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Foreword

Up to 1996 the provision of low-energy antiprotons at CERN was based on the

use of four different machines (see Appendix D): the Antiproton Collector (AC),

the Antiproton Accumulator (AA), the Proton Synchrotron (PS) and the Low

Energy Antiproton Ring (LEAR). The need to simplify this scheme led, in the

same year, to the design proposal of a new machine, the Antiproton Decelera-

tor (AD), that will be able to decelerate the antiprotons from 3.5 GeV/c (the

momentum at which the antiprotons are produced) down to 0.1 GeV/c (the mo-

mentum favoured for the foreseen physics experiments1). The AD is in fact the

transformation of the fixed energy AC machine into a decelerator.

To achieve this aim certain modifications and studies have been necessary. The

ones that are of particular concern to the present work are the following:

• The compensation of the unavoidable blow-up of the phase-space volume oc-

cupied by the beam during the deceleration by cooling at several energy levels

both the transverse and longitudinal emittances. For cooling at high energies,

the stochastic cooling system already present in the AC is adequate, whereas at

low energies (when the beam is also affected by scattering with the residual gas

JThe goals of the experiments in preparation for AD project are:
- CPT tests by comparing spectroscopic measurements of hydrogen and antihydrogen atoms
(ATHENA and ATRAP collaborations);
- Study of antimatter gravity in the earth's gravitational field (ATHENA and ATRAP collab-
orations);
- Study of QED effects in the interaction of antiprotons with matter (ASACUSA collaboration).



Foreword

present in the vacuum chamber2) use will be made of an electron cooling system

that has been installed in a long straight section of the AC.

• The need to employ the AC magnets (designed for working at a fixed energy)

over the wide AD energy range, required a careful theoretical study of their char-

acteristics.

The first two Chapters are dedicated to a short review of the basic accelera-

tor optics (Chapter 1) and to the presentation of the AD machine (Chapter 2).

The principal aim of Chapter 3 is an improvement of the AD lattice with the

view of finding a better agreement between experimental and theoretical chro-

matic behaviour of the betatron tunes. The starting point is the comparison of

a set of measurements made on two AD (AC) quadrupole families [1] with 2D

and 3D simulations performed using the commercial software program OPERA.

The agreement is in general fairly satisfactory and this justifies the use of the

numerical models for the study of some unmeasured magnetic characteristics of

the two quadrupole families.

The 2D models allow one to assert that field components with higher orders than

the octupole do not limit the stability of the motion in the AD.

Measurements done in 1987 [2] on the AC machine showed an unexpected oc-

tupole contribution to the chromatic behaviour of the horizontal tune. At the

time, a theoretical model has been proposed [3] that identified the source of the

octupole component to be in the quadrupole fringe field. The 3D models give

both an estimate of the importance of the so-called pseudo-octupole effect and

a check of the model proposed in [3]. The result is that the model seems to

2In order to assure an acceptable beam lifetime of the AD low-energy beam, the AC vacuum
has been improved by a factor 20.



overestimate by nearly a factor two the pseudo-octupole strength. This fact is

not so surprising and can probably be attributed to the details of the fringe-field

modelisation. The widely-used end field correction for dipoles [4], for example,

includes an integral made over the end-field and the value of this integral can

vary from 0.17 to 0.70 according to the model chosen for the field fall-off.

Another important information that can be extracted by the 3D numerical cal-

culations is that the modelised quadrupoles seem to create, arising from their

asymmetric shape, a real octupole component which has to be added to the

pseudo-octupole in order to explain the second-order chromaticity in the AC.

The contribution of the pseudo and real octupoles allows a successful reproduc-

tion of the AC horizontal chromaticity curve whereas, in the vertical plane, the

experimental curve does not show the strong octupole influence suggested by the

calculations. The same procedure is applied to the AD: the comparison between

the simulations and a set of measurements performed during the machine com-

missioning essentially confirm the validity (in the horizontal plane) and the limit

(in the vertical plane) of the optics model.

Using the last two results a possible compensation scheme of the pseudo and real

octupole fields for the AD is proposed. The compensation can be obtained by

means of an octupole lens (placed in a position " ad hoc" inside the AD ring) that

permits an efficient correction in the horizontal plane (where a significant effect

is expected) without a significant disturbance of the optics in the vertical plane

(where no octupole effect is expected). A better modelisation of the octupole

effect in the vertical plane remains, at the moment, an open problem.

The presence of a solenoidal field inside the electron cooling device generates lin-

ear coupling between the transverse degrees of freedom of the individual particle

7



Foreword

motions. This effect can lead to operational problems and therefore a compen-

sation scheme has to be designed not only for the AD but, in general, for all the

circular machines making use of a strong coupling source. Chapter 4 is devoted

to the study of a large number of possible coupling compensation schemes for the

AD. This study is made taking into account the constraints imposed by the use

of recuperated equipment and the lack of individual power supplies for all the

correctors.

When this work started there were basically two methods for dealing with linear

coupling: the matrix approach and the hamiltonian approach. Following the ma-

trix formalism one can block-diagonalise the single-turn matrix for the betatron

motion in correspondence of one or more points around the ring. This requires

four independent correctors (solenoids and/or skew quadrupoles) for each point

where the block-diagonalisation has to be achieved. The compensation obtained

is local and exact. Following the standard hamiltonian formalism one can can-

cel the driving terms for the difference and sum resonances close to the working

point of the machine. The high frequency part of the perturbative hamiltonian

due to coupling is neglected and this makes the hamiltonian method approxi-

mated but valid all around the ring. This kind of compensation requires two

independent correctors for each resonance to be removed. The particular case of

the AD shows that the two approaches do not always lead to the same quality

of compensation. Different compensation schemes are explored including the one

taking into account the start-up configuration. Some of them are shown to be

adequately satisfactory.

Besides the electron cooling solenoid, another source of linear coupling is given by

errors from misalignment of the magnets and by vertical closed orbit excursions

in sextupole fields. These sources can be assumed to be randomly distributed

8



around the ring and a statistical analysis puts in evidence that the contributions

can be neglected only in first approximation.

A set of measurements made during the machine commissioning essentially con-

firm the theoretical results.

Chapter 5 comes back to the general problem of coupling compensation and solves

the long-standing problem of how to establish the relationship between the two

standard approaches (matrix and resonance). The bridge is built by including in

the resonance approach the high frequency part of the perturbative hamiltonian

due to coupling. In this way all the coupling resonances in the sum and difference

families Qh±Qv = p are summed over allp and this leads to closed analytic forms

for the driving terms of all the members of a given family. In a second step this

procedure is generalised to the nonlinear case and a new method is proposed for

dealing both with linear and nonlinear betatron resonances ri\Qh + n2Qv = p in

a circular accelerator.

An analytical comparison of the influence of single and summed resonances puts

in evidence that the two methods give the same results only when exactly on res-

onance and a difference between them increases (circa) quadratically when one

moves away from the resonance condition. The application of the new resonance

method to coupling raises the question of the relative merits of the different types

of compensation that are now possible. This problem is investigated with the help

of the Henon map (a simple FODO structure with a sextupole) and making use

of a stability and footprint analysis. This numerical tool, first applied to solve

problems of celestial mechanics [5] and more recently extended to the accelerator

physics domain [6], [7], [8], allows a complete description of the phase space of

the betatron motion as well as a mapping of the dynamic aperture.
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The results indicate that the new proposed method (equivalent, for the case of

linear coupling, to the matrix approach) is the more beneficial for the dynamic

aperture and this confirms what is found (in the second part of Chapter 4) for

the AD. These findings raise new questions which need to be better investigated

(as, for example, the possible redefinition of resonance bandwidth) and provide

a new tool for a better understanding of some well-known problems in betatron

resonance theory. In particular, the quoted results for the dynamic aperture indi-

cate that the linear coupling can probably be exploited for increasing the stability

domain of a given machine which confirms what has been proposed in [9].

