and D (k) being equal zero,B (k) =
D(k)=0:

Ulr,z) = % + /[l (k)sinkzIy (kr) dk,
k
where A (k) = A (k) C (k) is an arbitrary constant.

It is found from the requirement that the potential at a cylindrical bound-
ary r = R should satisfy the boundary condition:

Us [ . U Us T sinkz
7+/A(k)fo(kR)smkzdk7?+? : dk .
0 0
This gives
i Us 1
AR)y= 22—
( ) m k‘[o (kR) ’

So, the ultimate expression will be:

Uy | Uy [sinks Iy (kr)
Vi) =5+— | % Lan™
0

and at the symmetry axis (r = 0)

_ @ @ sinkz 1

U =5+7 k Io (kR)

To obtain the potential distribution a numerical computation of the integral
is required.

Another approach to this problem, which gives the solution in the form
of a series, is considered in Example 2.3.
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2.2.2 Method of Green Function

With reference to the problem of electrostatic field calculation the Green
function represents the potential created by unity point charge ¢ = 1, lo-
cated in a point My (zo, yo, 20), inside the region enclosed by the surface of
electrodes, which potential is supposed to be equal zero [37]:

G (M, My) = 1/(47r60R)+/JgS .

S

The first term in the right part of this equation expresses the potential of
the field created by the charge in free space, the second one is the potential
created by surface charge induced at electrode surfaces S.

In this equation R — distance from the point My (xo,yo, 2z0) of charge ¢
location to current point M (z,y, z), where potential is determined (later, for

short, “point of observation”) R = %I(m —20)* + (Y —vo)> + (2 — 20)%; Ri —
distance from point of observation and a current point at the electrode

surface M;, R; = \/(J; - xi)Q + (y — yi)2 +(z — zi)Q; o (4, i, z;) — density of
surface charge induced at electrode surfaces.

The Green function, in accordance with its definition, satisfies the Laplace
equation in all space, confined by electrodes, except point M, and becomes
zero at the electrode surfaces. The Green function is symmetric concerning its
arguments, i.e. G (M, My) = G (Mg, M). This physically means that charge
q placed in point M creates at point M, the same potential as charge gbeing
placed at point My produced at point M.

The knowledge of the Green function allows reduction of the solution of
the Dirichlet problem to computation of the corresponding integrals [39-41]:
U (Mp) = —e0 / Us (M) wczs + /p(M) G (M, Mp) dV |

s %

where Ug (M) — a given potential distribution over the surface S, p (M)
distribution of the space-charge density.

Integration is made on coordinates x,y, z of point M, with Us, 0G/0n,
and p are considered to be a known function of these coordinates.

In view of the symmetry function G (M, M) to its arguments, it is possi-
ble to write the alternative formula for potential, expressing it as a function
of point M
0G (M, M,

U 01) = a0 [ s o) M a1 [ o) 6 (01, hyav
§ v (2.6)

In this case integration is performed on coordinates xq, yo, 2o of point My [41].
Two examples of the application of the Green function are given below.
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Example 2.2. Let us calculate the distribution of potential that is created
in a metallic tube of radius “a” by cylindrical column of space charge of
radius “b”, with density of space charge being function only longitudinal

coordinate z:
2
p=p(20) = po+ pmcos 20,

where pg — constant component of space-charge density, p,,and L are ampli-
tude and period of space-charge variation.

The Green function for a cylindrical channel of radius a, with account of
axial symmetry of the space-charge distribution, has the following analytical
expression:

G:

9

1 i o=t lz—zol Jo (Air/a) Jo (Airo/a)
2mega’ P AifalJy (/\i)]Q

where Jy and J; are Bessel functions of the first kind of zero and first order,
A; are the roots of function Jy.
It is seen that function Gis symmetric to its arguments r, z and rg, 2g.
The potential created by the space-charge column is found as

U= /p(rozo)G(r,z,r0720)27rr0dr0dzo ,
v

where integration is performed over the volume V occupied by the space
charge.

