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I. What is Beam Physics

The field of Beam Physics deals with mo-
tion of ensembles of particles (usually charged)
in electromagnetic fields. In the case of Beam
Physics, all particles have similar coordinates.
In many cases, the positions and momenta of
the particles are sufficient to describe their mo-
tion. In this case, the particles are described by a
state vector consisting of positions and momenta

(1)

In other cases, additional coordinates may be
needed; typical examples include the mass, some-
times the charge, or the spin vector of the par-
ticle. An ensemble of particles with such simi-
lar coordinates is called a beam, and the sub-
fields concerned with the study of such beams is
called Beam Physics. There are other subfields
of Physics dealing with the study of the motion of
such ensembles of particles; important examples
are Plasma Physics and the Dynamics of Galax-
ies. These fields are different from Beam Physics
in that in their case, the particles usually don’t
have rather similar coordinates, but occupy larger
regions.
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The space of state vectors Z is often called
phase space, and a coordinate system showing 7
is often called a phase space diagramdiagram..
The volume of the cloud in phase space of par-
ticles has a special name, it is called emittance.

As we shall see later, in many systems the emit-
tance is conserved and hence plays a special role.

Because all particles are close together, it is
often useful to pick one of these particles, typi-
cally one that is somewhere “in the middle”, and
describe the motion relative to this so-called ref-
erence particle. So if the reference particle
has coordinate Zo,then the motion of the parti-
cles would be described in the relative coordinates
AZ =7 — Z,.

In many cases, the density of particles is so
low that their interaction can be neglected or
expressed by simple collective models.

If the fields are electromagnetic, then the mo-
tion is described by the Lorentz Force Law
(Gaussian units)
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Here E and B are the electric and magnetic
fields, respectively. These fields are connected to
the scalar potential V' and the vector potential A
via the relations

Bovxi B--t9_gv (3
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Although this may not be directly relevant now
and only important later, we want to note here
for the sake of completeness that the equations of
motion in the form of the Lorentz force law can
also be obtained from the Lagrangian

L=-m \H——+qﬂ
C

From this Lagrangian, one can also obtain a
Hamiltonian of the motion in a procedure that is
standard for all Lagrangian systems.. One begins
by defining the so-called canonical momentum:
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which here has the form p,,,, = ymuv- —i—%ff = Payn+
%ff; it is different from the relativistic dynamical
momentum pgy, = ymv. The Hamiltonian of the
motion can then be found as H = Dean + U — L
. This expression initially contains both p and 7,
and it is necessary to eliminate ¢ and express it
in terms of p. We find
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and then obtain for the Hamiltonian

(6)
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When studying the fate of the beam from the
time it is made until it is used, there are usually
four steps involved. First, there must be a way for
the production of the beam, and for the sake of
efficiency if possible in such a way that its emit-
tance is small. Next, in most cases the energy of
the beam has to be increased; there has to be a
mechanism of acceleration. Because of the out-
standing importance of this process, the whole
field is often called Accelerator Physics. Then
it is necessary to transport the beam to where
it is being used; and finally, there is often a need
for storage of the beam for use at a later time
or re-use. Lastly, often there is a need for analy-
sis of the beam, in particular after the beam has
been used for its purpose, which frequently is the
facilitation of certain nuclear or high energy reac-
tions.

II. Production of Beams

The mechanisms used for the production of
the beam depend very much on the particular
kind of beam that is needed, and they include
atomic, nuclear, or high energy processes. In

these notes, we want to be rather brief about the
detailed processes and refer to the much more ex-
tensive lecture on ion sources.

A. Electron Sources

Electrons exist in abundance in metals, and
to form them into beams requires their extraction
from the metal. There are two main processes
with which this can be achieved.

1. Heated Metal and Potential

The first method of extraction is based on
heating of metal; by doing so, a small fraction
of the electrons will achieve energies high enough
to overcome the potential step that is necessary
to leave the metal. Once outside the metal, they
can be pulled away further by the application of
strong fields. The basic principle is shown in the
left part of the picture.
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This method of acceleration usually leads to
high currents. But because the area where the
particles leave the metal is large, and they do
so with a variety of different momenta, the emit-
tances are usually rather large, as shown schemat-
ically on the right part of the above picture.

2. Field Emission

In the case of field emission, a sharp needle
is brought into external electric fields. Because
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Figure 1: Electron Source

the needle is a conductor, it acts as an equipoten-
tial surface, and induces very strong electric fields
near its tip. By choice of the right geometry, the
fields can be made high enough to pull electrons
out of the tip directly. All these electrons emerge
approximately at one point, and usually their mo-
menta are rather small; hence the emittance tends
to be small.

B. Ion Sources

There are a large variety of different ion
sources in existence, and they will be covered in
detail in Richard Pardo’s lecture. Two important
basic mechanisms for the production of ion beams
are as follows.

1. Bombarding Gas Atoms with Electrons

In this method which is useful for the ex-
traction of beams from gases, a high-current elec-
tron source is used to send a stream of electrons
through a gas. Due to collisions, ions are formed,
which can then be extracted via some applied
electric fields.
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In order to not extract the electrons at the
same time, magnetic fields are applied which re-
strict the movement of the relatively light elec-
trons. Such ion sources can have quite high cur-
rents, but because the region of the space in which
ions are produced is large and the ions can also
have many different momenta, the emittance is
often high.

2. Bombarding Surfaces Atoms with Pro-
jectiles

For non-gaseous atoms, one can often just hit
a surface containing the atoms of interest with a
beam of more easily produced particles. Due to
the impact, often individual ions leave the surface,
which can then be extracted with suitable electric
fields.
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Typically these sources have rather low cur-
rent output.



3. Other Mechanisms

Depending on the kind of particles being de-
sired, there are a large variety of other mech-
anisms to produce them. Important kinds of
sources include positron sources (SLAC, LEP),
antiproton sources (Fermilab), pions (LAMPF,
Los Alamos), kaons, radioactive nuclei (MSU),
ete.

III. Acceleration of Beams

We now assume that an ensemble of parti-
cles occupying a ”small” volume of phase space
has been created, and we thus have a "beam”. In
many if not most of the practical cases, the en-
ergy which the beam has after being produced by
the source is not sufficient for the purpose it is to
be used for, which frequently amounts to furnish-
ing the energy necessary for atomic, nuclear, or
particle processes of interest.

In most cases, the motion is best studied
by first considering the motion of the reference
particle, and once this motion is understood sat-
isfactorily, to study the relative motion of the
other particles. For a simple analysis of the rela-
tive motion, often a linear approximation with all
the resulting simplifications is possible, but fre-
quently a full understanding of the motion can
only be achieved by considering the nonlinear ef-
fects.

Considering the special shape of the Lorentz
force law, since /X Bis perpendicular to the veloc-
ity v, it is apparent that magnetic fields cannot be
used for purposes of acceleration, which requires
forces in the direction of the particle. Thus any
acceleration has to be provided by electric
fields. However, as we shall see, also magnetic
fields have very good use in particle accelerators,
as they can be employed to guide the beam to
where it is needed. In particular, in the process of
acceleration they are often used to guide the beam
through the same region of electric field repeat-

edly and thus allow to maximize the use of the
electric fields. Indeed, for this purpose of guiding
the beam magnetic fields are usually even better
suited than electric fields, since for the high ve-
locities that beams usually have after even mod-
est acceleration, the forces that can be attained
with technologically available magnetic fields far
exceed those that can be achieved with the re-
spective electric fields.

Very generally, the amount of energy K a
particle gains while travelling from time ¢; to time
{5 in an electric field E (7,t) that depends on po-
sition and time is given by the path integral

K—q. /t " Br).0) - 5(0) dr,

where 7(t) is the particle’s position as a function
of time and ¥(t) its velocity. In the special case
that F is time independent and hence can be
written in terms of a potential via E = —ﬁV,
this path integral reduces in a natural way to the
difference in potential as

K=q- (V(Fl) - V(Fz)) (9>

This simple fact implies a very important con-
sequence for the design of electric accelerating
fields: if there is to be any chance to utilize the
same electric field repeatedly for the purpose of
acceleration, then the electric field has to be time
dependent, because otherwise repeated passing
just results in a periodic increase and decrease of
energy. In fact, the attempt to build an acceler-
ator trying to create energy repeatedly by flying
through the same time independent field is tanta-
mount to the attempt to build a perpetual motion
machine.

A. The Van de Graaff

The van de Graaff accelerator and several
similar devices derived from it are the main rep-
resentatives of the class of accelerators utilizing



time independent fields. The voltage difference
that the particles travel through is obtained with
a van de Graaff generator, which consists of
an endless non-conducting belt onto which charge
is sprayed from a tip via field emission and then
transported to the inside of a hollow metal sphere
where it is deposited. Since any charges on a con-
ducting object accumulate on the outside and cre-
ate a field-free interior, new charge can be brought
in from the belt on the inside of the sphere with-
out experiencing any opposing fields, and thus
large amount of charges can be accumulated on
the sphere, resulting in a very high potentials.

In passing it is worth to remark that while
the newly added charge does not experience a
field when moving from the belt to the inside of
the sphere, it certainly experiences a field while
being approaching the sphere and being attached
to the belt. Thus the potential energy contained
on the charged sphere does not come for free, it
is generated through the mechanical work that
is necessary to move the belt and the attached
charges towards the sphere.
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The Van de Graff Accelerator

The charged sphere is connected to a metal
enclosing containing the ion source, thus elevat-
ing the source to a potential, which can then be
utilized for the acceleration of the particles.

The main practical limitation of the van de
Graaff Accelerator is the necessity to prevent
sparks. This is achieved on the one hand by
sheer size, because at the same potential differ-
ence, larger size means less electric field strength.

On the other hand, it is important to inhibit
the spark formation process. Microscopically,
sparks form in a gas when small numbers of
charged particles have a mean free path length
that is long enough so they can attain energies
sufficient to ionize other particles upon collision,
resulting in an avalanche.. This can be avoided
by choosing inert gases like He or SFg, and on the
other hand applying high pressure to reduce the
mean free path length.

The van de Graaff accelerator has several de-
sirable features, for example it can produce a fully
continuous beam at high beam current. Its main
limitation are the relatively low energies that it
can produce, which seldom exceed about 20 MeV.

B. The Tandem Van de Graaff
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The Tandem Van de Graff Accelerator

The Tandem van de Graaff is an efficient
modification of the van de Graaff concept, in
which both the source and the target are kept
at ground potential and which can efficiently in-
crease the energy that can be obtained. For
this purpose, a source is chosen that produces
negatively charged ions, which are sent through
a regular van de Graaff. At the end of the accel-
erating section, the ions are sent through a thin
foil, in which many of them are stripped of some
of their electrons, resulting in positive ions. Be-
cause the particles already have substantial en-
ergy when hitting the foil, often much higher
charge states can be produced than in the ion



source itself. These positive ions are sent through
a second stage van de Graaff, which is essentially
a reversion of the first stage, and by the time the
target is reached, depending on their charge state
after stripping, their energy is increased twofold
or more. Having very similar characteristics to
the original van de Graaff, the energies that can
be achieved in this way are in the range of up to
60 MeV.

C. The Linac (Linear Accelerator)

It is an important observation that the field
strength that can be obtained in quickly oscil-
lating (rf, or radiofrequency) electric fields can
be substantially higher than those that can be
made statically in devices of similar size. This
is partly due to reduced presence of spark for-
mation, because the formation of an avalanche
of charged particles requires time scales that are
usually larger than the time the field is in one
phase.

The use of an oscillating field, however, im-
mediately entails that only half of the cycle can be
used for acceleration, and thus different from sta-
tic accelerators, the resulting beams always have
a temporal microstructure. In practical use,
usually several rf resonators are used sequentially,
each one of which accelerating the particles, and it
is very important that the phase relationship be-
tween the individual accelerating sections is cor-
rect. This is usually achieved by applying the
fields between the edges of adjacent conducting
tubes. The lengths of the tubes are chosen in
such a way that the time the particles require to
fly through them equals one half of the rf period,
so that the particles never ”see” an electric field
of the wrong sign.