10



Chapter 1

Basic Accelerator optics

1.1 Introduction

A circular accelerator lattice is formed by a series of magnetic elements providing

the guiding and focusing of a charged particle beam. The simplified structure,

containing only ideal magnetic dipoles (to bend the particles onto circular tra-

jectories) and quadrupoles (to focus them with small deviations compared to an

ideal trajectory) is referred to as the linear lattice. The equilibrium orbit can

be defined as the orbit of a particle with design momentum po that closes upon

itself after one turn and is stable. The motion of a particle in an accelerator

is conveniently described by the deviations of its trajectory with respect to this

equilibrium orbit.

The aim of this introductory Chapter is to supply a reference for the basic prin-

ciples that are the starting point for the present work.

1.2 Transverse optics

Consider the coordinate system shown in Fig. 1.1. Excluding for the moment

the presence of solenoids, the field generated by the magnets can be assumed

to be oriented perpendicularly to the direction of the the beam motion s. The

11



Basic Accelerator optics

representation of each element as a block of field that is discontinuous in the

longitudinal direction is called the hard-edge approximation. Generally, for a

final design, end-field corrections have to be applied to improve the accuracy of

the hard-edged model.

Figure 1.1: Coordinate system.

Consider the particle dynamics relative to the transverse plane (x, y) and

define "of = (x,px,y,Py)T a generic point of the corresponding 4D phase space.

The momenta are defined by the dimensionless quantities px = ——, pv = —.
as as

By virtue of the Maxwell equation

V - B = O

the field B can be written using the multipole expansion

By(x,y;s)+iBx(x,y;s) = Bo

n = l n\

(1.1)

-K(S)\. (1.2)

The function K(S) is equal to unity inside the dipoles and zero outside; BQ is

the constant magnetic field produced by the dipoles that is necessary to keep a

12



1.2 Transverse optics

particle having charge e and momentum po on the orbit of radius po according

to the well-known relation p0 = e\poBo\. The multipole coefficients kn and j n are

the normal and skew normalised gradients respectively. They are denned by the

following relations:

dxn 3n =
(0,0;s) dxn (1.3)

Every element of the lattice has a specific function: the dipoles supply a con-

stant magnetic field necessary to define the nominal trajectory; the quadrupoles

(k\ 7̂  0) produce the linear field components assuring the linear stability of the

orbit; the normal sextupoles (&2 ̂  0) are used to stabilise the particles having

an energy deviation with respect to the nominal value. The magnets producing

higher field components are in general used to correct the multipole errors un-

avoidably generated by dipoles and quadrupoles.

Assume for the moment that the lattice does not include skew quadrupoles

(ji(s) = 0). The absence of solenoids and skew quadrupoles implies the ab-

sence of linear coupling between the two phase planes (x,px) and (y,py)
 l.

With the approximations specified in [10], the equations of motion for the single

particle can be written

fx_
ds2

^ + h{s)y

• M

E
n=2

kn(s) + ijn{

n\
-(x + iy)n

' M

E
n=2

(1.4)

kn(s)+ijn(s)

n\
(x + iy)n

xThe effect of linear coupling on the particle motion is one of the main topics of the present
work and will be treated in detail in the following Chapters.

13



Basic Accelerator optics

These equations can be also derived from the s-dependent hamiltonian

H(x,px,y,py;s) =

- Re
M

(1.5)

The linear part of (1.4) corresponds to the so-called Hill equations

1 . ,
ds2

^ ds2

(1.6)

both having the same structure: a harmonic oscillator characterised by an am-

plitude and a frequency both depending on 5.

For the hard-edged model, the focusing function kz(s) (with kz(s) = l/p(s)2 —

ki(s) if z = x and kz(s) = fci(s) if 2 = y) is piecewise constant along the trajec-

tory and for a circular machine, it has the periodicity of the lattice

kz(s + L) = kz(s), (1.7)

where the accelerator is assumed to be composed of Nc identical cells, with C =

NCL, C being the circumference of the machine.

The motion of mono-energetic particles about their equilibrium orbit is known as

the betatron motion and it is usually parametrised so that the pseudo-harmonic

behaviour is brought into evidence. Using the Courant-Snyder parametrization

[11], the solution of the (1.6) can be written in the form

U (1-8)

where z(s) represents either transverse coordinate as a function of the distance

s along the equilibrium orbit, Az and Bz are constants depending on the initial

14



1.2 Transverse optics

conditions and f3z(s) is the betatron amplitude function. The phase fj,z(s) of the

pseudo oscillation is given by

To complete the Courant-Snyder (otherwise called Twiss) parametrization of the

motion one has to define the following parameters

The expressions (1.9)-(1.11) all depend on the knowledge of fiz(s). The analytic

solution for /3z(s) is more complicated than the original motion equation whereas

it is reasonably easy to evaluate this function numerically.

Differentiating equation (1.8) with respect to s one obtains

pz(s) = -Azaz/y%cos(fj,z(s) + Bz) - Az/y/%sm(nz(s) + Bz). (1.12)

The combination of equations (1.8) and (1.12) yields an invariant of the motion:

A\ = -yzz
2 + 2azzpz + /?zp*(=constant). (1.13)

Equation (1.13) is in fact the equation of an ellipse in the (z,pz) phase space.

The constant A\ is equal to the area of this ellipse divided by TV. The form of this

ellipse varies from point to point in the lattice but its area remains unchanged.

Each beam particle has its own motion invariant but all the ellipses in the same

beam have the same form. Most particles have small invariants and they do not

oscillate far from the equilibrium orbit. At progressively larger oscillation ampli-

tudes there will be fewer and fewer particles. If the beam profile is measured this

15



Basic Accelerator optics

gives the projection of the phase-space population onto the considered transverse

coordinate. This population has normally a near-gaussian distribution with tails

that stretch to the vacuum chamber walls. The standard deviation of this dis-

tribution, az, is a convenient parameter both for indicating the size of the beam

and for defining the geometrical beam emittance

ez = na2jpz. (1.14)

The emittance is the phase-space area of an ellipse in the (z,pz) phase plane with

its maximum excursion equal to az. It represents the phase space-area occupied

by the beam.

The geometrical emittance is invariant only if the beam is not accelerated. Dur-

ing acceleration the emittance decreases and therefore the phase space density

changes. This does not violate Liouville's theorem but is due to the definition

of the transverse phase space. The pz-coordinate describes the divergence of a

particle with respect to the nominal orbit

dz ldz vz

ds v dt v

(where v is the particle velocity and vz is the component of v along z) and is not

a generalised momentum as defined in classical mechanics. As long as the mo-

mentum is constant, the difference is just a scaling factor but during acceleration

this factor changes and so therefore does the emittance. The physical reason is

that the longitudinal momentum increases during acceleration whereas the trans-

verse momentum stays constant. The divergence vz/v therefore decreases and the

beam shrinks. This is the so-called adiabatic damping.

Note that if the beam is decelerated instead (as in the case of the AD), one has to

include in the lattice a cooling system to compensate the emittance anti-damping.

16



1.3 The transfer matrix formalism

Normalising the emittance with respect to the particle momentum gives a quan-

tity that is a constant of the motion even in presence of acceleration, the so-called

normalised emittance,

Cn,z =

where (3rei and 7re; are the relativistic parameters.

The normalised emittance is the correct parameter to be considered in the context

of Liouville's theorem. Another important parameter of a linear machine is its

acceptance. It gives the largest phase-space ellipse that can pass through the

lattice and is defined by the minimum value of the expression (vrc^//^) (dz being

the aperture of the machine along the z direction) evaluated at each longitudinal

point of the machine.

