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The concept and use of “transfer maps™ has become a fundamental ingredient
in a modern description of single-particle beam dynamics. Lie methods. in par-
ticular, provide a useful framework for map computation. In the autonomous
case calculation of a transfer map is equivalent to evaluating a Lie transforma-
tion. In general this is a nontrivial problem. The first part of the Dissertation
contains a discussion of two possible ways to compute Lie transformations based
on the theory of normal forms for Lie maps and the Scaling, Splitting. and
Squaring algorithm. Implementation of the latter in the code MARYLIE5.0 is

also discussed.



In the second part we study fringe field effects in magnets and develop suit-
able methods to describe these effects without idealization of field profiles. In
particular. we introduce a method for the exact computation of transfer maps
using a realistic description of magnetic fields. The magnetic field data can be
obtained either from numerical computation with the aid of a 3D electromag-
netic code or from measurements with spinning coils. The method is applied to
study beam dynamics in the Large Hadron Collider. In other special situations
one can investigate fringe-fields effects using a realistic analytical model. This is
the case for the University of Maryvland E-Ring, for which we present a thorough
study of single particle dynamics. Using the analytical model we show how the
third-order intrinsic aberrations. due to fringes. decrease with increasing magnet
aperture.

In the third part of the Dissertation we shift our attention to space charge
effects in small rings and analyze the interplay between space charge and dis-
persion. We work out a novel set of equations that can be used to obtain simul-
taneous matching of rms-envelopes and the dispersion function in space-charge
dominated beams. Central to the derivation of the new equations is the existence
of a new linear invariant that generalizes the rms emittance to the case where

bending magnets and an energy spread are present.
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Preface

In accelerator physics there exists a certain dichotomy between the subfields
devoted to the study of ‘single particle’ and ‘multi particle” effects. Such a di-
chotomy is reflected by a difference of methods. applications. goals and somehow
a certain separation between the communities of scientists working in the two
areas.

The challenge underlying part of the work that led to this Dissertation was to
provide a bridge between the two communities. which at Maryland are well rep-
resented by the Dvnamical System and Accelerator Theory (DSAT) and Charged
Particle Beam Research Lab (CPBRL) groups. The motivation for the collabo-
ration and one of the unifying themes for this Dissertation was the Electron Ring
(E-Ring) project. currently under development at the University of Maryland

Although the construction of the E-Ring was proposed by the CPBRL group
to study the physics of space charge dominated beams. methods originated in
a single particle context turned out to be useful to assist in the design. Fringe
field effects. for example. which are important for the E-Ring could be efficiently
and exactly studied using a properly expanded version of MARYLIE. a code
developed by the DSAT group. Working on the E-Ring project has eventually
given me an opportunity to broaden my horizons and come across interesting

and challenging problems involving space charge effects.
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The composite content of the Dissertation reflects the variety of the experi-
ences [ have been exposed to while working in the two groups. The Dissertation
can approximately be divided into three parts. The first is devoted to the de-
velopment of Lie algebraic methods applied to map computation in the study
of single particle dynamics. The second part covers various issues related to the
problem of the exact map computation from magnetic field data and the role
of magnet fringe fields in determining beam dynamics. Specific applications are
reported for the E-Ring and the Large Hadron Collider to be built at CERN.
Finally. in the third part we investigate the problem of dispersion in space charge
dominated beams and present a novel theory for beam matching in the presence
of dispersion and space charge.

Here is more in detail an outline for the single Chapters.

Chapter 1 serves as a general introduction to Lie methods applied to beam
dynamics and a general source of reference for the rest of the Dissertation. It
also contains a detailed introduction to the concept of normal form for a Lie
map.

Chapter 2 is dedicated to the problem of how to evaluate Lie maps starting
from autonomous Hamiltonians. We describe two techniques. The first is based
on using the normal form for maps. the second on the Scaling. Splitting. Squaring
(SSS) algorithm. Implementation of the latter in MARYLIES5.0 is also discussed.
The last part of the Chapter contains a discussion of a method based on spectral
decomposition to compute the transfer matrices in the linear case.

In Chapter 3 we face the problem of determining the exact transfer maps
for magnet elements from magnetic field data. The data may originate from

computation or direct measurement. The method we introduce makes possible a
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very accurate description of the dynamic effects of fringe fields in magnets. The
Chapter also contains a thorough discussion of the multipole representation of a
magnetic field, scalar potential and vector potential.

The discussion on the multiple field representation of Chapter 4 is used in
the following Chapter to address some issues of iron-free magnet design. The
study was motivated by the need to assist in the design of the printed circuit
magnet planned to be used in the Maryland E-Ring.

In Chapter 5 we report the single particle study of the Maryland E-Ring. The
study is based on an exact analytical description of the magnet fields including
the fringes.

The following Chapter reports the semianalytical study of how the third order
aberrations due to the fringes scale with respect to the extension of the fringes.
Contrary to some expectations the study shows that for a fixed value of the focal
length and magnet length. the third order aberrations due to the fringes become
smaller for a larger aperture of the magnets.

In Chapter 7 the method developed in Chapter 3 is applied to the analysis
of the magnetic field data for the high gradient superconducting quadrupoles in
the interaction regions of the Large Hadron Collider at CERN. The field data
are then used to compute the transfer maps and carry out a study of the beam
dyvnamics.

Chapter 8 introduces the problem of dispersion in the presence of significant
space charge effects and outlines two possible approaches. One is based on
the study of a simplified self-consistent model. Such an approach is explored
in Chapter 9 where self-consistent solutions of the Vlasov-Poisson equation in

the form of generalized KV beam distributions are investigated. The second



approach involves the equations for the second moments of the beam distribution
and is discussed in Chapter 10. There we succeed in finding a generalization of
the standard rms envelope equations to the more general case where bending
magnets and a longitudinal momentum spread are present. The resulting new
set of equations. the rms envelope-dispersion equations. can be used to work
out the required matching conditions for the dispersion function for highly space
charge dominated beams.

In conclusion. having to highlight what I think are the most important con-
tributions contained in this Dissertation [ would indicate: (i) the implementation
of the SSS algorithm in MARYLIE. (ii) the development of a method for transfer
map calculation from either computed or measured magnetic field data (iii) the
definition a new generalized rms emittance. which is invariant when dispersion

is present. (iv) the derivation of the new rms envelope-dispersion equations.
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