Metal (pipe) tube

The Linac

So the length L; of the ith tube has to be
chosen so that it satisfies

1
Lz‘ ~ 'Trf

2"
where T, is the period of the rf frequency. Ap-
parently this leads to a system of tubes of increas-
ing length, i.e. L; < Ly < Lg < ... The exact
lengths L; of course depend on the relationship
between the kinds of particles and the values of
the accelerating voltages, and so often these de-
signs are rather customized geometries. The geo-
metric situation is much more straightforward for
particles that already enter at speeds close to the
speed of light, which allows the use of a purely
repetitive geometry.

(10)

In order to maintain acceleration of all parti-
cles, it is important that the particles are injected
into the linac with the right phase information;
in particular, no particles should enter during the
time the field points in the opposite direction. So
the incoming beam has to consist of a uniformly
arranged sequence of bunches. These bunches
can be produced from a continuous beam of par-
ticles, which is what most ion sources deliver,
by means of a buncher. This is merely an rf
structure which accelerates the particles of a con-
tinuous beam different depending on the time at
which the particles enter, as shown schematically
in the picture. Because of the resulting different
velocity profile, after a certain time the fast parti-



cles will eventually tend to catch up with the slow
ones, resulting in packets of particles.
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An interesting combination of the need for
bunching, accelerating, and focusing (which is
discussed later in much greater detail) is the so-
called Radio Frequency Quadrupole, or RFQ, ac-
celerator.

In general, Linacs can provide beams of high
current, and of higher energies than static accel-
erators, yet because of the single use of each elec-
tric field, they are still rather expensive per MeV.
Linacs are frequently used as pre-accelerators
for accelerators of higher energies. They also have
the distinctive advantage that they avoid syn-
chrotron radiation, which is often a limiting
factor in circular accelerators for light particles
such as electrons and positrons. This aspect is
very important at SLAC and the Stanford Linear
Collider, and is the main reason for the interest
in a ”Next Linear Collider”, a pair of two Linacs
shooting electrons and positrons at each other at
high energy.

D. The Betatron

The betatron is arguably the simplest circu-
lar accelerator, and besides its practical use as a
compact accelerator for lower energies, it is also
a beautiful textbook-style application of princi-
ples of electrodynamics. In the case of the be-
tatron, the orbit follows a circular shape, which
is achieved by a magnetic field. If the motion is
perpendicular to the magnetic field, then we have

(ST units)

mu? mv  p

; quB, and so p B 4B’ (11)
and so the radius of motion depends only on the
momentum and charge of the particle as well as
the magnetic filed. Note that the equation is cor-
rect even in the relativistic case, if m is under-
stood to mean the relativistic mass m = v - my.
Commonly the ratio of momentum and charge p/q
is denoted by x,, and called magnetic rigidity;
we apparently have

Bp = b_ Xn- (12)
q
Because x,, = Bp, the magnetic rigidity has the
unit Tesla meter, and is frequently simply referred
to as "B rho”.

In the case of the betatron, both bending
and acceleration come from the same source,
namely a magnetic field whose strength in-
creases with time in such a way that its mag-
nitude matches the increasing energy of the par-
ticles to keep them at nearly constant radius,
and the circular induced electric field provides

the acceleration for the particles.
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The Betatron

In passing it is worthwhile to note that the
basic idea of utilizing an electric field produced by
a changing magnetic field also occurs in a much
less mundane application from daily life: certain
modern cooking surfaces. In this case, the elec-
trons that are ”accelerated” are not within the



vacuum of a beam pipe, but merely in the metal
that constitutes the bottom of the pot used for
cooking; and of course since their mean free path
is short, they don’t attain high energies before
colliding with either other electrons or the lattice
atoms, thus transferring their whole kinetic en-
ergy to heat.

A quantitative understanding begins with
Faraday’s law of induction, now one of the
Maxwell equations:

.o dB
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where ® = [, Bds is the flux of the magnetic field
through the surface. Here we restrict our inter-
est to circular orbits with a radius called r, and
the surface is the inside of the circle. Building
the magnet rotationally symmetric entails a rota-
tional symmetry of the fields, which simplifies the
situation to

,
27r dt 2 dt

where B is the average magnetic field enclosed by
the orbit. Thus we obtain for the momentum

d qr d - 1 =
%(mv):—qE:7-£B:>mv:§qu (16)

On the other hand, it must be true that the cen-
trifugal force on the orbit with radius r is compen-
sated by the Lorentz force there, which requires

mu?

— =quB(r) = mv = qrB(r)
r

(17)

Thus altogether we obtain the following relation-
ship between the field B(r) at the orbit r and the
average field:

1—
B(r) = §B;

in order to achieve this, requires a magnetic field
that is stronger in the center than where the
particles move, which can be achieved by suitably
shaping the poles of the magnet.

(18)

In principle the temporal behavior of B is
irrelevant; in practice, one usually tries to "ram-
p” it quickly, because the pulsed beam is only
available at the end of ramping. This is usually
achieved by making the magnet part of an LC
circuit, which also conveniently allows to recover
the energy stored in the magnetic field for the
next ramping. For the practical use, it is impor-
tant to try to limit Eddy currents in the iron, and
in order to maintain the condition B (r) = B/2,
it is important to control saturation effects that
may occur at any ”edges” of the magnet.

The practical use of betatrons is nowadays
mostly for electrons, where energies of about 300
MeV have been achieved; for protons, the values
are about 50 MeV.

E. The Microtron

Also in the microtron, a magnet is used to
bend the particles to let them pass through the
same source of electric field repeatedly. Different
from the betatron, the emphasis here lies on the
production of a continuous beam. Since this
requires that the whole acceleration process must
be independent of the specific time of injection,
this entails that that the magnetic field is con-
stant in time. Thus an external voltage source
is needed; as discussed above, if it is to be used
repeatedly, it has to be time-dependent source,
and in practice it is chosen to be an rf cavity. Al-
together, the motion follows a sequence of tan-
gential circles of increasing radius that touch at



the location of the rf, as shown in the picture.
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In order to synchronize the particle’s mo-
tion and the momentary direction of the magnetic
field, the revolution frequency of the rf has to be
a multiple of the particle’s revolution frequency,
which can be obtained simply from

ymov?

v
:qu:w:—:LB.

19
T ymo (19)

This means the motion has to be either such that
~v = 1, which corresponds to nonrelativistic mo-
tion and hence severely limits the energy. The
other possibility is to provide just enough accel-
eration in each turn that the revolution frequency
decreases to the next multiple of the rf frequency.
So the revolution frequencies would follow the
pattern

Wy Wop Wo Wo
W=wp,—,——,——, — ...

(20)

This entails that the factor v follows the sequence
Y = Y0, 2%, 3%, 40, - - . , which requires Ay =1

per turn. Since E = mc? = ymgyc?, this means

AE = moc?, and thus the necessary energy gain
per turn must equal the rest mass energy of the
particle under consideration! For electrons, this
means AF = 511 keV and is thus possible, for
protons and AFE = 938 MeV this is not easily
possible within the the confines of a conventional
magnet.

A very important further development of
the concept of a microtron is based on the fact
that if the orbits of the particles are far enough
separated so that one can apply different mag-
netic fields for each orbit and can even change
the shape of the orbit away from circular, then
by careful choice of the orbit lengths, it is possible
to maintain the synchronicity condition 20 while
maintaining the freedom to have any amount of
acceleration that is convenient. This is the ba-
sic idea behind the Continuous Electron Beam
Accelerating Facility CEBAF at Thomas Jeffer-
son National Laboratory, which will be covered in
great detail in a future lecture.

F. The Cyclotron

The basic idea of the cyclotron is similar to
that of the microtron, except that the rf is used
more efficiently by providing acceleration twice or
even more times per turn, and the orbits roughly
follow concentric circles.
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The Cyclotron

According to eq. (19), the revolution fre-

quency is
1
w=--21p (21)
Y Mo
and the momentary radius of the orbit s
p
== 22
=2 (22)

This entails very similar restrictions regarding rel-
ativistic effects as in the case of the microtron;
as before, any deviation from constancy of the
magnetic field prevents continuous injection of
beam and hence leads to a non-continuous out-
going beam. But because the orbits are nearly
concentric, it is possible to at least partly com-
pensate the relativistic effects by increasing B
radially in such a way that the frequency in eq.
(22) stays constant. If it is necessary to acceler-
ate different particles in the same machine, then
that entails that the actual field profile has to be
adjustable, which is usually achieved by having
one or several trim coils. The superconducting
K1200 cyclotron located at NSCL on the MSU
campus allows for such corrections of the profile of

the magnetic field, and is currently the cyclotron
achieving the highest energy.

If continuity of the beam is not of prime im-
portance, it is possible to make the necessary rel-
ativistic corrections due to eq. (22) via a de-
crease of the rf frequency during the acceleration
process, which is done in the case of the synchro-
cyclotron. This decrease obviously has to hap-
pen very quickly over the few hundred turns the
particles stay within the accelerating structure,
and thus the pulse frequency can still be rather
high.

G. The Synchrotron

For any accelerator, the ultimate energy
limitation comes from the strength of the mag-
netic field that is available via the unavoidable
restriction

P
Bp=xm="=
q

(23)
But the range of available magnetic fields is rather
limited; typical numbers are in the range of 1-2 T,
the superconducting dipoles at SSC were planned
to have 6.6 T, and the superconducting dipoles at
LHC are planned to operate reliably at 8T. The
highest magnetic fields that can be achieved are
currently in the order of 30 T (Florida State Uni-
versity), but at a rather inconsistent field quality
and usually not over extended times. So the only
way to achieve high energies is to increase the de-
flection radius p.

This represents a significant practical lim-
itation to continuous beam accelerators, in
which B must be time independent and the size
of the orbits increases in the acceleration process,
since any region in which the beam may come
has to be covered by magnetic fields. So for re-
ally high energies, the only realistic option is
to have the particles follow the same orbit all
the time by ramping the magnetic field during

10



acceleration, and thus limit the region that has to
be covered by magnetic field.

Of course this ongoing adjustment of the
magnetic field during the acceleration process ac-
cording to eq. (23) to maintain constancy of p
prevents continous injection and hence continuous
beams. Furthermore, since electric field strengths
are comparatively limited, the fields of the cav-
ities have to be re-utilized many thousands of
times, resulting in a rather stretched-out acceler-
ation process, and thus a rather low repetition
rate of beam pulses.

All these thoughts lead to the concept of
the synchrotron, in which the magnetic field
strength is synchronized with the current energy
or momentum of the particle so as to maintain a
constant orbit. The figure shows a very schematic
view of a synchrotron, consisting of a long nearly
circular beam pipe, many bending magnets, and
rf cavities. As we will see later, in the synchrotron
it is particularly important to take proper care of
the details of the relative motion, the most im-
portant aspect of which is the use of special ”fo-
cusing” devices.
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The table below shows a small number of
hadron synchrotrons, their approximate dimen-

sions, and the maximum energies for which they
are designed.

IUCF p~10m

Tevatron p~1km E~1Tev
SSC p =~ 15km E ~ 20Tev
LHC p ~ dkm E ~ 8Tev

H. The Storage Ring

The storage ring is not really an accelerator,
it is a device to store the beam that is produced
once so that it can be re-used; essentially it is
a synchrotron with rf turned off. In many
cases, particles orbit for minutes or days. In the
case of the SSC, the desired time was about 8
hours, resulting in

3 - 10%m/ sec -28800 sec
n =

—1n8
3 10'm ~ 10°turns

(24)

Even more so than in the case of the synchrotron,
one of the main design problems and physically
perhaps the greatest challenge is to try to as-
sure that particles actually stay contained over
this large number of turns. Becaue the motion
is nonlinear, this immediately leads to questions
of nonlinear dynamics with all their interesting
aspects.

One of the main applications of storage rings
is in the collider, where counterrotating beams
are brought to collision at various points around
the ring. At very high energies, colliders have a
significant energy advantage over fixed-target
machines because a very large fraction of the
beams’ energies can be converted to reaction en-
ergy. As a detailed study of the relativistic dy-
namics shows, this is not at all the case for
fixed target machines; in fact, conservation of
energy and momentum severely limits the en-
ergy that can be set free. Important colliders
are the Tevatron (p,p), the now defunct SSC as
well as the LHC (p,p), HERA (p,e”),and LEP
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(e*,e).Besides the energy advantage, storage
rings also limit the disadvantage of the slow ramp-
ing times typical for synchrotrons in that once the
beam is stored, it is essentially continuous again.