1.3 The transfer matrix formalism

A hamiltonian system can be studied following two different approaches: one

continuous and one discrete. In the first case, as illustrated for the betatron

motion in the previous Section, the evolution of the system is given as a function

of a continuous variable via the solution of a set of differential equations (Hamilton

equations). In the second case the attention is concentrated on the asymptotic

properties of the motion disregarding the details relative to the evolution on small

temporal scales; this allows a considerable simplification because the Hamilton

differential equations can be transformed into a set of ordinary equations. The

evolution of the system is given, in this case, in terms of a discrete variable

and can be obtained by means of the iteration of a function, called a map, that

transforms the phase space onto itself.

To derive the map of a linear lattice, it is convenient to expand equation (1.8)

17



Basic Accelerator optics

into two terms (known as the principal trajectories)

z(s) = Az y/~f3~z cos/J,Z + Bz^/% sin/j,z (1-17)

where Az and Bz are new constants. Differentiation of (1.17) with respect to s

gives

A B
^( i ) ^ { i )

A
Pz{s) = y^=(az cos fiz + sin fiz azsin fxz). (1.18)y^=(az cos fiz + sin fiz) + ^

VPz VPz

The constants Az and Bz can be replaced using the initial conditions at 5 = S\

(choosing /j,z<1 = 0)

Az = BzpZl^/P\1 + z1^=,
•\/Pz,i y Pz,i

to give the general transfer matrix from position s\ to position s2:

T{Sl - , s2) =

(1.19)

(cos sin

\ IPz,lPz,2lX " ' '

where A/xz = ju2(s2) — /^z(si).

The phase-space coordinates at position s2 are then given by

— cti) cos A//z] W-—- (cos A/z2 —

When the previous equation is applied to a full turn in a ring, the input conditions

are equal to those at the output (QZ]I = aZj2, (3Z,\ = Pz,2, A/x2 = 2irQz), so that

cos 2TTQZ + az sin 27rQ2 /32 sin 2TTQZ

—72 sin 2TVQZ

(1.21)

18



1.3 The transfer matrix formalism

where Qz is known as betatron tune and is equal to the number of transverse

oscillations the particle makes during one turn of the machine. Expression (1.21)

gives the linear map of the lattice and describes the evolution of the phase-space

coordinates of a particle at a given position in the machine.

The analysis of the stability of a certain number of initial conditions after a

large number of iterations of the map (post-tracking analysis) can give a good

representation of the main phase space characteristics.

If the map is linear and the two planes (x, px) and (y, py) are not linearly coupled,

the motion is characterised by a wide stable region [13]. If higher order multi-

poles and/or linear coupling are taken into account, the stability is subjected to

conditions that will be analysed in some detail in the later Chapters.

1.3.1 The Henon map

The Henon map [12] is a well-known example of a non-linear map. It represents

a lattice that is linear except for the presence of a thin sextupole. Its action is

denned by the relation

x' \

V

P'y)

— T

x \

y

\ py- k2xy

(1.22)

In spite of its simplicity, this model contains all the relevant characteristics of the

transverse dynamics of a single particle in a non-linear lattice [6], [8], [7].
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Basic Accelerator optics

1.4 Off-momentum particles and dispersion func-
tion

A simple extension of (1.8) allows the motion of particles with a different mo-

mentum respect to the nominal to be described,

z(s) = Axy/pM**[j - ^ + Bz] + Dz{s)^ (1.23)

where Dz(s) is known as the dispersion function and Ap/p = (p — Po)/po is the

relative momentum deviation of the particle. The dispersion is created by the

momentum dependency of the bending radius in dipole magnets and appears

therefore only in the plane of bending (generally the horizontal plane). The

equilibrium orbit of an off-momentum particle is to first order displaced from

the central orbit by the product of the dispersion function and the momentum

deviation. The dispersion function can be derived analytically [13] but it is again

common practice to rely on lattice programs to supply numerical listings of Dz(s)

and its derivative with distance, as for the betatronic amplitude function.

1.4.1 Chromaticity

Chromatic effects are caused by the momentum dependence of the focal proper-

ties of lattice elements. The focusing strength experienced by an off-momentum

particle is (A = Ap/p)

p ax po(l + A) ox 1 + A

Chromatic aberration is first seen as a change in tune and then as a change in be-

tatron amplitude. The standard definition of the chromaticity is the incremental

change in tune normalised by the corresponding fractional change in momentum

Q; =

20



1.5 The longitudinal motion

This number is the averaged result of all the chromatic aberrations around the

machine considering the first order of the right-hand side of the equation (1.24).

The contributions to (1-25) arising from only the pure dipole-quadrupole ele-

ments (in the hard-edged approximation) give what is often called the natural

chromaticity. The natural chromaticity is usually corrected by using sextupoles

set in regions with finite dispersion.

As will be shown later, second-order effects in the natural chromaticity can be

generated by the so-called pseudo-octupolar field, an additional field component

due to the quadrupole fringe field. In this case, a correction can be made using

octupoles.

1.5 The longitudinal motion

The Lorentz force on a charged particle in an electromagnetic field is given by

F = eE + e (vxB) . (1.26)

The term e(v x B) is perpendicular to the beam velocity and this means that

the magnetic field can never do any work directly. The only way to give energy

to the particle is via the electric field. Applying Stoke's theorem to the Maxwell

equation

V x E = - — B (1.27)

one gets

/
Js

V x E - d S = <b E - d s = - — <b B d S (1.28)
5 JC W JS

Acceleration using (1.28) is possible with two basic topologies:

• The betatron configuration where the beam encircles the time-varying mag-

netic field;
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Basic Accelerator optics

• The cavity configuration where time-varying magnetic field encircles the beam.

The cavity configuration is the more used and of greater interest for the present

work.

Assume therefore that an RP cavity generating an electric field parallel to the

particle trajectory is located at some longitudinal position of the circular accel-

erator. In the cavity gap the electric field is supposed to have a sinusoidal time

variation with angular frequency torf. It can be written as

E(s,t) = E1{s)E2{t) (1.29)

where E\(s) is a periodic function of period L = 2TVR and E2(t) is of the form:

E2(t) = Eo sin( / urfdt + ip0)- (1-30)

Jto

The RF frequency is chosen to be an integer multiple of the revolution frequency

U!x'.

u>rf = hu>r; (1-31)

h is called harmonic number.

The average energy gained per turn by a particle can be written [14]

= eV sin <j>{t) (1.32)

where V is the potential difference experienced by the particle in the cavity and

4>{t) represents the RF phase seen by the particle when crossing the accelerating

gap.

A particle having the nominal energy and circulating on the nominal trajectory

will always experience the same RF phase when passing the RF gap:

4>s- (1.33)
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1.5 The longitudinal motion

Such a particle is called synchronous particle.

During acceleration the energy of the synchronous particle varies and the same

holds for the RF frequency so that the relation (1.33) is valid for every t.

The motion of any arbitrary particle in terms of deviations from the synchronous

particle can be expressed by the following set of first-order differential equations:

y
= eV(sm(j) - siat

(1.34)
*~*y -*- ' *"/w*'s TIT*

L ~dl ~ ~2?r psR '

where <f> = 4>s + Acfi is the phase of the considered particle, ps and us are the

momentum and the revolution frequency of the synchronous particle, r\ = — / —
Us Ps

and W = 2nRAp.

The variables <p and W are canonical and the equation of motion can be derived

from the hamiltonian

, W,t) = eV[coscp- cos<£s + (<f>- (f>8) sin^8] - — ̂ ~W2. (1.35)
47T Kps

If the parameters R, ps,r},us, V change very slowly with time compared to

and A0 <C 1, the equation of motion can be written

O (1.36)

where

Y 27rRp

represents the synchrotron angular frequency. This quantity must be real in order

to have a stable motion which means that 77 cos <j>s has to be positive.