Substituting the Green function in this integral and changing the order
of integration and summation one obtains:

1 > J(] ()\ﬂ’/a) / ( 2 )
U=— S —— + pm cos —zg | rodrodzg .
€0G;)\i s ()‘i)]QV Po T P 7, 70 ) TodTodZo

The integration performed on r in the limits from 0 to b and on z in the
limits from —oo to oo gives:

. @ > JO ()\ZT‘/G) Jl ()\Zb/a)
PP A [ ()

n 1 2m
———————5cos —2z| .
postpmy + (2ma/L;)? L

i=1
Example 2.3. Let us apply the Green-function method for calculation of
the field of an electrostatic immersion lens, which is created by two coaxial
cylinders, separated by infinitaly small gap (Fig. 2.1). The potential of the
first cylinder is assumed to be equal to zero U; = 0, the potential of the
second one equal to Us.

For the potential computation we use (2.6). As in the case under consid-
eration p (My) = 0, it is reduced to:

oG (Ma MO)

ds .
on s
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S
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The Green function of the given problem is the same one as in Example 2.1.
Let us find its derivative, that is, the derivative along the normal to the
surface S, it is equal to:

oG _ oG 1 ie—%k—z(ﬂ Jo (Air/a) Ji (Niro/a) Ai/a
2mega?

o or AifalJy (\))? 7
and

oG 1 = _xp, . Jo(Nra)

el — L |z—z| O \NMTE)

(97’ ro=a 27‘(60&2 ;6 J1 ()\z) '

Substitution of this equation into the integral of the above formula for U (M)
gives:

1. & Jo (Air/a) 7 L
U = - —_ U, al2=20l gy

(T?Z) a ; Jl ()\z) se 20
Since Us = 0 at z <0 and Us = Us at z § 0 (at 2 = 0 Ug = Uy/2), one
obtains:

o0 o0
YN YN
/Use alz=20l gy = Ug/e alz=20l gy
—00 0

Calculation of the last integral gives the following equations for the potential
distribution in two coaxial cylinder lenses:

Ur,z)=Us

I—ZJOAT/Q Aalz] for z>0.

This solution is more convenient for practical use than that obtained by the
classical method of separation of variables (see Example 2.1)

The method of Green function is especially effective for calculation of
fields created by space charge varying in time. In this case computation of
potential is produced by the equation:

U (M, 1) = /p(MO,t)G(M,MO)dV,
%
where p (Mp,t) — space-charge density varying in space and time, G (M, M)
— Green function, which depends on the coordinates of points M and M,

and the geometry of a region, where the potential is computed, but does not
depend on time.
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2.2.3 Method of the Integral Equations

Applying the Green theorem it is possible to show that a solution of the
Dirichlet problem for the Poisson equation can be presented in the form:
1 pdV 1 odS
471'50 RO 47760 Rz '
v s

Ul(x,y,z) = (2.7)

The first integral of this equation is taken over the volume V', confined by
surface S, and represents the potential of space charge p(zo, Yo, 20), with Rg
being the distance from the current point of observation with coordinates x, v,
z to the point of space-charge location xg, 49, 20. The second one expresses the
potential of surface charges distributed on surface S with surface density o.
With reference to the calculation of fields of charged particle optical systems
surface S is understood as the surface of electrodes forming the systems, with
R; being the distance from the point of observation to a point belonging to
the electrode surface and having coordinates x;, y;, 2;,

Ro=+(z—20)?+ (y—w)?>+(z—20)% Ri=+v(x—2)>+y—u)+(z—2)?.

For the case of two-dimensional fields (U (y, z), OU /Ox = 0) the integral
form of the solution is written as:

1 1 1
Uy 2) = 5— 0/ In R—Odv+27r50/aln§id5,
|4 S

where Ry = \/(y —y0)’ 4 (2 — 20)% Ri = \/(y —yi) (2 —z)
Integration is performed over the volume V and surface S having unit

extent in the direction of the z-axis. As result of this dV = dygdzp - 1 and

dS =dC -1, dC being the elementary segment of electrode contour C'.
Then the above equation for potential U (y, z) can be transformed to:

1 1

In —dF In — 2.

/anOd +27T€0/U nRZ_alC'7 (2.8)
C

Uy, z) = S

where the first integral is taken over surface F', occupied by space charge, the
second one along the electrode contour C.

For an axially symmetric field, using the cylindrical coordinate system
r, 6, z and integrating on th