But also for situation that require the beam
to hit a fixed target, storage rings often offer an
advantage over the use of synchrotrons by them-
selves, because it is often possible to extract the
beam much more slowly than in the case of the
synchrotron, resulting in a more easily managable
duty cycle and reducing the problem of over-
flowing the electronics in the detectors. In this
method of ultraslow extraction, the nonlinear
dynamics of the device is adjusted very carefully
and gently in such a way that over time a larger
and larger part of the originally stored emittance
becomes unstable. If it is possible to control the
location around the ring where the spilling occurs,
then the spilled particles can be direct towards the
fixed target as needed. One storage where this
approach is utilized is COSY at KFA in Jiilich,
Germany, which will be discussed in detail in a
later lecture.

I. Summary and Comparison of

Various Accelerators

After having discussed the various types of
accelerators, it is useful to summarize their char-
acteristic features side by side. The main physical
criteria of performance are the energy that can
be achieved, the (average) current, as well as the
repetition frequency. For practical considerations,
the size expressed in terms of a characteristic ra-
dius as well as the magnetic field in Tesla are also
important. See table at the end of document.

IV. Linear Beam Theory

In the discussion of the basic physical princi-
ples of the above accelerators, we have casually
neglected the fact that it is necessary to take

care of more than one particle. In fact, all the
above accelerators have to be able to simultane-
ously deal with an ensemble of particles with sim-
ilar phase space coordinates, which is what the
sources deliver, and hence with a beam. As out-
lined above, a detailed understanding of the mo-
tion of the beam requires the study of the motion
of the reference particle as well as the motion
of the relative coordinates.

In the case of accelerators, our demands
on the relative motion are mostly that they beam
does not become unreasonably large, and hence
that the motion is somehow bounded within a
suitable volume of phase space. While this ap-
pears to be a modest wish, for long single pass
accelerators, and more so for repetitive systems,
this problem actually turns out to be nontrivial.
For other types of systems, more specific require-
ments have to be made for the beam; for exam-
ple, to maximize the number of interactions at
an interaction region of a collider, it is impor-
tant to ”squeeze” together the spatial coordinates
of the beam, which under conservation of phase
space volume then requires to make the momen-
tum coordinates large. Devices like particle spec-
trographs or electron microscopes have different
and usually more requirements yet.

In all of these cases, it is important to study
the relative motion carefully; as a first step, the
motion is linearized, and for higher precision, the
nonlinear effects of the motion have to be stud-
ied. Because the volume in phase space occupied
by a beam is small, these nonlinear effects are
often treated in a (later more precisely defined)
perturbative way, in which the first order cor-
responds to linear motion, and nonlinear motion
appears as higher order. Altogether, we have the
following table:

Oth order
1st order

2nd-+ orders

motion of ref. particle
linear motion
nonlinear motion
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A. Coordinates and Maps

Usually when studying dynamics, the time ¢
plays the role of the independent variable, and we
study the motion of positions ¥ and velocities v
or momenta p as coordinates. Using the Lagrange
mechanism, it is easy to transfer to new coordi-
nates, in particular the coordinates that describe
the relative motion around the reference orbit.
Furthermore, instead of using ¢ , we usually use
the arc length s along the reference orbit as in-
dependent variable.

For the understanding of the motion in rel-
ative coordinates, let us assume we have studied
and understood the motion of the reference or-
bit. In the case there is no field at all, this ref-
erence orbit will merely follow a straight line.
Furthermore, there are a host of devices used in
accelerators that have fields, but along one given
straight line, all the fields vanish, and the device
is lined up in such a way that the reference par-
ticle follows this line. Another important device
uses magnetic fields, and along the reference or-
bit one tries to hold them constant, in which case
the reference orbit is circular, at least within the
element. In all other cases, it is usually necessary
to numerically integrate the reference orbit.

reference orbit

The Reference Orbit

Assuming the position and momenta of the
reference particle are 7..7(s), Pref(s) are known.
As a technical detail, let us also assume that for
all points s, we have p,.¢(s) }f €., i.e. the motion

is never pointing straight up (which for most real
accelerators is no limitation whatsoever). Let fur-
thermore p; be smaller than the minimum radius
of curvature that the reference orbit experiences
in the section of the machine that we want to
study. We now consider a ”flexible tube” of ra-
dius p; centered around the reference orbit, and
restrict the particles that we want to describe to
only those within the tube. Again, for practical
devices this represents hardly a limitation; in the
SSC, for example, the ”tube” would be more than
20 km wide, much larger (hopefully) than the re-
gion required by the beam particles.

The Tube of Relative Coordinates

For any particle within the tube, there is now
a closest point on the reference orbit; because
only particles within the tube are allowed, this
point is indeed unique. Let s be the arc length at
this point, and 7. ¢(s) the position of the reference
particle on the reference orbit. Then the relative
coordinates of the point 7" are obviously r"—7}.(s).

Let now €5 be a unit vector in the direction
of Pres. Consider now the plane perpendicular to
€. Of all the unit vectors in this plane, let €,
be the one with the largest "upward” component;
because p,.; and hence € are not allowed to go
straight up, this vector is well defined. Finally
choose a third vector €, as e, = €, X €. Be-
cause €, has maximum ”upward” component, €,
has vanishing upward component and hence lies
in the horizontal plane.

13



Denote now by x the component of 7'—7.¢(s)
in the direction of €, and by y the component of
7" — Trep(s) in the direction of €. Similarly, define
p. and p, to be the momentum components in the
directions €, and €.

Furthermore, denote by 0 the relative differ-
ence between the total (kinetic plus potential) en-
ergy E of the particle under consideration and the
reference energy Fy, i.e. § = (E — Ey)/Ey. Fi-
nally, introduce a space-like variable [ to be the
time of flight ¢ minus the time of flight #; of the
reference particle, multiplied by a constant k of
dimension ”velocity”, i.e. [ =k (t — ty) . Then we
form the vector Z of particle optical coordi-
nates as

A
y
B, =k (t —to)
7 = 25
a'_px/pO ( )
b= py/po

where pg is some previously chosen scaling mo-
mentum; a natural choice may be to select the mo-
mentum of the reference particle at the beginning.

Note that due to the definition of Z , the ref-
erence particle itself corresponds to 7 = 0, and
hence the vector Z does indeed describe the rela-
tive motion. In a seemingly simple way, most of
the problems of beam physics now revolve around
the question as to how 7 evolves as a function of
s.

The entire action of a beam physics device
can now be expressed by how it manipulates the
coordinates in the vector Z. In fact, usually a set
of initial conditions ZO at position sy uniquely de-
termines the future evolution and hence Z at any
later position s. While a common notion, mathe-
matically this determinism of classical mechan-
ics rests on some subtle assumptions about the
details of the fields that are allowed in the motion;
but this course is not the place to be concerned

about such issues. Assuming that indeed ZO at sp
uniquely determines the future evolution, we can
define a function relating the initial conditions at
sp to the conditions at s via

Z (s) = M (s, s) (Z(s))

The function M (sg, s), which formally summa-
rizes the entire action of the system, is of great im-
portance for the description and analysis of beam
physics systems. It is often called the transfer
function, the transfer map, or simply the map
of the system. Note that the transfer functions
satisfy the relationship

(26)

M (51, 82) 0o M (50, 81) = M (S0, S2) , (27)

which merely says that transfer maps of systems
can be built up from the transfer maps of the
pieces.

Since M describes the motion in relative co-
ordinates, we always have

M(0) = 0. (28)

Furthermore, since by the very definition of a
beam, the coordinates of 7 are” small”, M is usu-
ally only weakly nonlinear; because of this, its
determination and analysis is very amenable to
perturbative techniques. The very first step
in this process is to consider only the lineariza-
tion M of M, the so-called linear map. Let
N = M—M be the remaining purely nonlinear
part, so that we have

M=M+N (29)

The linear map M is simultaneously the most
important and the easiest to study, and a great
deal of these lectures is related to it. The treat-
ment of the nonlinear part N is much more com-
plicated, and only later in the course will we ad-
dress a small part of the problematic associated
with its treatment.

14



In the next section, we will make a short ex-
cursion to a field that is at first sight disconnected
from beam physics, namely the field of glass op-
tics. However, a more close look shows that glass
optics, which has existed long before the name
beam physics has been introduced, certainly be-
longs to this field: the ensembles of light particles
or rays typically associated with questions of glass
optics form a beam not only in the conventional
meaning of the word, but also under our stronger
more formal definition.

B. Glass Optics

As one may recall from a basic course in
optics, a distinction is made between so-called
”Gaussian optics”, which indeed turns out to
just mean linear motion, and ”aberrations” that
describe nonlinear effects. Optics has developed
its very own jargons and techniques, some of
which are connected to complicated geometric
ideas, and it is historically unfortunate that op-
tics has not been treated with the methods of the
transfer map. We shall remedy this situation
here by simultaneously providing a short course
on Gaussian optics in an appealing and unified
way, and also develop our skills in dealing with
linear maps.

For simplicity, let us restrict ourselves to sys-
tems that are rotationally symmetric, like most
glass optical systems; it will be quite clear as we
go what has to be done to treat non-rotationally
symmetric systems. In this rotationally symmet-
ric case, two variables are enough to study the
motion; we here choose them as the position
and the slope m of a ray. The transfer map of an
optical system than expresses how (x, m) behave
as they transfer a system, and we have

() =)

In fact, if we restrict ourselves to linear motion,
then this can be expressed in terms of a transfer

(30)

matrix
(31)

Note that the notation for the matrix elements
is such that the quantity before the comma de-
scribes the row, and that after the comma de-
scribes the column. We remind again that know-
ing matrices of pieces allows the computation of
matrices of more complicated systems, which is
here achieved by mere matrix multiplication. In-
deed, if M; through M, are the matrices for the
subsystems, then because of the associativity of
matrix multiplication, we obtain for the ray after
the last subsystem:

Tn+1 _
Mp41

So we have shown that the matrix of a com-
bined system equals to product of matrices of sub-
systems. Since especially on computers it is very
simple to multiply matrices, this is the method
of choice for the basic design of optical systems.
In the following, we hence derive the forms of the
matrices of common optical elements.

1. The Drift

The simplest part of glass optical elements
is a region which doesn’t contain any material,
the drift. If we denote by z the position of a ray
and by m its slope, then the final values x5 and
me after a drift of length [ can be connected very
simply to the initial values x; and m;:
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Tro = I1+m1'l

mo = M

This can obviously be written in a matrix form:
11

(m)=(o ) ()

For the later discussion it will prove important to

(36)

note that the matrix depends only on

11
01
the characteristic properties of the element, which
here is the length [. On the other hand, the vector

T

my
ray. Altogether, a drift performs a linear transfor-
mation in x, m space. Note that the determinant
of the drift matrix is unity.

depends only on the parameters of the

As a small exercise, let us now consider a
combination of two drifts of lengths /yand [5, and
let us ask ourselves for the value of the coordinates
(x3,m3) after the combination of the two drifts.

We obviously have
X2
mo

() = (
HCEPICE

1 I
0 1

1 I
0 1

)(m)

- 1 ll + lg T

Here the necessary composition of maps just re-
duces to a common multiplication of transfer
matrices. And the result is not surprising, the ef-

fect of two subsequent drifts is just the same as
that of a drift of the combined length.

2. The Thin Lens

Besides empty space, glass optical devices
contain lenses that change the direction of the
light ray. We are here primarily interested in the
thin lens, a somewhat idealized device without
any length, which is characterized by the follow-
ing facts that are also illustrated in the picture
below:

1. Positions are not changed, but directions are

2. Any bundle of parallel light is unified in one
point a distance f after the lens

3. A ray lighting the center of the lens goes
straight through

lens

Xy, My

W

The quantity f that describes the lens is
called the focal length. Let us now consider a
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ray going through the lens; from the picture we
read

To = T1 (38)
p = f-m (39)
ry+me-f = p (40)
From which we infer
To = X1 (41)
my = 4?+m1 (42)

This relationship can again be written in matrix

(5)-(4 () ®

1
As in the case of the drift, the matrix < 1 (1) )
f

depends only on the lens, whereas the vector
A

T
my

depends on the ray.