The conditions to be satisfied for the cases of acceleration and deceleration are
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the following.

- Acceleration:

- Deceleration:

77 > 0

77 < 0

77 > 0

77 < 0

0 <

TV

3

TV < q

0s < 7T

0 S <2TT

>,<?*
2

(sin 0s ;

(sin 0s ;

(sin 0S

(sin 0s

> 0)

> 0)

< 0 )

< 0 )

The parameter rj can be written in terms of the momentum compaction a = —/—•:

7 7 = ^ - - a . (1.38)

The value of j$el which corresponds to 77 = 0 is called the transition energy.

At transition energy 0 s goes to zero and there is no longer phase stability. During

acceleration (or deceleration) through transition energy the RF phase must be

switched rapidly from 0S to TT — 0S (or from 0S to 0S — n) in order to maintain

stability above (or below) transition.

According to the equation (1.36) the small amplitude motion around the syn-

chronous phase is a pure harmonic oscillation which corresponds to circles in

the frame (0/Qs,0)- For larger amplitudes, the circles will be distorted by the

nonlinearity of the motion but the curves will still close on themselves until 0

reaches the value vr — 0S. For higher values of 0 the motion becomes unstable.

The corresponding curve in the (0/fis, 0) plane is called a separatrix and the area

delimited by this curve is called an RF bucket.

A more complete introduction to accelerator physics can be found in [13], [4],

[15].
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Chapter 2

The Antiproton Decelerator
(AD)

2.1 Introduction

The provision of low-energy antiprotons at CERN in operation before the AD

involved four machines that collected, cooled and decelerated antiprotons in the

following sequence (see also Appendix D):

• Antiprotons, produced by 26 GeV/c protons on the production target, were

collected and precooled at 3.5 GeV/c in the Antiproton Collector (AC);

• they were then transferred to the Antiproton Accumulator (AA) where they

were accumulated and further cooled;

• a bunch of few 109 antiprotons was taken from the AA and sent to the Proton

Synchrotron (PS) every 30 minutes over several hours;

• this bunch was decelerated in the PS from 3.5 to 0.6 GeV/c;

• finally the bunch was then transferred to the Low Energy Antiproton Ring

(LEAR) where cooling (at 3 or 4 intermediate momenta) and deceleration alter-

nated to bring the full intensity to the lowest energy of 100 MeV/c.

A simplification of this scheme was desirable. The solution proposed is based

on the insertion of the LEAR electron cooling device into the AC lattice. The
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The Antiproton Decelerator (AD)

resulting new configuration, called Antiproton Decelerator (AD), would then al-

low the collection and deceleration from top to bottom energy in a single machine.

The aims of this Chapter are the following:

• To give a brief review of the different systems involved in the AD operation;

in particular attention will be paid to the description of the cooling systems used

at high and low energy that provide the stochastic and the electron cooling re-

spectively.

• To describe the AD cycle.

• To point out the main optics problems linked to the electron cooling insertion.

• To provide a short description of the features and the aims of the three ex-

periments (ATHENA, ATRAP and ASACUSA) which will benefit from the an-

tiproton beam supplied by the AD.

2.2 Review of the different systems involved

Antiproton production. A 26 GeV/c production beam of 1013 protons (hit-

ting the antiproton production target) is necessary in order to produce the an-

tiprotons required for injection of 5 x 107 antiprotons into the AD. Antiprotons

emerging at 3.5 GeV/c from the target are focused by a magnetic horn pulsed

with 400 kA and matched to the transport line acceptance of 200 TT mm mrad.

RF systems. The 5 x 107 antiprotons injected in the AD are trapped by the

existing 9.5 MHz (h=6) RF system, as in the AC scheme, and a bunch rotation

is applied in order to reduce the beam energy spread. The beam is then deceler-

ated with a 1.6-0.5 MHz system with different harmonic numbers at intermediate

energy levels. This RF system will also be used to shorten the bunch length
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2.3 Cooling techniques

at 100 MeV/c prior to extraction and to capture and decelerate proton beams

coming from the PS during setting-ups.

Vacuum. At 100 MeV/c, with the old AC vacuum, the beam lifetime was ex-

pected to be approximately a factor 1000 smaller than at 3.5 Gev/c, depending

on acceptance and gas composition. A better AD vacuum was therefore necessary

to obtain the smallest equilibrium emittance between the effects of cooling and

multiple Coulomb scattering. A sizeable improvement can be obtained by adding

titanium and ionic pumps. In addition some baking can be applied with the aim

of reaching a pressure in the range of few 10~10 torr.

Power supplies and other components. The range of currents required be-

tween 3.5 and 0.1 GeV/c is large. In order to guarantee current stability at low

energy, active niters have been added on the main power converters.

The AD will use the existing beam diagnostic and measurement devices of the

AC, its injection and ejection lines and the target area. The closed orbit obser-

vation system will be adapted to the low intensity antiproton bunches.

2.3 Cooling techniques

As in the case of a gas, the local temperature of a beam can be related to the

kinetic energy of its particles [16]

\kT=l-m<v>> (2.1)

where k is the Boltzmann constant, m the particle mass and < v > the rms

value of the particle velocities with respect to the average particle velocity. The

temperature is therefore a measure of the disordered motion and can be expressed
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in terms of the transverse emittances and of the longitudinal momentum spread

Ap/p:

1 ^ ^ ^ ] (2.2)

^ = mc2t32
rel < Ap/p > 2 , (2.3)

where (3rei and jrei are the relativistic quantities; fix and (3y are the horizontal

and vertical beta functions and T± and Tj| are the longitudinal and the transverse

temperatures (T = T± + Ty).

Cooling is a reduction of the beam temperature to improve the beam density.

In addition to phase-space compression, the cooling process may be applied to

compensate beam-heating effects such as intrabeam scattering and multiple scat-

tering on residual gas.

The Liouville theorem states that the density of a continuous fluid is invariant

under the influence of conservative forces. The cooling methods circumvent this

principle in two different ways. The stochastic cooling relies on the fact that

a beam is not a continuous fluid but consists of individual particles. Electron

cooling, on the other hand, cools the beam with non-conservative forces arising

from the collision between the beam particles and an electron beam.

2.3.1 Stochastic cooling

The observation of a beam sample1 by means of a transverse pick-up gives the

position of its centre of gravity. If this sequence of S functions is amplified and

applied to a kicker which re-centres each sample, the beam is cooled. The "sample

length" Ts is given by the response time which is related to the bandwidth W of

the system by the relation Ts = 1/(2W) (Kupfmuller-Nyquist relation). If the
xThe beam sample is defined by the smallest fraction of the beam observable by the system.
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2.3 Cooling techniques

bandwidth were infinite such that each sample consisted of a single particle and

if there were no noise in the system, the beam would have zero emittance after

one passage. In reality, the bandwidth is finite and each sample contains many

particles.

Wandering
Orbit

\ Kicker

Pickup \^% Processing Electronics
& Amplifiers

M
Ideal
Orbit

Figure 2.1: Arrangement for horizontal stochastic cooling.

The basic arrangement for horizontal stochastic cooling is sketched in Fig.

2.1. In order that the kicker corrects the angle with respect to the axis, it should

be placed an odd number of quarter betatron wavelengths after the pick-up.

A simplified definition of the rate r characterising the cooling process is [16]:

1 2W
N

[2g - 9
2(M + U)] (2.4)

where g is the gain (that is the fraction of the sample error corrected per turn),

M is the mixing factor (that is an incoherent term due to the fact that a sample
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contains many particles), U is the noise-to-signal ratio and N is the number of

stored particles.

The optimum cooling time is given by

obtained for g = 1/(M + U).

Equation 2.4 shows that, due to the increasing influence of the noise, r increases

as the cooling progresses. The cooling time is proportional to the number of

stored particles and in general stochastic cooling favours low intensity and hot

beams. The bandwidth has to be as large as possible.

A complete and rigorous treatment of stochastic cooling theory can be found in

[17].

2.3.2 Electron cooling

A stored ion beam can be electron cooled by merging it in a straight section with

a cold (that is monochromatic and parallel) electron beam.

Since the electron gas is constantly renewed, the ion temperature will tend to-

wards the electron one (when neglecting heating processes) while, due to the

difference between the ion mass m* and the electron mass me, the ion velocity

will become very small:

? ' • (")

The cooling time can be obtained in the limit of high (vi > vr
e
ms) and low
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2.3 Cooling techniques

vT
e
ms) ion velocities:

T =

V
(2.7)

where rj is the ratio of the length of the cooling section to the ring circumference,

rii is the laboratory electron density, Z is the ion charge state, L the so-called

Coulomb logarithm and Te is the electron beam temperature.

This expression shows that the electron cooling becomes unfavourable for ultra-

relativistic energies (7 >̂ 1). The cooling time is small for light ions with a

high charge state. When V{ > vr
e
ms it is proportional to vf, to the disadvantage of

very hot beams. The cooling section should be long and the electron beam dense.

A magnetic field B guides and confines the electron beam throughout the in-

teraction region. The use of B has two purposes: first, the potential due to the

electron space charge inside the electron beam is not constant. As a consequence

a radial electric field exists which causes the electron beam to diverge: the mag-

netic force will counteract this effect keeping the beam cylindrical. Second, the

fact that the electrons are magnetised improves the cooling effect drastically at

relative low ion speed.

Fig. 2.2 shows the characteristics of an electron cooler. The electron source is

a thermo-cathode; the electrons are accelerated through the anodes to a ground

potential where they enter the drift region. They are magnetically confined in a

solenoidal field. A section of toroid bends them into the interaction region, also

contained in a solenoid. Another toroid section bends them into the collector

section where they are decelerated before being dumped.

The interaction between electron cooler and ions induces perturbations in the ion
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Collector

Cathode

Magnetic field lines

e-beam \T0

Cooling space

p-beam

= v0

Figure 2.2: The AD electron cooler.

beam, that is:

• closed orbit distortion due to kicks induced by toroids2;

• coupling of the horizontal and vertical betatron motions due to the solenoid;

• a tune shift due to the electron beam3.

Chapter 4 is dedicated to the AD coupling compensation. The ideal compensa-

tion scheme (used for LEAR) would be the installation near the electron cooling

solenoid of a corrector solenoid4 producing a field in the opposite direction such

that the total integrated strength is zero. Unfortunately this configuration is not

possible (see Section 4.5) and an additional pair of skew quadrupoles (besides the

pair of corrector solenoids used in LEAR) is needed.

A detailed review of the electron cooling theory can be found in [18].

2Two vertical dipoles, positioned at each end of the cooler, correct first order for this dis-
placement.

3This is of the order of 1CT3 and therefore does not require any special form of compensation.
4The solenoids used for the LEAR coupling compensation were in fact two: one upstream

and one downstream of the main one.
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2.4 The AD cycle

2.4 The AD cycle

Stochastic and electron cooling are to some extent complementary. The first one

works better for hot beams whereas electron cooling times became shorter the

colder the beam: the stochastic cooling collects the tails of the beam while the

electron cooling freezes its core.

Basic AD deceleration cycle

injection &
stochastic Coo lino

\

t.O-

• • - ! • i < & >

52* 60

Figure 2.3: Basic AD deceleration cycle.

After the injection of the antiprotons into the AD at 3.5 GeV/c, a bunch ro-

tation in the longitudinal phase-plane is applied to reduce the momentum spread

from 3% to 1.5%. The antiprotons are stochastically cooled to 5?r mm • mrad in

the transverse plane and 0.1% in Ap/p. They are then decelerated to 2 GeV/c

(see Fig. 2.3) where the transversal and longitudinal stochastic cooling systems

are used to compensate the adiabatic blow-up due to deceleration.

The beam is then further decelerated in several steps. Below 2 GeV/c, the next

intermediate step cooling level is at 300 MeV/c where the transverse emittances

33



The Antiproton Decelerator (AD)

have grown to 337T mm-mrad and Ap/p = 0.2%. At this level electron cooling

can be applied.

p[GeV/c]
3.57
2.0
0.3
0.1

€i - • e/[7T

200
9 -

33-
6 -

mm mrad]

—> 5
—> 5
—>2
—> 1

(Ap/p)< -*

1 . 5 -
0 . 1 8 -

0 . 2 -
0.3 —

(Ap/p)f[%]
- • 0 . 1

^ 0 . 0 3
-> 0.1
- •0 .01

r[s]
20
15
6
1

Cooling process
Stochastic
Stochastic
Electron
Electron

Table 2.1: Transverse emittances and momentum spread before (i) and after
(f) cooling and cooling times. Only adiabatic increase due to deceleration is
considered.

Two or three intermediate levels at low momenta are also necessary for the

change of the RF harmonic number. This avoids excessive frequency swings. The

beam characteristics and the expected cooling times are shown in Table 2.1.

About 5-107 antiprotons are injected at 3.5 GeV/c and, with an estimated overall

efficiency of 25%, 1.2 • 107 antiprotons are available at low energy.

2.5 The electron cooling insertion

RF cavity Stochastic Cwtng
pick-up

Bam

Figure 2.4: Layout of the electron cooling insertion.

The electron cooling device has been located in a straight section of the orig-

inal AC ring where the dispersion is close to zero and beta functions of 5-10 m
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2.6 AD optics

can be set5 (see Figs. 2.5 and 2.6). To gain space for the cooler, the central

quadrupole of the long straight section opposite to the injection section has been

removed and the two adjacent F-quadrupoles shifted towards the next D-lenses.

The required strength for these D-lenses is beyond the values obtainable with the

AC quadrupoles, so two identical quadrupoles were needed side by side using AC

spares. The layout of this section is shown in Fig. 2.4.

n n
LI LJ

10.1 -

9.2 -

8.3 -

7.4-

6.5-

5.6-

4.7-

3.8-

2.9 -

2.0-
0

AC opt
XS6000

P

\

csforDynAcc. Fileacriferi.mad
-AIX version 8.22/6p; A

A i / \

/ \ / \ /
V Y V\ A A\ / \ /

0 2. 4. fi. 8.

; \ /

\

A
10. J2.

\

\i
A
i4. 16.

17A&/97

\ 1
\
A

IS.

12.SO.lfi

11

12

- 11

- 10

- 9.

- 8.

- 7.

-6.

- 5.

- 4.

- 3.

_ 7
20.

ht/ptc = 0.
Tablt name = TWISS

Figure 2.5: Beta functions at the electron cooling insertion for the AC.

2.6 AD optics

In order to capture the same number of antiprotons/shot (about 5 x 107) as for the

AC, the very large acceptance requirements for the AD would be Ap/p = ±3%

and Ax = Ay > 2007T mm- mrad. Other conditions such as the phase advance

between the pick-ups and the kickers of the stochastic cooling system (as close
5According to the experience with the LEAR, the electron cooling time is optimised if

- l m < Dx < lm and 3m < px>y < 10m [16].
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Figure 2.6: Beta functions at the electron cooling insertion for the AD.

as possible to irn + TT/2 where n is an integer) and between injection/ejection

septum and kickers, have also to be maintained close to the AC values.