The simple thin lens we have discussed here,
the so-called ” Gaussian” lens, represents quite an
approximation for several reasons. First of all,
any real lens performs a refraction at two differ-
ent surfaces, so positions do change as one goes
through the lens. Furthermore, for most lenses it
is not really true that parallel rays all meet at a
point a distance f behind the lens. This is con-
nected to the fact that lenses are usually ground
with spherical surfaces because anything else is
technically difficult. Furthermore, the glass has
dispersion and so different colors are affected dif-
ferently. We note however that Snell’s law still
allows to determine the true transfer map of a
thick, spherical lens in a rather straightforward
way. It is important to note, however, that this
transfer map will no longer be linear.

Quite interesting is the combination of two
glass lenses, which can apparently be described
by multiplying their matrices (note that always,
the matrix of the first element is on the right).
We obtain

)(1 0
1
~L 1

So the combination of two lenses provides the
same effect as one lens with focus length f, where
1/f = 1/f1 +1/fs. This is of course a famous
law of optics, the derivation of which is trivial is
all but trivial in the matrix concept. Some of the
power of the matrix approach becomes clear how
powerful it is to prove this law using the standard
geometric method of optics text books.

|
=1 1 1
5 5 1

(44)

In a similar way as the focusing thin lens we
can also treat the defocusing thin lens. In this
case, the basic properties are

1. Positions are not changed, but directions are

2. Any bundle of parallel light exits the lens in
such a way that it appears to come from a
point a distance f in front of the lens

3. A ray lighting the center of the lens goes
straight through
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In a similar way as before, we can use basic
geometry to determine the action of the lens; we
read from the picture

To = TI1 (45)
p = —fm (46)
p = Ty— fmy (47)

Similar to before, we get ms = x5/ f + my,and
altogether in matrix form

I

ma '

T2 - 10
mo N %1

This is essentially the same matrix as before, ex-
cept that now the sign of the matrix element
(m, z) has changed. Indeed, using the standard
convention to count defocusing lenses with a neg-
ative focal length, the matrix has even exactly the
same form as before.

(48)

3. The Thin Mirror

Besides lenses, mirrors are probably the sec-
ond most important optical device, and similar to

before, there are focusing and defocusing mirrors.
Different from the lens, in the case of the mirror
the reference orbit flips direction when hitting the
mirror. A thin focusing mirror is defined by what
it does to an ensemble of parallel light via the
three conditions

1. Positions are not changed, but directions are

2. Any bundle of parallel light that is reflected
by the mirror will meet in a point a distance
f in front of the mirror

3. A ray hitting the center of the mirror is re-
flected such that its outgoing angle equals its
incoming angle

mirror

A
\
AY

A
A
A
A

A similar argument as in the case of the fo-
cusing lens shows that the transfer matrix of the
focusing mirror is

M:(—bf?)

There is also a defocusing mirror, defined by the
three conditions

(49)

1. Positions are not changed, but directions are

2. Any bundle of parallel light that is reflected
by the mirror seems to emerge from a point
a distance f behind the mirror
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3. A ray hitting the center of the mirror is re-
flected such that its outgoing angle equals its
incoming angle

A similar argument to before shows that also

in this case, we have the transfer matrix
1 0

=y 1)

where the convention to count the focal length f
of a defocusing element negative is used.

(50)

So apparently mathematically, lenses and
mirrors behave the same, aside from the fact that
they reverse the reference orbit. The choice which
to use in practice depends on a variety of practi-
cal factors. For situations requiring only small
apertures like in most camera lenses, glass lenses
are easily made, and have an advantage because
of the straight beam path. For situations requir-
ing large apertures, like in big telescopes, mirrors
are the primary choice because it is much easier to
manufacture and support large mirrors than large
lenses. It is also easier to produce non-spherical
shapes for mirrors than for lenses. Finally, mir-
rors have the additional advantage that they treat
light of different colors equally, they don’t show
the dispersion commonly observed in glass lenses.

4. Liouville’s Theorem for Glass Optics

As a direct consequence of the matrix no-
tation for glass optics introduced above, for any
combination of lenses, drifts, and mirrors, we can
prove a special case of Liouville’s Theorem:
The volume of phase space occupied by the beam
is conserved.

Indeed, let us assume we have an optical sys-
tem consisting of n elements with matrices M;.

Then we have
A4ﬁ <A4ﬁ—1 ("'A41 (

Tn41
Any1
(A4ﬁ.ﬂ4ﬁ_1...ﬂfﬂ (

ai

T .
ay ’

(51)

but the determinants of each of the matrices M;
are just unity, as they are all either drifts, lenses
or mirrors, and so the determinant of the product
is unity. But since under linear transformations,
volumes in space transform with the size of the
determinant, the volume is indeed conserved.

Liouville’s Theorem

An interesting and remarkable consequence
of Liouville’s Theorem is the famous repetition
theorem of Poincare. Let us assume we have some
motion in n-dimensional phase space, and let us
assume that we know that the motion is bounded.
Let us further assume that the motion obeys Liou-
ville’s Theorem, which as we shall later see is the
case for all Hamiltonian systems, and let the mo-
tion be deterministic. Then Poincare’s repetition
theorem states that for any given ¢, the system af-
ter sufficient time comes back to its original state
within a tolerance of at most ¢.

Before we illustrate the proof of Poincare’s
theorem, let us illustrate some of its consequences.
Consider for example a box with classical gas par-
ticles that are initially all located in one side of the
box and kept there by a wall. After the wall is re-
moved, the gas particles will distribute in the box
evenly, as we expect from classical statistical me-
chanics, increasing their entropy. But their phase
space is bounded: the positions cannot leave the
box, and each particle’s momentum is limited by
the total heat energy contained in the box.

But as time progresses, according to
Poincare, they will at one time in the future
just recollect on one side of the box; and by re-
inserting the wall, they will be caught again on
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one side, in crass contradiction to the entropy
principle.

Poincare’s Repetition Theorem

Other examples abound: if we have a particle
beam in an accelerator that we know is stable, it
will eventually come back as close as we want in
phase space - an effect that is actually observed
somewhat routinely in tracking pictures. Even for
our daily life, there are important consequences:
if the universe is Hamiltonian and doesn’t expand
indefinitely, then up to minute details, history will
keep repeating itself; we will all be born again,
and we will all make the same mistakes all over;
but since now we can’t remember anything about
our past life, also next time we won’t remember
our current life ...

Now for the sketch of the proof of the repeti-
tion theorem: Let an € be given, and consider an
e-ball with volume Ve in phase space. Consider
its motion by regular time steps At. Since the
total available phase space volume is finite, say
V,, after at most V},/Ve time steps, the image of
the ball must reach a part of phase space it has
touched before, i.e. it must overlap a previous im-
age of the ball. Let us assume this happens after
N steps, and let us assume that the previous im-
age is that after n steps, with n < N. But if the

images after n steps I,, and after IV steps Iy over-
lap, so must the images after (n — 1) and (N —1)
steps, respectively; and continuing backwards, so
must the images after 0 and (N —n) steps; hence
after (IV — n) steps, we touch the original e-ball
again.

C. Special Optical Systems

In this section we want to apply the matrix
techniques to the study of certain special cate-
gories of systems. In particular, we associate cer-
tain fundamental properties of systems with prop-
erties of the matrix. We begin with the imaging
systems.

1. Imaging (Point-to-Point, - -) Systems

Imaging systems are perhaps the most im-
portant systems in optics, and they deserve some
special attention. Suppose we study the action
of a slide projector. At one end of the projec-
tor, light is sent through the slide. Suppose the
slide shows a tree in the fall with one last green
leaf. The image of this tree is to appear on the
screen, and the green leaf is to appear at one par-
ticular location. This requires that all light going
through the green spot on the slide in various di-
rections has to be re-united at one spot on the
screen.

\er
I

Camera
lens

This means that the final position of a ray is
independent of its initial angle and only depends
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on the initial position. In terms of transfer ma-

trices
M= (

this means that the element (x | m) has to vanish.
Obviously the element (x,x) also has an impor-
tant interpretation: it is the magnification of the
system.

(@]2) (x|m)
( ) (52)

(m|z) (m[m)

Besides the case of the slide projector, many
other devices use imaging. They include the cam-
era, the overhead projector, the eye, the photo-
graphic microscope, the electron microscope, as
well as particle spectrographs.

It is worthwhile to study how imaging sys-
tems can be made. First of all we observe that a
drift is imaging if and only if / = 0, a rather bor-
ing choice. A single lens is also always imaging as
long as there are no drifts before and after, but
that is another boring choice. The first interest-
ing imaging system is the DLD system, consisting
of a drift, a lens, and another drift. The transfer
matrix of the DLD system is given by
1 Iy 1 0
v (o) () o )e

1 4
0 1

o 1 lg 1 ll

=0 )5 0) e
—L i+l bk

(H ) e

If such a system is supposed to be imaging, we
have to satisfy (z,m) =0, or l; + 1y — 113/ f =0,
which is equivalent to

1 1 1

I + L7 (56)
This is another important result of conventional
optics, which here is obtained in an almost trivial
way. If the DLD system is actually imaging. In
this case, the magnification is given by (z,x) and
hence has the value 1 — o/ f = =l /1;.
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This principle is used in several different de-
vices. In the slide projector, [; is very small and
ly is very large, providing a large magnification.
Probably the most important imaging system is
the eye. Here the situation is just the opposite:
[y is large and [, is small, allowing for large things
to be mapped on the small retina of the eye.

It is interesting to study the combination of
two imaging systems:

(ol s )
(el o)
(@ | 2ol | 292

(m|x) (m|m)
( (m | z)2(z | 2)1 + (m | m)2(m | z),

0
(m. | m)a(m. | m)y ) (57)

As is to be expected, the total system is again
imaging, and the magnification is just the product
of the individual magnifications.

2. Parallel-to-Point (|| -) Systems

As we saw above, the human eye observing
a nearby object is one of the prime examples of
an imaging system. But what happens if the eye
looks at things farther and farther away, in partic-
ular at the stars, a pastime of the human race and
scientists for eternity? The length of the first drift
l; becomes larger and larger, and for all practical
purposes the light coming from one star reaches
the eye as a parallel bundle. So what the eye is to
interpret now is the angle under which the light
comes in, and hence the position on the retina
should depend only on the initial angle, but not
on the initial position at which the light strikes
the eye.



This requires that (z|z) = 0. If we look at
the eye as a DLD system, this requires 1 — I/ f =
0 & Iy = f, l; arbitrary. Thus the retina has to
be exactly at the focal length; almost as impor-
tant is that the distance to the object is arbitrary
since we cannot change our distance to the stars
significantly. Another important parallel-to-point
system is the photographic camera.

3. Point-to-Parallel (- ||) Systems

Another important class of systems is the
point to parallel systems. In point to parallel sys-
tems, the final slope does depend only on the ini-
tial position, but not on the initial slope. So we
have (m|m) = 0.

Examples include the flashlight, the micro-
scope, and the SDI Transport over long distances.
As an example, let us try to achieve a point-to-
parallel system with a DLD combination. We ob-
tain

1—ll/f:00rl1:f,

as we may have expected. Note there is no con-
dition on ly,which is fairly important for the op-
eration of a microscope as it allows the observer
to move his eyes.

(58)

From the transfer matrices, it follows rather
directly that the combination of a point to parallel
and a parallel to point system forms a point to

point system. Using the relaxed eye as the parallel
to point system, we can thus build a microscope
by putting a suitable point to parallel system in
front of the eye. It is interesting to see how the
lengths in a point to parallel system have to be
chosen; we obtain (m/m)=0<1-1/f=0<
ly = f, Iy arbitrary. The first part is as expected;
the latter part is helpful because it allows the eye
to move with respect to the microscope.

4. Parallel-to-Parallel (|| ||) Systems

The final important system is the parallel to
parallel system. By putting it between the eye
and the stars, a magnification of angles can be
achieved. This is the principle of the telescope.

—

The system has to be such that the final slope
depends on the initial slope, but not on the initial
x, which requires (m|x) = 0. The magnification
is given by (m,m). If we try to achieve this with
a DLD system, then we have to satisfy —1/f = 0,
which is impossible. This entails that a telescope
has to contain at least two lenses.

J

So let us consider an LDL system; we have

1 0 11 1 0
v ()G (5
-5 1 01 -5 1
1-+ l >
= h (60)
11 l !
(—E—ﬁ+m -7
and thus we have to satisfy
1 1 l
————+——=0o0rl=fi+ fs, 61
nh Tk Ath (61
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which is actually a well-known condition for New-
tonian or Galilean telescopes. The magnification
of the telescope is given by

l 1 J1
=l-—=1-—=(i+fo)=—F;

AR AL
thus to obtain large magnification requires f; >
f2. Since there is a limit on how short f> can be, it
is thus necessary to make f; large, which entails
the rather large size telescopes usually have.