5 .5

5 .4

5.3

5 .2

5 .1

-rSKVAV&x

5 . 1 5 .2 5 .3 5 .4 5 .5

Figure 2.7: The AC working point (Qx = 5.46, Qy = 5.44) and the AD working
point (Qx = 5.39, Qx = 5.37).
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2.6 AD optics

The most straightforward approach would be to keep the AD optics (except

in the electron cooling section) as close as possible to the AC (that has proved

to be safe and provides well-adapted phases for the stochastic cooling system

operation).

However this is not possible at high field because the maximum strengths sup-

plied by the AD quadrupoles are not sufficient to maintain the AC working point.

The fundamental reason why the high and low energy optics can not be the same

is based on the fact that the large acceptance constraint prevents the possibility

of controlling the optics functions at the electron cooling insertion [22].

Other two characteristics of the low energy optics that require a specific treat-

ment are the following:

• the closed-orbit correction at high energy and at low energy are, in principle,

different;

• the compensation of the linear coupling generated by the electron cooling

solenoid requires, at low energy, the use of four additional magnets (see Section

2.3).

After a careful study, the AD working point for high energy has been fixed at

(Qx = 5.39, Qy = 5.37). As with the AC working point (5.46, 5.44), it is located

in a large tune area free from resonances (see Fig. 2.7).

In Table 2.2 the main parameters of the AD lattice at high energy are quoted.

Q'x are the chromaticity values and AXiV are the acceptances for Ap/p = 0.

The main contribution to the nonlinear field in the AD is given by a sex-

tupole component that arises from two different sources: the wide (asymmetric)

quadrupoles and the additional windings placed close to the poles of some of the

narrow (symmetric) quadrupoles. The sextupole component generated by the
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Main optics parameters || AD high-energy optics

QjQy
Q'JQfv

Px/Py at the electron cooling [m]
Dx at the electron cooling [m]

AxjAy \K mm mrad]

5.39/5.37
0.31/0.28

8.6/4.0
0.15

224/192

Table 2.2: Main parameters of the AD high-energy optics.

wide quadrupoles has been designed to compensate the AC chromaticity; it has

a fixed ratio with respect to the quadrupole component and can not be varied

to adjust the AD chromaticity. The field component produced by the additional

windings in the narrow quadrupoles was meant to compensate the effect of the

resonances excited by the previous source; also in this case it is not possible to

adapt the correction to the AD needs6.

In fact, as will be shown in Section 4.7, the effect of nonlinear resonances on

the AD stability is weak; the insertion in the model of the residual (not small)

octupole component that, according to 2 and 3D magnet modelling (see Chapter

3), is generated by the wide quadrupoles, does not alter this characteristic.

2.7 The AD experiments

Three experiments, called ATHENA [23], ATRAP [24] and ASACUSA [25], are

in preparation for AD. Each experiment has its own zone. In addition there is a

Test Area.

6Note that the sextupole component generated by the additional windings did not affect the
AC chromaticity correction because the modified narrow quadrupoles are placed in a dispersion-
free region.
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2.7 The AD experiments

2.7.1 The ATHENA and ATRAP experiments

The aims of these experiments are:

• CPT tests by comparing spectroscopic measurements of hydrogen and anti-

hydrogen;

• study of antimatter gravity in the earth's gravitational field.

The main implications of CPT invariance are that a particle and its antiparticle

have equal and opposite electrical charges, the same inertial masses, lifetimes and

gyromagnetic moments.

Recombination Trap
Antihydrogen Detector

Antiproton
Capture and Cooling

Trap Antiprotons
(105MeV/c

Solenoid Coil Quadrupole 4.2 K region

• • •
region

\

*TBfl v

(UHW.l

Csl Ciyslals |m
in

Recombination
1 Trap

• ^ p ^HBMB

Refrigerator S i p a d s

Nose

Antiproton
Trap

Figure 2.8: Schematic overview of the ATHENA experiment.

A few of these predictions have been tested to a very high precision. An indi-

rect test of the equality of the K° and K masses [21] compared to the mass of K°,

has set the scale of precision to better than 10~18. CPT symmetry of quantum

electrodynamics requires that the gross, the fine and the hyperfine structures and
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the Lambshift in hydrogen and antihydrogen are identical. Spectroscopy mea-

surements of photon transition frequencies in antihydrogen could, in principle,

be performed with very high precision. The extremely small natural linewidth

of the 1S-2S two-photon transition (the lifetime is equal 1/8 s) makes this the

ideal candidate for the highest possible determination. The aim is to obtain a

precision comparable to the kaon one. There are serious obstacles to attaining

this extremely high precision, including a 2.4 mK laser cooling limit, a second

order Doppler shift and possible Zeeman shifts depending on the configuration of

the magnetic trap field.

A number of attempts to unify gravity with electro-weak and strong interactions

has questioned the general belief that the gravitational acceleration of particles

and their antiparticles should be identical (Weak Equivalent Principle). However

no experimental tests have been performed. Spectroscopic methods have been

used to determine the gravitational acceleration of atoms with an accuracy of

10~8 [22] and offer the possibility for gravity measurements on antihydrogen at a

level of 10~6 or better.

To perform such high precision spectroscopic measurements, antihydrogen atoms

must be produced with extremely low kinetic energies and should be confined in a

small volume in space. A sketch of the apparatus of the ATHENA collaboration

is shown in Fig. 2.8.

The antiprotons coming from the AD machine are slowed down and captured in

an electromagnetic field configuration known as Penning trap. Electron cooling

may cool them further. In a period of 15 hours, a bunch of 107 antiprotons can

be accumulated and transferred to the antihydrogen experiment.

Large numbers of positrons emitted from radioactive sources will also be accu-

mulated in similar field configurations. The antiprotons and positrons will be
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2.7 The AD experiments

brought in close contact for a time sufficiently to allow the recombination process

to take place. Once these particles have been recombined, the confinement by

the electric forces ceases and antihydrogen atoms will escape, hit the nearest wall

and annihilate. To confine the antihydrogen atoms produced, magnetic gradients

interacting with the magnetic moment of the atoms can be used by superimpos-

ing a strong magnetic field on the constant field necessary for the Penning trap.

When constructing such a combination or superposition of different traps, one

must also allow for the access of laser beams needed for cooling the antihydrogen

atoms for long term confinement and for precision spectroscopic measurements,

as well as provide space and access for particle detectors providing the diagnostic

measurements during the different stages of the experiments.

As shown in Fig. 2.8 the volume outside the trap and in-between the racetrack

coils houses five muitiwire proportional chambers for charged tracking and vertex

determination, followed by a Csl electromagnetic calorimeter for the detection of

the two 511 KeV gammas. The goals of this detector are:

a) discrimination between antihydrogen, antiproton and positron annihilation;

b) reconstruction of annihilation vertex with good resolution and

c) high rate capabilities to study the evolution in time of the antiprotons end

positron clouds.

2.7.2 The ASACUSA experiment

The ASACUSA collaboration aims to study QED effects in the interaction of

antiprotons with matter as a continuation of LEAR experiments. Using a 5.8

MeV antiprotons beam it is planned to measure the hyperfine splitting of the

pHe+ atomcules [23], using spectroscopy techniques. The experimental set-up is

shown in Fig. 2.9. The Cerenkov counter will detect the decay products from
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annihilation (mostly charged pions).
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Figure 2.9: Schematic overview of the ASACUSA experiment.

In a second phase the experiment will make use of antiprotons of (about)

100 KeV decelerated by the RFQ post-decelerator and will study the antiproton

energy loss and channeling at low energy in various gaseous and solid targets. The

"primordial" (n, 1) distribution of pHe+ (i.e. the (n, 1) distribution immediately

after the atomcule formation, before these are affected by collision processes) will

be studied.