(m, m)

5. Combination Systems

Often the question arises to what extent it
is possible to simultaneously satisfy the require-
ments for the above systems. To some extent this
is possible, but the fact that the determinant of
the total system has to be unity imposes some
restrictions. A closer look shows that

1. eeand |||| is possible: (z |m) = (m |z) =0
2. ||eand e ||is possible: (z | x) = (m | m) =0

All other cases are impossible because they
would require a zero determinant.

Another important question is what happens
when two systems satisfying certain properties are
combined into one system; for example, we al-
ready saw in eq. (57) that two point-to-point sys-
tems placed behind each other again produce a
point-to-point system. A more detailed analysis
shows that of the sixteen cases describing com-
binations of two systems, eight lead to another
special system

oo + oo = oo, | + | = I
oo + of = of [ + fJo=]|e
off + lle = o0 Jlo+ of = |
ol £ Il = ol , e + o0 = |eo

(62)
The entries in the table are easy to memorize
because it contains just those combinations for
which the second symbol of the first system equals

the first symbol of the second system, and the fi-
nal result is obtained by ”dropping” the two iden-
tical symbols. So in compact notation, we have:

It A,B,C € f{o, |}, then

AB+BC = AC. (63)

V. Fields and Potentials

For the study of transfer maps of particle op-
tical systems, it is first necessary to undertake a
classification of the possible fields that can occur.
All fields are governed by Maxwell’s equations,
which in SI units have the form

divB = 0 (64)
. . 8D
1H = j+—
cur Jj+ T (65)
divD = p (66)
. 0B
l1E = —— 67
cur T (67)

In the case of particle optics, we are mostly
interested in cases in which there are no sources
of the fields in the region where the beam is lo-
cated, and so in this region we have p = 0 and
f: 0. Of course any beam that is present would
represent a p and a j’, but these effects are usually
considered separately.

In the following, we want to restrict ourselves
to time-independent situations, and neglect the
treatment of elements with quickly varying fields
including cavities. This limitation in very good
approximation also includes slowly time-varying
fields like the magnetic fields that are increased
during the ramping of a synchrotron. In this case,
Maxwell’s equations simplify to

div B
divD = (68)

where B = woH and D = 50? Beca;use of
the vanishing curl, we infer that B and E have
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scalar potentials Vz and Vg such that

E=—-VVgand B=-VVp (69)

Note that here even the magnetic field is de-
scribed by a scalar potential, and not by the vec-
tor potential A that always exist. From the first
and third equations, we infer that both scalar po-
tentials Vg and Vg satisfy Laplace’s equation, and
we thus have

AVpp =0. (70)

In order to study the solutions of Laplace’s equa-
tions for the electric and magnetic scalar poten-
tials, we will proceed for two special cases, each
of which will be treated in a coordinate system
most suitable for the problem.

A. Fields with Straight Reference
Orbit

The first major case of systems is those that
have a straight reference orbit. In this case, there
is no need to distinguish between particle opti-
cal coordinates and Cartesian coordinates, and in
particular there is no need to transform Laplace’s
equation to a new set of coordinates. Many el-
ements with a straight reference orbit possess a
certain rotational symmetry around the axis of
the reference orbit, and it is most advantageous
to describe the potential in cylindrical coordi-
nates with a 7z axis” that coincides with the ref-
erence orbit. We first begin by expanding the
r and ¢ components of the potential in Taylor-
and Fourier series, respectively; the dependence
on the cylindrical ”z” coordinate, which here co-
incides with the particle optical coordinate s, is
not expanded. So we have

V= Z Z My (s) cos (g + Oy,) r* (71)

k=0 1=0

In cylindrical coordinates, the Laplacian has the
form

LoV
0s?

1 9%V

r2 0¢?

AV = =0; (72)

10 (roV n
ror \ Or
inserting the Fourier-Taylor expansion of the po-
tential, we obtain

r@V)
+

Z Mk,l COS (lgb + 01@,1) k??“k}

19V i

AV = gt

=0

o0

+ZZM,;’Z(S)COS<z¢+9M)r'€
k=0 [=0
= ZZMleOS(l¢+9kl)k2 k=2

k=1 1=0

— Z Z My cos (I + Op) IPrF =2 +

k=0 1=0

—l—ZZM,Z 91 (8)cos (Ig + Ok 1) T k=2
k=2 1=0

Now we note that in the first term, it is possi-
ble to let the sum start at £k = 0 since there is
no contribution anyway because of the factor k2.
Furthermore, using the convention that the co-
efficient My (s) vanish for negative indices, we

obtain
AV = Z } rk=2
(73)

k,1=0
We begin the analysis by studying the case
k = 0. Apparently My, and 6y can be cho-
sen freely because the factor (k% — [2) vanishes.
Furthermore, since M, _,, (s) vanishes for all [
because of the convention regarding negative in-
dices, we infer My; =0 for [ > 1.

{ Mkl COS (lgb—i—gkl) (k2 —12)
+M, g, () cos (I + Oxa,)
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By induction over k, we now show that
My(s) = 0 for all cases where k& < [. Appar-
ently the statement is true for £ = 0. Now let us
assume that the statement is true up to k£ — 1. If
k <1, also k —2 < [, and thus M,_,,(s) = 0.
Since (k* — 1?) # 0 and cos (I¢ + 0y;) # 0 for
some ¢ because [ # 0, this requires M, (s) =0
for £ < [. Thus the infinite matrix M}, is strictly
lower triangular.

We now study the situation for different val-
ues of [. We first notice that for all [, the choices
of
(74)

(
because M, ,,(s) = 0 by the previous observa-
tion, and (k* — [?) = 0 because k = [. Next we
observe that the value M;;;,;(s) must vanish, be-
cause (k* — %) # 0, but M,";,(s) = 0 because
of the lower triangularity. Recursively we even
obtain that

M;,(s) and 6, are free

Myi14(8), Myy3,4(8), ... vanish. (75)
On the other hand, for k = [ 4 2, we obtain that
0421 = 011, and M4 2,(s) is uniquely specified by
M, ,(s). Applying recursion, we see that in general

95,1 = 9z+2,l, 91—1—4,1» ... and
Ml(l%)(S)
Miioni(s) = —~ ’
’ [T (0 = (1 +2v)%)

Let us now proceed with the physical inter-
pretation of the result. The number [ is called the
multipole order, as it describes how many oscil-
lations the field will experience in one 27 sweep of
¢. The free term M;;(s) is called the multipole
strength, and the term 6;; is called the multi-
pole phase. Apparently, frequency [ and ra-
dial power £ are coupled: The lowest order in
r that appears is [, and if the multipole strength
is s-dependent, also the powers [ +2, [+4, ... will
appear.

- (76)

For a multipole of order [/, the potential has
a total of 2/ maxima and minima, and is so often

called a 2l-pole. Often Latin names are used
for the 2 poles, and we have the following table:

) Leading Term in V Name

0 Mo o(s) cos (0pp)

1 M a(s)cos(¢p+011)r Dipole

2 M, 5(s) cos (2¢ + Oa5) 12 Quadrupole
3 Ms;3(s) cos (3¢ + 033) r® Sextupole

4 My a(s) cos (4 + Oa4) r* Octupole

5 Mz 5(s) cos (5 + 055) 1° Decapole

In many cases it is very important to study
the Cartesian (and hence also particle optical)
form of the fields of the elements. The case k =1
with V' = M, ; cos (¢ + 611) r is quite trivial; for

02 = O,we obtain V' = M;, - x, correspond-
ing to a uniform field in z-direction, and for an-
other important sub-case 05 = —7/2, we obtain

V = M, -y, a uniform field in y-direction. In
both of these cases, the reference orbit is indeed
a straight line only in the limit of weak fields.

The case &k = 2 has V =
My 5 cos (2¢ + 092) 2. Particularly —impor-
tant in practice will be the sub-cases #55 = 0 and
Os2 = —7/2. In the first case, we get

V = Myscos(2¢)1?
= My (cos2 ¢ — sin? (;5) r?

= My (x2 — yz) , (77)

and in the second case we have
V = Myycos(2¢ —7/2)r?
= MQ’Q sin (2¢) 7"2
= My (2sin ¢ cos ¢) r?
= M272 (2£L'y)

(78)

(79)

All other angles 55 lead to formulas that are more
complicated; they can be obtained from the ones
here by subjecting the x,y coordinates to a suit-
able rotation. This again leads to terms of purely
second order.

Because the potential is quadratic, the result-
ing fields E or B are linear. Indeed, the quadru-
pole is the only s-independent element that
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leads to linear motion similar to that in glass
optics, and thus has great importance. In the
electric case, one usually chooses 65 = 0, result-
ing in the fields

E:L« = —2M2,2'l’ (80)
Ey = 2M272 Yy (81)

So different from the case of glass optics, it turns
out that the motion cannot be rotationally
symmetric anymore: if there is focusing in the
x-direction, there is defocusing in the y-direction,
and vice versa! This effect, completely due to
Maxwell’s equations, turns out to be perhaps the
biggest "nuisance” in beam physics: if one uses
piecewise s-independent particle optical elements,
the horizontal and vertical planes are always
different from each other.

To make an electrostatic device that pro-
duces a quadrupole field, it is best to carve the
electrodes along the equipotential surfaces, and
utilize the fact that if ”enough” boundary con-
ditions are specified, the field is uniquely deter-
mined, and must hence be as specified by the for-
mula used to determine the equipotential surfaces
in the first place. So in practice, the electrodes of
an electric quadrupole often look as shown in the
picture.

YA -

AN

X Y

In the magnetic case one indeed chooses

09 = —m/2, resulting in
By = —2M22 -, (83)

and looking at the Lorentz forces that a parti-
cle moving mostly in s-direction experiences, we
again see that if there is focusing in z-direction,
there is defocusing in y-direction and vice versa.

To study higher orders in k, let us consider
the case k = 3. For 0335 = 0, we obtain

V = M;szcos(3¢) 71
= Mj3 (cos ¢ cos 2¢ — sin ¢ sin 2¢) r*
= M3 (xr2 cos 2¢ — yr? sin 2¢))
= M;s3 {x (x2 — y2) — 2xy2}

My (2* — 3zy?) . (84)

In this case, the resulting forces are quadratic,
and are thus not suitable for the affecting the lin-
ear motion; but we shall see later that they are
indeed very convenient for the correction of non-
linear motion, and they even have the nice fea-
ture of having no influence on the linear part
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of the motion! Another important case for 653
is 33 = —m/2, in which case one can perform a
similar argument and again obtain cubic depen-
dencies on the position.

For all the higher values of 1, correspond-
ing to octupoles, decapoles, duodecapoles etc, the
procedure is very similar. We begin with the
addition theorem for cos(l¢) or sin(l¢), and by
induction we see that each of which consists of
terms that have a product of precisely [ cosines
and sines. Since each of these terms is multiplied
with 7!, each cosine multiplied with one r trans-
lates into an z, and each sine multiplied with one
r translates into a y; the end result is always a
polynomial in x and y of exact order /.

Because of their nonlinear field dependence,
these elements will prove to have no effect on the
motion up order [ —1,and thus allow to selectively
influence the higher orders of the motion without
affecting the lower orders. And if it is the crux
of particle optical motion that the horizontal and
vertical linear motion cannot be affected simul-
taneously, it is its blessing that the nonlinear
effects can be corrected order-by-order.

In the case there is no s-dependence, the po-
tential terms that we have derived are the only
ones; under the presence of s-dependence,
as shown in eq. (76), to the given angular de-
pendence there are higher order terms in r, the
strengths of which are given by the s-derivatives
of the multipole strength M;;. The computation
of their Cartesian form is very easy once the
Cartesian form of the leading term is known, be-
cause each additional term just differs by the pre-
vious one just by the factor of 72 = (22 + ¢/?).

In practice, of course, s-dependence is un-
avoidable: the field of any particle optical element
has to begin and end somewhere, and it usually
does this by rising and falling gently with s, entail-
ing s-dependence. This actually entails another
crux of particle optics: even the quadrupoles, the
”linear” elements, have nonlinear effects
at their edges, requiring higher order correction.