A Penning-type trap downstream of the RFQ will allow a further cooling of the

antiprotons. They are either extracted as un ultra slow (10 KeV - 10 eV) beam,

or used as collision target. Experiments to measure the Langevin cross sections,

ionisation cross sections, antiprotonic atom formation cross section etc., will all

be carried out.
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Chapter 3

Pseudo-octupole effect in the AD
machine

3.1 Introduction

The fifty-seven AD (AC) quadrupoles are of three different types: QN, QWS and

QWSS.

The N(arrow) quadrupoles provide a pure quadrupole field whereas the W(ide)

ones are asymmetric1 so as to generate a finite sextupole component2 that was

designed to compensate the AC chromaticity.

The magnetic characteristics of each family (i.e. magnetisation, homogeneity,

effective length, etc.) have been measured in the past [29] for the current range

suitable to the AC operation (1000 A< I < 2000 A).

The intention of decelerating the beam during the AD cycle down to 0.1 GeV/c

requires the experimental knowledge of the same characteristics for currents less

than 1000 A and for this purpose a set of measurements [1] has been recently

performed on a QN (QDN) and a QWS (QDWS7) quadrupole.

xThe N quadrupoles are symmetric with respect to the vertical and horizontal planes and
their poles show a 7r/4 symmetry; the W quadrupoles are symmetric only with respect to the
horizontal plane. The ends of their poles are characterised by asymmetric pole shims.

2This sextupole component is strong (compared with the other multipole components gen-
erated by the quadrupole) for the WS quadrupoles and very strong for the WSS.
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Pseudo-octupole effect in the AD machine

The aims of this chapter are: •

• A comparison between the measurements and (2D and 3D) simulations per-

formed using the program OPERA [30], [31] for two W quadrupoles;

• The theoretical estimate of the pseudo-octupole component of the end field

and the check of the model proposed in [3];

• The theoretical estimate of the octupole field generated by the two W quadrupoles;

• The attempt to improve the lattice model to obtain better agreement between

the experimental chromatic behaviour of the AC tunes and the calculated one;

• The extension of the previous results to the AD in view of predicting and

compensating any second-order chromaticity;

• The presentation of a set of chromaticity measurements performed during the

AD commissioning.

The attempt to compare theoretical calculations and measurements for AC has

an intrinsic limitation: the modelling of the lattice (based on [32]) does not seem

to have the extremely high accuracy required to predict subtle chromatic effects.

In fact the parameter list [32] does not include the result of magnetic measure-

ments performed in the 1987 [29] which are more close to the real characteristic of

the machine. This means that one can only expect a general agreement between

calculations and chromatic measurements.

Concerning in particular the sextupole gradient generated by the W quadrupoles

the nominal values given in [32] have to be considered as an approximation only:

in fact they have been obtained by adding to the field provided by the "body" of

the magnets the effects due to the end-shims and due to a particular configura-

tion of a set of "washers" that can be moved (or removed) by the magnet expert

to vary the sextupole (and octupole) strengths inside a certain range.

Actually the knowledge of the correspondence between the configuration of the
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3.2 2D analysis

"washers" and the values of the gradients permits one to establish the exact sex-

tupole (and octupole) field generated by the W quadrupoles. This knowledge can

be used to minimise the chromaticity in the AD.

3.2 2D analysis

A model solution with OPERA 2D [30] consists of 3 phases: data preparation

(pre-processing), analysis and results display (post-processing).

The possibility to represent a quadrupole by a two dimensional model is based

on the fact that it has a uniform cross-section over a length which is much larger

than the gap (radius of inscribed circle) such that the field is approximated by

that of an infinitely long structure. The post-processing of the data provided by

the program allows the build-up of the magnetisation curve (that is Go = GQ(I))

and the homogeneity curve (that is (G(x) — Go)/Go — (G'o/Go)x)3 for different

values of the current as well as the performance the Fourier analysis in order to

estimate the higher order component of the magnetic field.

3.2.1 QD7: comparison between 2D model and measure-
ments

Fig. 3.1 shows the experimental and the theoretical magnetisation curve for QD7.

The AD quadrupoles are laminated. A way to take into account the influence

of the spaces between the laminations is to reduce (in the model) the effective

magnetic field B by a fixed percentage. This is equivalent to a reduction of the

permeability fi = B/H of the material and the lower the stacking factor, the

sooner the iron reaches the saturation.

dB3G(x) = (~—^-)y=0 is the field gradient in the centre plane of the quadrupole and Go =

)
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Pseudo-octupole effect in the AD machine

Figure 3.1: Experimental and theoretical magnetisation curve Go(I) for QD7.

The percentage reduction used for the simulations presented in this and in the

following Sections has been fixed at 4%.

Table 3.1 shows a comparison between measured and predicted values of

quadrupole gradient and normalised sextupole gradient.

Figs. 3.2, 3.3 and 3.4 show a comparison between the measured normalised

homogeneity curves and the theoretical results for different current values.

The nominal value of the normalised sextupole gradient [33] G'o/Go = 1.462

has been chosen according to the need of compensating the AC chromaticity for

the working point 1=1948 A (3.5 GeV/c). For this value of the current the ex-
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3.2 2D analysis

Co (T/m)
G'JGo (m-1)

Measured value
-6.134
1.462

Theoretical value
-6.151
1.553

Table 3.1: QD7: Comparison between measured and calculated gradients Go and
Q at 1=1948 A (the nominal current for the AC operation).

Figure 3.2: Experimental and theoretical homogeneity curve (1=50 A) for QD7.

perimental curve is almost flat and this means that all the multipole components

(besides the sextupole) are nearly zero. Varying the current (as it is necessary for

AD) a finite difference between AG/G0 and 1.462 x shows up and in particular

a residual sextupole component, to be added to the nominal one, is recognisable

looking at the slope of the curve around x = 0. For much larger x values higher
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Pseudo-octupole effect in the AD machine

Figure 3.3: Experimental and theoretical homogeneity curve (1=1000 A) for QD7.

order multipole components show up. However these have little effect on the

cooled beam at low energy.

The difference between model and measurements for 1=50 A and 1=1000 A is few

permille (comparable with experimental errors) whereas for 1=2000 A it becomes

(for about x > 100 mm) close to 2%. A simple explanation of this could be that

close to saturation the two dimensional model gives less accurate results.

The Fourier analysis is based on the fact that the magnetic field in a current

free region is an analytic function of complex variable. Therefore the series
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3.2 2D analysis

Figure 3.4: Experimental and theoretical homogeneity curve (1=2000 A) for QD7.

(f = x + iy = rei0)

= By(x, y) + iBx(x, y) =
n - 1

(3.1)

is convergent. The quantity R,.ef is the reference radius (typically 80% of the

bore radius of the magnet) and the complex coefficients Bn are the multipole

coefficients of the expansion; they are connected to the multipole gradients:

_ (dB{£)\ B2

_

(3.2)

(3-3)
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Pseudo-octupole effect in the AD machine

and so on.

To check the reliability of the model concerning the calculation of the high order

multipoles the theoretical results for Go and G'o/Go can be compared with mea-

surements.

As shown in Table 3.1 the agreement is good for the quadrupole gradient while

the value of the normalised sextupole gradient is quite far from the measured

ones4.

This analysis has been used to estimate the influence of the high-order field

components on the stability of the motion. Except for the octupole component

(see next Sections), all the other higher order multipoles have been found to be

very weak and their contribution to the acceptance limitation (see next Chapter)

is neglegible.

3.2.2 QD9: comparison between 2D model and measure-
ments

For the QD9 no measurements for the low-current regime exist and the only

available experimental values [29] are those concerning the magnetisation curve

for I>1000A. As the QD7 and QD9 are identical5 (the only difference being the

number of turns/pole [32]) the measurements on QD7 can be taken as reference

point also for QD9.