The corrective elements in turn have higher order
edge effects, possibly requiring even higher order
correction, etc.

AT ™

»
»

S

fringe field

fringe field

While without s-dependence, the case | = 0
corresponding to full rotational symmetry was not
very interesting, if we consider s-dependence, it
actually offers a remarkably useful effect. While
there is no r-dependence in the leading term, the
contributions through the derivatives of My (s)
entail terms with an r-dependence of the form
r2 r4, ... Of these, the r? terms will indeed pro-
duce linear, rotationally symmetric fields,
similar to those in the glass lens. Unfortunately,
in practice these fields are restricted to the en-
trance and exit fringe field regions and are com-
paratively weak; furthermore, there are usually
quite large nonlinearities, and altogether these de-
vices are usually used mostly for low-energy, small
emittance beams, like those found in electron mi-
CTOSCOPES.
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V=M, A

{ﬁ} marked parts have the strongest effect
of rotational invariance

B. Fields with Planar Reference

Orbit

In the case of the straight reference orbit, we
saw that Maxwell’s equations entail a very clean
connection between rotational symmetry and ra-
dial potential. As one may expect, in the case of a
non-straight reference orbit, this is no longer the
case; in this situation, Maxwell’s equations have
a rather different but not less interesting conse-
quence as long as we restrict ourselves to the case
in which the reference orbit stays in one plane.

As it turns out, in this case the arguments
to express the Laplacian in the new coordinates
is similar to that in cylindrical coordinates. Let
us assume that the motion of the reference parti-
cle is in a plane, and that all orbits that are on
this plane stay in it. Let R(s) be the momentary
radius of curvature as shown in the picture.

Bending Magnet

&

Then we have a situation very similar to

cylindrical coordinates r, ¢, z centered around the
momentary origin of R(s). In fact, setting h(s) =
1/R(s), the particle optical coordinates s, z, y cor-
respond to the cylindrical ones in the following
way:

VAR o d y
r e (1+h)- R(s)
° R

As we recall from the previous section, in cylin-
drical coordinates the Laplacian had the form

< 8V) 10 (18V> 02V
r~— |+ -%5T
or

rdg \r d¢ 022
So we may expect that in particle optical coordi-
nates, we in fact have

_19

T ror

AV

AV =

1 0 oV
1+m%0“ﬁﬂa>
1

1o 1 v
14+ hxds \1+ hz Os

(85)

A careful analysis based on the chain rule and de-
termining the proper Jacobian reveals that this
is indeed the case; the calculations are rather me-
chanical, but very involved and rather boring, and
we skip them for the purposes of these lectures.

For the potential, we again make an expan-
sion in transversal coordinates, and leave the lon-
gitudinal coordinates unexpanded. Since we are
working now with z and y, both expansions are
Taylor, and we have

.Tkyl
Z Clk,l (S) W

0 =

o0 o0
V =

k=0 1=0
This expansion now has to be inserted into the

Laplacian in particle optical coordinates. Besides
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the mere differentiation, we also have to Taylor
expand 1/(1+ha) = 1 — (ha)+ (ha)? — (ha)® +. ..
After gathering like terms and heavy arithmetic,
and again using the convention that coefficients
with negative indices are assumed to vanish, we
obtain the recursion relation

Akl+2 = _a;;,l - kha;fl,l
+kh,a’;c—1,l — Qjy2y]
- (v?)k —+ 1) hakﬂ,l
—3khay_1,42
—k (3](3 — 1) hQCLk,l
-3k (k - 1) h2ak,27l+2
—k(k—1)*RPap_1,
—k(k—1)(k—2)Rh*ax_3,.2 (86)

Although admittedly horrible and unpleasant, the
formula apparently has the coefficient of highest
total order k£ + [ + 2 on the left hand side, and
thus recursively allows the calculation of coeffi-
cients. Indeed, the terms ayg (s),ax1 (s) can be
chosen freely, and all others are uniquely deter-
mined through them.

To study the significance of the free terms,
let us consider the electric and magnetic case
separately. In the electric case, in order to as-
sure that orbits that were in the plane stay there,
there must not be any field components in the
y-direction in the plane corresponding to y = 0.

Computing the gradient of the potential, we have
k-1
Ex(,ﬁl?,y:()) = —Zak70(l€_1)|
k
2k
By (z,y=0) = _Zak,ly =0

and looking at E,,we conclude that a,; =
0 for all k. So the terms ayo alone specify the
field. Looking at FE,,we see that these are just
the coefficients that specify the field within the
plane, and so the planar field determines the

entire field. Furthermore, looking at the details
of the recursion relation, it becomes apparent that
all second indices are either [ or [+ 2. This entails
that as long as aj; terms do not appear, also ay 3,
a5,... terms do not appear. Indeed, the resulting
potential is fully symmetric around the plane, and
the resulting field lines above and below the plane
are mirror images.

In the magnetic field, the argument is rather
similar: considering the fields in the plane, we
have

In order for particles in the midplane to stay
there, we must have that B, vanishes in the mid-
plane, which entails a;yo = 0. So in the mag-
netic case, the coefficients ay, ; specify everything.
These coefficients, however, again describe the
shape of the field in plane, and so again the pla-
nar field determines the entire field. In the
magnetic case, the potential is fully antisymmet-
ric around the plane, and again the resulting field
lines are mirror images of each other.

VI. The Equations of Motion in

Curvilinear Coordinates

There are a variety of methods to derive
the equation of motion in curvilinear coordinates
with the arclength s as the independent variable.
Perhaps the most sophisticated and appealing of
them is in the Lagrangian picture, in which one
first expresses Cartesian variables by curvilinear
coordinates and re-writes the Lagrangian. Then
one proceeds to the Hamiltonian through a Legen-
dre transformation. In the Hamiltonian picture,
it is then possible to perform a change of inde-

29



pendent variable from ¢ to s while maintaining
the Hamiltonian structure.

While very illuminating, the Lagrangian-
Hamiltonian mechanism is too involved for
our purposes and the limited amount of time
we have, and we thus follow a more straightfor-
ward, classical way. For simplicity, we also re-
strict ourselves in that the reference orbit is al-
lowed to bend in only one plane. As a function
of the arclength s, we first define the momentary
curvature of the reference orbit as h(s). If the
curvature is nonzero, the radius of curvature is
then given by R(s) = 1/h(s). We begin by study-
ing the bend angle that the reference orbit expe-
riences as we move from position sy to position s.

‘We have

o= o [y o

Let us remind ourselves that in Cartesian coordi-
nates, the equations of motion have the Lorentz
form

(87)

(88)

Note that in the second equation, we have ex-
pressed the velocity-dependent terms purely in
terms of p, as we want to maintain only one mo-
mentum or velocity component. For the purpose
of our derivation, we re-write the equations as an
integral equation:

t(s)

As) = flso) + /t( Far

— o)+ [ Fle)tas

0

where we have used t = dt/ds, and it is worth-
while to remind ourselves that force F'(s) still

depends on both # and p. As we have pro-
gressed from sy to s, the orientation of our lo-
cally attached particle optical coordinate system
has changed, it was rotated by the angle « of eq.
(87). So in the new local coordinates, we have

cos fsso h 0 sin fsz h
0 1 0

—sinfssoh 0 cosfssoh
: (ﬁ<sO> - / ﬁ(@)t’d@) :

the matrix will be denoted by M (s). Differentiat-
ing with respect to s , and evaluating at s = s
allows us to conveniently obtain the rate of change
of the momentum p;, and we obtain

(90)

Note that the first resulting term depends on the
actual forces and the factor ¢’ accounts for the
fact that we went to s as an independent vari-
able. The second term is a pseudo force due to
the fact that we are located in a rotating frame.
Indeed, for h = 0, we obtain the conventional re-
sult. We also note in passing that if we were to
allow out-of-plane motion of the reference orbit,
then the matrix M would depend on two curva-
tures. Unfortunately, in this case an additional
complication arises from the fact that rotations
around different axes don’t generally commute.
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Next we make an observation regarding the
rate of change at which distances are covered at
different positions z. Looking at the picture, we
observe

4t = ijT:l—i-hzls
ds T

%
ds

d .
& 1+ o)z

= (1+ hx) ¥ 0.

(92)

Similarly we obtain

dy _

(1+ ha) 22,

7 0. (93)

and for the time of flight:

dt 1 [[(dz\*> [(dy\® [dI\?
— = /=) + (=) +(=—]) =
ds v ds ds ds
:+ D
(1—l—hx)1/1—|—pp2py:

p
1+ hx) —
( )ps

(94)

Sl S|

where p = | /p2 + p; + p? has been used.
Altogether, we have so far obtained the equa-
tions of motion in local coordinates with s as the
independent variable. From there to the parti-
cle optical variables only a small step is left. We

remind ourselves that the particle optical coordi-
nates are

T a = px/po
y b = py/po (95)

where pg is a fixed momentum and Fy and %, are
energy and time of flight of the reference particle,
and F is the total (kinetic plus potential) energy
of the particle under consideration. In order to
study relativistic effects, it will turn out to be ad-
vantageous to introduce the relativistic measure

E—eV(x,y,s)
mc?

the ratio of kinetic to rest mass energy. Obviously,

we have

, (96)

’]’]:

= =147 (97)

c2

fy:

and we also have

()

_ 2z VnEtn) (98)
(1+n)* L+
P muy v
mc mc C

As a first step, we express the rate of change of
the particle optical variable [ in terms of particle
optical quantities. We obtain

/ dl

k k
— (14 ho) BB E
Do VU Ps Vo
]Cpo k
= (14+hx)(1+ —— - —
( ) m e
= 1+h ——1;— 100
{( )1+T/0ps Vo ( )
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where we have used the following relations:

/ 1 1
o= [Fa+m) ] ==
v Ps]og Vo

p

2 = 1 .

» (L+mn)-m
_0 — (1+7]0)m0
Vo

Next we obtain for the positions

bpo _
Ds p2_

Because we always have @/ || p, it follows that
2= %,and altogether

ds pojpojpo

_t i =
= zeB 4 zel X B (14 hx)—
Do v Ds

h (p—o _&)
Po Po

E ! 5 B
- (1+ﬂ)+£x—(1+hx)@
XeO k Do XmO Ds

+h (&7 07 _&) )
Po Po

where the following abbreviations have been used:

(101)

Po
o = D 102
Xm0 e ( )
Xeo = 20 (103)
ze

The quantities x,, and y. are called the magnetic
and electric rigidity, respectively; they describe
directly to what extent the magnetic and electric
fields influence the geometric motion of the par-
ticles. Continuing from eq. (101) we have

—

E 1
— By hay R0

Xe0 1 + Mo Pz

n (sz ~Pp P2p B, aB, - sz)

Do Po
1 . .
B +ha)+h (p—,o,—p—) .
Pz Xmo Po Po

Finally, we consider the change of the last vari-
able in the particle optical coordinates, 0. Since
it measures the deviations of kinetic and poten-
tial energies, as long as there is conservation of
energy, we have ¢’ = 0. This is of course the case
in all time-independent cases; in cavities, the sit-
uation is a little different, but we don’t concern
us here with this case.

Now we merely observe that p/p, =
(a,b,ps/po), and obtain the equations of motion
in particle optical coordinates:

r = a(l+ha)2 (104)
y = b(l+ hx)? (105)
' 1+1 po } k
[ = 1+ hx ——1%— 106
{( ) L+ n0 ps Vg (106)
) [1 E, B, B
§ = |t APo e BP0 —y} (107)
_1 + Tlo Ps Xe0 Xm0 Ps Xm0
(14 ha) + hE2
Po
/ [1 E B, B,
b = ﬁ@—y—i———a—@](-m&
_1 + Mo Ps Xe0 Xm0 Xm0 Ps
(1 + ha) (109)
5 =0 (110)
where the abbreviations
E—
p = Z2V@Y) oy (111)
me
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M

P _ (_"<2+"> m?
Ds 1o (2 4+ o)
have been used.

(112)

—az—b2>

A careful analysis of the equations of motion
reveals that indeed if all the particle optical coor-
dinates are small, so are their derivatives defined
through the equations of motion; indeed, the sys-
tem is weakly nonlinear. Furthermore, one can
show that the system is even Hamiltonian; but
for lack of time, we do not concern ourselves here
with the development of the Hamiltonian func-
tion.

2
my

VII. The Linearization of the

Equations of Motion

In order to develop a matrix theory of parti-
cle optics similar to the Gaussian theory in glass
optics, we have to linearize the equations of mo-
tion. This is procedure is rather similar to other
linearizations in Physics, in particular it is very
similar to the study of so-called ”small oscilla-
tions” in Mechanics. Since the solutions of linear
systems depend linearly on the initial conditions,
indeed the resulting transfer maps will be linear
as needed.

We begin the actual process of linearization
with the linearization of the fields, which corre-
sponds to quadratic potentials. In the electric
case, let us assume that there is no potential on
axis, i.e. app = 0, and that in the midplane, we
have

E,=—FEy-(1+n.x). (113)
Because of the recursion relation for fields, we ob-
tain an out-of-plane expansion of

E,=FE;-(h+n.)y

as well as a potential

(114)

1
V(l’, y) = EJSO -T+ §Ex0(nex2 - (h + ne) y2);
(115)

which is chosen in such a way as to vanish on
the reference orbit. In the magnetic case, let the
midplane field be given by

B, = By - (1 + np); (116)

due to the recursion relation, we must then have

B, = Byo- muy. (117)

Before we even discuss linearization, let us con-
sider the ”zeroth order” of the motion: if the sys-
tem is supposed to be origin preserving, then we
must have from the equations of motion for a’ that

E,
Xe0

B,

Xmo

=, (118)

which in a natural and expected way couples the
constant parts of the fields with the curvature of
the reference orbit. Now we begin our process of
linearization. It is easy to see that

¥ = a (119)
y = b (120)

We also obtain

T "0 (146—SE,r)
o m

and after more complicated expansions

1+n Mo ze

= 1+ 0 — E.ox
L +mno T+m (T+ng)me ™
2+ Mo ze

= 1+ 0 — E.ox
2+ 24  (2+m)me "

Similarly, we obtain

T+
2+

Pz
Po

1 ze
——xE, -
y "o <S+ (2+770)m02>

=1+ 5
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where the abbreviation & =5 = mc2 has been
used. After lengthy similar arguments we also
conclude

I :1{

as well as

1
ha — (1+770)(2+770)5 } ﬁ (121)

T E0rS mrarm | Yo

1 E, 1
a/ — {h + 770 _ 0 } 5 .
241  Xeo (14+m0) (24 m0)
h2 — %ne + %HB
2420+
—o | R B (122)
L
' E, B,
. (h+ne)y + —ynby (123)
Xe0 Xm0

Now that the equations of motion have been lin-
earized, they have to be studied for a variety of
different cases. We begin with the simplest case:

A. The Drift

In this case, the linearized equations of mo-
tion have the form

!

X = a
y’ = b
a = 0
b = 0
ook ! b
vo (1 +10) (2 + o)
5 =0 (124)

where of course only the last equation is of any
real interest. These equations are trivial to inte-
grate, and we obtain

x; + ail

mf:
Yyr =

k [

;= —— §+1;
f Vg (1+770) (2+770)

af = a;

5 = 6

which can be written in matrix form as

Tf 170000 T
ar 01 00O0TO a;
yr | | 001 1 0 0 Yi
by 00010 O0 b;
Ly 00 001D l;
Of 000O0O0 1 0;
where D = — W has been used.

B. The Electric Quadrupole with-
out Fringe Field

More interesting is the case of the electric
quadrupole. To remind ourselves, we have

V. = Mycos(29)r® = My (2° — y?)
and B, = —2Msox , B, = 2Ms5y

The equations of motion have the form

T a
=D
’ 2M272
a = —x
Xe0
/ 2M-
b=y 2,2
Xe0
/ k 1
A 5
Vg (1 + 770) (2 + 770)
5 =0 (125)

Apparently we have sine-cosine solutions in
the horizontal plane, and sinh-cosh solutions in

the vertical plane. Calling w = /2M52/Xc0, We

obtain as the solution
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([ xf = x;coswl + ai%
ay = —wr;sinwl + a; coswL
y; = y; coshwl + b; ek

by = wy;sinhwL + b; coshwl -

-k 1 .
Iy = V0 (1+170)(2+770)5L+ll
\ 6f = 0;
Using the abbreviations ¢, = cos(wl), s, =

sin(wL)/w, ¢, = cosh(wL), s, = sinh(wL)/w as
well as D = —%m, this can be written

in matrix form as

Ty ¢, S, 0 0 0 O T;

ay a st 0 0 0 0 a;

ye | | 0 0 ¢ s, 0 O Yi

by | | 0 0 ¢ s, 00 b;

Ly 0o 0 0 0 1 D l;

Oy 0 0 0 0 0 1 i
(126)

Observe that, as in the case of glass optics,
the determinant is unity. Furthermore, note that
it My < 0, w is imaginary. In this case, the z-
and y-planes exchange their roles, the quadrupole
becomes focusing in the vertical direction and de-
focusing in the horizontal direction.

It is also worthwhile to briefly touch the case
of fringe fields. In this case, M52 changes as func-
tion of s. The resulting ODE is still linear, which
entails that the result can be written in matrix
form, but in most cases is impossible to solve it
analytically.

C. The Magnetic Quadrupole
without Fringe Field

In the case of the magnetic quadrupole, we
have

V = _2M2’2.r Y
Bz = 2M2’2y
By = 2M27213

which results in the linear equations

!

T =
y = b

’ 2M272
a = ——=x

Xm0

, 2M.

yo_ 22,
Xm0

, k 1

A 5
Vg (1 + 770) (2 + 770)

y =0 (127)

Similar to before, we introduce w =

\/2Ms5/Xmo,and the resulting transfer matrix is
the same as in the case of the electric quadrupole.

D. The Linear Magnetic Dipole

The next particle optical element we want to
consider is the magnetic dipole, consisting of con-
stant magnetic field in the y-direction. In terms
of the quantities describing the linearized fields,
we have

Byo

Ne =

const, F,g =10

m.=ng=mp =20

Reminding ourselves about magnet design, such a
field can be obtained very schematically with the
following arrangement:

Let us now consider the equations of motion;
we obtain

r = a
"=}
a = —xh®+ (5hﬂ
+ o

b = 0
, k 1
I = — |hx—

Vo (1 +m0) (2 + m0)
5 = 0 (128)
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Figure 2:

First we observe that if we choose h = 0, we ob-
tain @' = 0, and the same situation as in the case
of a drift. But even for the case of h # 0, the mo-
tion of the y-direction behaves simply like a drift,

and we always have
by = b
yr = Yi+bL

where L is the arclength of the dipole.

Next we observe that as always, d stays con-
stant, and hence in the equation for a’ plays the
role of a parameter, making the differential equa-
tion inhomogeneous.. Finally we observe that
since [ does not couple into the horizontal or ver-
tical motion, we can solve the equation for [ after
the horizontal motion is analyzed by a mere inte-
gration.

In order to solve the horizontal part of the
motion, we first solve the homogenous part, which
has the form

r = a

ad = —x-h?
and setting w = h, we obtain as a solution

Ty = xgcoswl + %ao sinwl
= o cos ¢ + Rpagsin ¢

ay = —wwosinwlL + agcoswL
_ 1 :

= —q;Tosin @ + ag cos ¢

where we have used that Ry = 1/h and L/ Ry = ¢.
Altogether, we have a behavior not much different
from a focusing quadrupole. In order to treat the
inhomogeneity, we perform a so-called ” Variation
of the Parameters”, that is we make an Ansatz of
the form

x(s) =T (s) cos ¢ + Roag (s) sin ¢
{ a(s) = —RLOTO (s)sing +ap (s)cos¢

where now the original ”parameters” T, etc. are
viewed as functions of s. Inserting into the ODE,
we obtain the following condition:

! 1 !
Ty (s) cosws + —ag (s)sinws = 0
w
—wfz) sinws + Ez) cosws =

where s = ¢ h;—ﬂ%. Rewriting in matrix form, this
reads

COSwWs To) (O

—wsinws a, ) \x )

Multiplying with the inverse matrix and integrat-
ing, we obtain

o= ([ () )
T, = ——sinws | »ds | + xg
0 w

1
= = (cosws — 1) s+ x0

a, = (/ COS ws %ds) + ag
0

= —sinwsx + aqg
w

So the complete solution of the inhomogeneous
part has the form

Lginws
w
COS WS

v(s) =

= —% cosws — 1 + Zo| cCOSws
2
w

To (s) cos ¢ + Ryt (s) sin ¢

I .
+— |—smws + ag| SInws
w Lw

1
= Xx(Cos P+ —agsin ¢
w

+§ (1 — cos o)
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Ty = Tocos @+ Ryapsin¢
1
—i—Ro(l—cosqﬁ) —H?O(F
"o
af = ——xosin@ + agcose
Ry
—l—smgzﬁ +770
+770

Finally we have to study the case of the time of
flight part, which as we said before can be ob-
tained by mere integration. We have

k[ hx
lf = — { o 1 5 } ds + l()
Yo Jo (1+n0)(2+10)
Rioxo CoS Rio
L o[* +ag sin Rio
= — ds + 1
Vo Jo + (1 — COS - ) ;—i:’]%é 0
1
- (1+770)(2+T)0)5
T Sin Rio °
k —Ryag cos Rio
- l
g 1+_R0 sin Ri %ZO ) Tl
10
+2+770 08 — (1+770)(2+770)58 do
r g Sin Rio 7
k —Rpa (cos |
Vg — Ry sin = o 2—!’177—5
Ltno 1
+2+77 05 — (1+no)(2+no)58 .
[ Zo sin ¢ i
k —Ryay (Cosgb -1) iy
T L —Ry smgb2+{]0 0
S
L 55095 — TEm e 08

As a result, we see that all the final coordinates
indeed depend on all initial coordinates in a linear
fashion, and hence the relationship can be written
in terms of a transfer matrix. The general shape

of this matrix is now

Ty cg; S, 0 0 0 = T;

ar d.os, 00 0 = a;

yr | 0O 01 L OO Y

by | | 0 0 01 00 b;

ly *x % 0 0 1 x l;

Oy 0O 0 0 0 O01 i
(129)
where we have not explicitly filled in the ”*” terms

because of space restrictions.

E. The Inhomogeneous Sector

In the case of an inhomogeneous sector, there
is a magnetic field that is constant in s-direction,
but not constant in the z-direction; it has the

shape
x
By = ByO 1 + ’I’LEO

From the recursion relations for the fields, we infer
that the corresponding horizontal field is

(130)

B, = Byon—— (131)

Ry

In general terms, such a field is obtained by chang-
ing the distance between what generates the fields
(coils or iron) as a function of z,similar to what
is shown below for the case of n < 0.

L
xkk&

weaker field
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The linearized equation of motion has the
form:
= a
, B 1
a = —=u <h2+—y0n> + 0h Rl
Roxm 24+
y =0
, By
= n
ROXm Y
/ k 1
I = — {h:r— 5}
Vo (L +10) (2 + 10)
5 =0 (132)

We observe that the horizontal motion is simi-
lar to the case of the homogeneous dipole, except
that the strength of focusing now also depends
on n, the field inhomogeneity. Different from the
homogeneous dipole, there is now an effect in the
vertical direction, which can be either focusing or
defocusing, depending on the sign of n.

The solution of these equations of motion
proceeds in the same way as before, first solve
the homogeneous system, then address the inho-
mogeneity arising from ¢ via variation of parame-
ters, and finally solve for [ by a mere integration.
In horizontal and vertical directions, the homo-
geneous solution corresponds to harmonic oscilla-
tors with frequencies

Wy = V1 +n;w, = hyv/—n.

An interesting case occurs for n = —1/2, in which
case the magnet focuses x and y completely iden-
tically and represents a nice equivalent of the glass
lens!

(133)

The remainder of the derivation is tedious
algebra, and we will not list the details here.

F. The Inhomogeneous Electric

Deflector

Rather commonly known is the motion of a
particle in an electric capacitor; neglecting fringe
fields, it follows a parabola as shown in the figure.

capacitor

Parabola s-dependent x

For particle optical purposes, such an
arrangement is not particularly suitable for two
reasons: first of all, the reference orbit has a cur-
vature that depends on s, which makes the differ-
ential equations non-autonomous; and secondly,
the potential along the reference orbit changes
with s, which complicates the dynamics. Both
of these problems do not appear if instead of a
straight capacitor, one chooses a curved one in
such a way that the reference orbit is concentric
with the plates, as shown in the figure.

concentric

So far, no assumptions have been made about
the vertical shapes of the electrodes, and in fact a
variety of choices exist. Two common situations
are the cylindrical plates and the spherical plates,
as shown below.

o
@D
®
3

A
v

R0
Nested Cylinders
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In the case of the of the cylindrical field, we
have from Gauss’ law that £ ~ 1/R, which im-

plies the expansion
x
= —F,,[1——= 134
1 0 ( RO) ( )

Ry
and hence corresponds to n = —1 (or n, = —h).

Ex = Lo 0HH———
0 Ro +x
In the spherical case, we have F ~ 1/R? and thus

B ——p (F N _ g (1-2%
T\ Ro+w) T Ry
(135)
and n = —2 (or n = —2h). The solution of

the equations of motion is conceptually identical
to the case of the inhomogeneous magnet, but
practically even more involved, and we forgo it
here for reasons of space.

VIII. Elementary Particle Optical

Devices and Their Maps

A. The Map and its Aberrations

Recall that the transfer map of an optical sys-
tem relates final coordinates to initial coordinates
via

Z = M(%) (136)

where 2 = (x,a,y,b,1,d). In the previous sections,
we were concerned mostly with the linearized part
of the map, which describes the major part of the
motion and which can be described by transfer
matrices. The matrix elements were denoted as
(x,a) etc.

In order to study the effects of the motion
very precisely, it is necessary to also consider
higher order or nonlinear effects. For this purpose
we Taylor expand the map (in a rigorous sense the
question whether the map can actually be Taylor
expanded is rather nontrivial, but we ignore this
here), and use names for the coefficients similar
to what we had for the linear motion. We write

$f — Z (:E|x7,z aia yly bib lZl(SZ&) l,iz aiayiy bib l’il 515
ay = Z (a|$zgC aia yiy biblil 516) xzx aza yzy bzb lzl 516
yr = Z (ylxz al yiy biblil(sch) i iy bib lil 5i5
bf _ Z (b|m’””a a,, by bib lilézé) l’lm azayzy bzb lnéz(S
lf _ Z (l'l’ zy bzblzl 516) .CCzI aza yzy bzb lzl 516
df = Z (5 |z ale g v b h 5’5) e qloy v b (537
where the sums go over all six-tuples
(g, @q, iy, 9, 71,10); for convenience, they are

usually sorted by total order. The Taylor coeffi-
cients belonging to terms of orders two or higher
are usually called aberrations, as they describe
corrections to the linear part of the map that
are usually small if the phase space variables are
small.

B. Symmetries of the Map

In most cases, the freedom of the aberration
coefficients is severely restricted by the presence
of a variety of symmetries. First, in many cases
the motion of one of the variables does not de-
pend on the values of some other variables. For
example, if the motion is time independent, we
have

(k|z'=atay b 1150) = 0 if i; # 0. (138)
Furthermore, in this case we know that the kinetic

plus potential energy of the particle is conserved,
and we have that

(0]...) = 0 except (6|0) = 1. (139)
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1. Horizontal Midplane Symmetry

This symmetry is perhaps the most impor-
tant symmetry in Beam Physics, as it affects al-
most all devices: quadrupoles, higher multipoles,
bending elements, cyclotrons, glass lenses, etc
have it, and so do all their combinations. It says
that motion is always symmetric around the mid-
plane (the x — z plane), and thus behaves like
illustrated in the picture:

YA

So for any orbit, going to the mirror image
along the x — z plane gives another valid orbit.
Considering the phase space vector (z, a,y,b,1,0),
the mirror image is (z,a, —y, —b,1,9). Thus flip-
ping the signs of y;,b; simultaneously flips the
signs of yg, by , but leaves xy,ar, 1y, 0y intact.
Flipping sign of y;, b; simultaneously produces a
sign of (—1)""" in each monomial. So 4, +i, must
be odd for yy, b and 4, + %, must be even for all
others. So we obtain

(x|x’“” alagiv b Jit 51
(a’xiz aiayiv b it 510
(y!:ti” aiayivpiv 1§79
(b|xi$ aiagiv b it 51
(l |z @iy v i1 570
(5’xix aiayivpiv i 570

= 0 for iy + 4 odd
= 0 for iy + 4 odd
= 0 for i, + % even
= 0 for ¢, + ¢ even
= 0 for i, + 4, odd
0 for 4, + 4, od{140)

e’ N N N e N

For the first order matrix, this requires the special
form

(141)

* % O O % ¥
* % O D %k ¥
O O % *x OO
S O % ¥ OO
* %X O O ¥ %
* % O O * ¥

which is of compatible with what we saw before
for the transfer matrices we encountered. Alto-
gether, the symmetry entails that to any given
order, roughly half of all aberrations are gone.

2. Double Midplane Symmetry

Several devices have a midplane symmetry
not only around the horizontal plane, but also
around a vertical plane. This is the case for all
electric cylindrically symmetric devices, as well as
quadrupoles, octupoles, and in general 4%k poles.
In this case, in addition to the requirements we
just had, we obtain a second set in which the roles
of x,a and y, b are interchanged. In this case we
obtain

(z]...) = 0 for i, + 1, odd or i, + i, even
(al...) = 0 for i, + 1, odd or i, + i, even
(y|...) = 0 for i, + 1, even or i, + i, odd
(b|...) = 0 for i, + i, even or i, + i, odd
({...) = 0 for i, + 1, odd or i, + i, even
(0]...) = 0 for i, + i, odd or i, + i, evdn42)

and altogether, about 3/4 of all matrix elements
vanish. To first order, the matrix must have the
special form
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(143)

S OO DO *x ¥
SO OO * ¥
S O % ¥ OO
S O ¥ x O O
x* ¥ O O OO
* ¥ O O OO

which is what we observed in the case of the drift
and the electric and magnetic quadrupoles.

3. Rotational Symmetry

One special case of the double midplane sym-
metry that we just discussed is the full rotational
symmetry that round lenses satisfy. In this case
there is a symmetry going beyond what double
midplane symmetry requires, the map has to be
invariant under a rotation in the x — y plane. Let
the rotation angle be ¢ and denote cos ¢ by ¢ and
cos ¢ by s. Then the matrix describing such a ro-
tation of the particle optical variables is

¢c 0 s 0 0 0
0 c 0 s 0 0
—-s 0 ¢ 0 0 0
k= 0 —s 0 ¢ O 0 (144)
0O 0 0 O 1 0
0O 0 0 0 0 1

and we must have that the transfer map satisfies

MoR=RoM (145)

In the variables we are currently using, the study
of the influence of the rotation on the map is
somewhat cumbersome, and for this purpose it
is actually better to choose complex coordinates

z = xz+y

a+ b (146)

w =
as well as their complex conjugates
zZ = r—wy

= a—1b.

£

(147)

In these complex variables, the map R has the
simple diagonal form

e 0 0 0 0 0
0 € 0 0 0 0
0 0 e 0 0 0
R=1 0 0 0 e¢® 0 o0 (148)
o0 0 0 1 0
o0 0 0 0 1

and its effect in equation (145) is easy to study.
It turns out that the in the map, only those terms
that have the form

zp = zi- [.(2Z, ww)

wr = w;- fu(2Z, W) (149)
are allowed to remain. For the expert reader, we
note that this situation is remarkably similar to
what happens in the theory of normal forms of

repetitive motion.

4. Symplectic Symmetry

Another important symmetry of the motion
is due to the fact that the motion is indeed ob-
tained by solution of a Hamiltonian problem. In
this case, one can show that the Jacobian M of
the transfer map M, i.e. the matrix

oMy My OMy  OMy  AMy  OMy

Ay P v A v AR 1/ A v v

) A P v PR AR 17 A 1 A v

M= J4 o o ont oil oids

Ky X Oy ok oK oMds

Ay 1 PR 1 P 1 P v P 1

O0z1 Ozo 0z3 Oza Ozs Ozg
(150)

has to satisfy the condition

M-J- M=, (151)
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where J is the totally antisymmetric matrix

0 1 0 0 0 O
-10 0 0 0 O
5 0 0 0 1 0 O
/= 0 0 -1 0 0 O (152)
0 0 0 0 0 1
0 0 0 0 —-120

The proof of this so-called condition of symplec-
ticity certainly goes beyond these lectures. But
we can appreciate that the symplectic condition,
which mixes in a very defined way the terms
OM,;/0z; that are themselves power series, entails
a large variety of nonlinear restrictions between
the aberrations.

The detailed study of these is cumbersome
and can be found in the literature (for example
H. Wollnik and M. Berz, NIM238 (1985) p.127),
and we want to restrict our attention to what hap-
pens in the linear case. Considering the constant
part of the symplectic condition (151), we observe
that what contributes via the Jacobian is just the
transfer map. Assuming midplane symmetry and
no acceleration, plugging into the symplectic con-
dition yields the conditions

(z]z) - (ala) = (z]a) - (alz) = (153)

(yly) - (bb) = (Bly) - (y|b) = (154)

(lz) - 1+ (z]x) - (ald) — (alz) - (x|0) = (@55)
(la) -1+ (z]a) - (ald) = (ala) - (x|0) = (@56)

The first two of these are old friends and describe
the fact that the volume of phase space is pre-
served under the linear transformations generated
by particle optical elements. The third and fourth
conditions, however, represent an amazing con-
nection between longitudinal and dispersive ef-
fects.

C.

Imaging Devices

In the following sections, we want to discuss
what specifically has to be done to a map of a sys-
tem to make the system useful for a specific task.

In many cases, this will require certain matrix ele-
ments to vanish, or sometimes to assume specific
values. The most important device is probably
the imaging device, in which final positions are
not allowed to depend on initial angles, as shown
schematically in the picture.

\‘(\'&@“g

In the case of particle optical systems, this
requires

(zla) = 0,
(y|b) = oO.

On the other hand, the final angles a; and by are
unimportant since it doesn’t matter at what angle
the rays strike at the image position; so all terms
of the form (al...) or (b|...) are insignificant. Ad-
ditional requirements usually exist for the various
sub-classes of imaging systems.

(157)
(158)

Note that one important application of beam
physics that does indeed produce images of some
sort, namely the X-ray machine, is actually not an
imaging device: X-rays cannot be bent, and there-
fore it is impossible to achieve (z]a) = (y|b) = 0;
in fact, if [ is the length of the device we will have
(xzla) = (y|b) = I. So X-ray systems should be
short from object to ”image”, and they should
have a source that produces beams with a very
small @ and b. Anything else increases the fuzzi-
ness that X-ray pictures usually exhibit.

1. The Television Tube

As far as practical use, impact on society, and
revenues is concerned, sadly enough the TV tube
(and more generally and not so sadly enough, the
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CRT tube) is the most important application of
particle optics. In this case, for each color an
electron beam is deflected vertically and horizon-
tally by two simple magnetic deflectors in order
to sweep over the screen area, and its intensity is
adjusted according to the color saturation at the
respective point.

At any given point on the screen, the result-
ing spot should not be wider than about the dis-
tance between two pixels, so whatever size the
beam had initially should not be amplified very
much; so

(z]x) and (y|y)

should not be large.

The requirements for aberrations are mostly
somewhat benign as the beam phase space volume
is small.

2. The Camera, the Electron Microscope

The purpose of a camera and an electron
microscope is to create an image of an object
through which the rays is moving. So the quanti-
ties

(z|z) and (y|y) are magnifications,

and in most cases it is desirable to have them
equal. The electron microscope is just a special
case in which both of these are made to be very
large.

If a true image is desired, it is important that
the relationship between final and initial coor-
dinates be really linear, which requires that all
higher order position dependent matrix elements
vanish, and so

(x|zz) =0, (ylyy) =0, (z|zxx) =0, ....

In reality, of course, it is sometimes difficult
to do this to higher orders, and some distortions
prevail. In the case of an electron microscope, this

is often not detrimental as one can retroactively
correct the effects by calculation. The effects that
appear usually have the consequence that rectan-
gles are distorted into either the shape of pincush-
ions or into the shape of barrels; these effects are
due to

(z]ryy) and (y|lyzx)

which entail that rays that simultaneously
have = and y coordinates are either pushed out
from the cente