Fig. 3.5 shows the good agreement between the measured magnetisation curve

and the theoretical one while the Figs. 3.6, 3.7 and 3.8 reproduce the calculated
4 An attempt to improve the agreement between measured and theoretical values has been

done by using the stacking factor as a fitting parameter. A further reduction of the stacking
factor (with respect to the standard reduction due to lamination) can be justified by considering
that a 2D model does not take into account the additional saturation at the ends of the magnet
where the flux lines are more densely packed. However, this procedure did not lead to a
satisfactory improvement of the quoted results.

5Not taking into account the end shims.
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3.2 2D analysis

Go (T/m)
G'o/Go (m"1)

Measured value |j Theoretical value
-4.764
1.462

-4.77
1.583

Table 3.2: QD9: Comparison between the measured and calculated gradients
and G'JG0 at 1=1948 A.

Figure 3.5: Experimental and theoretical magnetisation curve Go(/) for QD9.

homogeneity curves.

For the latter, only a fairly good agreement in shape with the measurements

on QD7 can be pointed out; for the case 1=2000 A no saturation effect is visible6.

6The model for QD9 has been developed introducing a B field reduction with respect to the
nominal B versus H curve of 4%. This makes it problematic to compare the QD7 measurements
with the theoretical results for QD9 by means of a simple rescaling.
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Pseudo-octupole effect in the AD machine

Figure 3.6: Theoretical homogeneity curve (1=50 A) for QD9.

Table 3.2 shows the agreement between the calculated values of Go and G'0/GQ

and the nominal ones.

It holds the same quantitative result that is valid for QD7.

3.3 3D analysis

The building up of a 3D model is much more laborious than in the 2D case.

The OPERA 3D pre-processor [31] enables the creation of three dimensional

finite element meshes making use of the analysis program TOSCA, ELEKTRA

and VF/GFUN. The program has been written to employ a hierarchical data

storage system. The finite element mesh is generated by defining the geometry
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3.3 3D analysis

Figure 3.7: Theoretical homogeneity curve (1=1000 A) for QD9.

of the three dimensional object projected into a surface (a plane in our case),

discretising the projection into finite elements and then extruding it through

space to give a 3D model.

The main results of interest provided by the program are those that allow the

calculation of the effective length of the two quadrupoles and the integrated

octupole components.

53



Pseudo-octupole effect in the AD machine

Figure 3.8: Theoretical homogeneity curve (1=2000 A) for QD9.

3.3.1 The effective length of QD7 and QD9

The focal length / of a quadrupole is defined by the relation

J = kleff (3.4)

(3.5)

where k = (q/p)G is the strength and

r+oo

/ Gds
J J—OO
leff - G(x,y,0)

is the effective length of the quadrupole.

In order that the particles of a monochromatic beam are focused to the same
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3.4 The pseudo-octupole field

point it is therefore necessary that the integral

r+oo
Gleff= / G{x,y,s)ds (3.6)

J -OO

is constant.

Empirically the length along which the integral receives a significant contribution

is

I ~ (steel length+8 • bore radius) (3.7)

and an approximate result for Ze// is

leff ~ (steel length+0.8 • bore radius). (3.8)

In Fig. 3.9 the good agreement between the theoretical values of the effective

length and the measured ones is shown for QD7.

Fig. 3.10 reproduces the analytical results for the effective length of QD9 (for

which there are no available measurements); the slope of the curve is in agree-

ment with the measured values for QD7.

The aim is now the evaluation of the octupole gradient GVO, 0, s) = f y

\ d x 3 7(0,0,*)

along the s-axis in order to estimate the strength of the pseudo-octupole field and

the value of the real octupole component in the centre of the magnet. Fig. 3.11

and 3.12 show the theoretical curves G2 = Ga(s) f°r the two models.

3.4 The pseudo-octupole field

The so-called pseudo-octupole field is the additional field component due to the

fringe field (that is due to the dependence of the quadrupole gradient on the
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Pseudo-octupole effect in the AD machine

Figure 3.9: Effective length of QD7 as function of the horizontal coordinate.

longitudinal coordinate s). It can be expressed [35] as

~

By = ~G"

Bs = G'xy

where G" =
d2G .d3 B,,

(3.9)

ds2 " dx3

This field affects the chromatic behaviour of the tunes.

Following [3] the exercise has been made in [36] to reproduce the parabolic shape

°f Qx — Qx(Ap/p) measured in the AC by the addition of the pseudo-octupole
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3.4 The pseudo-octupole field

Figure 3.10: Effective length of QD9 as function of the horizontal coordinate.

effect. For this purpose, a model proposed by P. Krejcik in [3] has been used.

The hypothesis on which the Krejcik's approach is based will be compared with

the results provided by the numerical models of the two AD quadrupoles.

The crucial assumption of Krejcik is that G(s) is a quadratic function of s:

G(s) = a2s + a3s
2 (3.10)

and calling a the length7 along which the gradient rises from zero to half of the

value in the centre of the magnet (that is Go) one finds (Fig. 3.13):

(\s\<a)

7In [3] a is assumed to be equal to the bore radius of the quadrupole.

(3.11)
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Figure 3.11: Dependence of the octupole gradient on the longitudinal coordinate
for QD7.

where

sign(s) =
- 1 if s < 0

1 if s > 0.
(3.12)

From (3.11) it follows (Fig. 3.14)

or
(3.13)

The effect of the longitudinal component of the field (3.9) can be neglected.

In fact considering the Lorentz force

F = ?vAB = q{vyBs - vsBy)\ + (vsBx - vxBs)j + {vxBy - vvBx)s (3.14)
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3.4 The pseudo-octupole field

Figure 3.12: Dependence of the octupole gradient on the longitudinal coordinate
for QD9.

and evaluating the ratio vxBs/vsBx (the same holds for vyBs/vsBy) one finds

{vs ~ c » vx, a ~ x)

vx G'/a = av^ ^
=

vsBx ~ vs G/a2x x vs

(3.15)

It is worth noting that even if the contribution of Bs to the Lorentz force can

in first approximation be neglected, the longitudinal field is of the same order as

the two transverse components:

Bs ^ a ^
Bx.v ~ x ~

(3.16)
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Hard edge model

True gradient shape

Figure 3.13: Gradient end-shape according to the pseudo-octupole model used in
[3J-

The important quantity to be evaluated is the area under the positive and

the negative part of the curve G"(s). In absence of any other (real) octupole

component the two areas, by virtue of Maxwell's equation, should be equal.

The value predicted by the Krejcik's model is

2Gr D2G r GOA Go
Jo ds2 Jo a2 a

(3.17)

For the two areas the ratio with respect to Krejcik's value is defined as:

f ^By_ f d3B,, ,
1 I dr.3 d s z I

a±

I
ad2G

ds
Go/a '

(3.18)

where the integral of y is calculated by numerical integration of the curves
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3.4 The pseudo-octupole field

1

I

F a

D

Figure 3.14: Second derivative of the gradient according to Krejcik's model of
the pseudo-octupoles.

3.11 and 3.12 and is extended either to the positive area (cx+) or to the negative

one (o!_). Following Krejcik a is assumed to be the bore radius.

The results for QD7 are:

17.73 T/m2
 n 16.12 T/m2

a+ = —» = 0.38; a_ = —5 = 0.35.
46.47 T/m2 46.47 T/m2

(3.19)

According to these relations Krejcik's model seems to overestimate the pseudo-

octupole effect by more then 60%.

Another important information that can be drawn from this comparison is that,

since a+ ^ a_, the field generated by the quadrupole contains a real-octupole

component.
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Model
QD7
QD9

Peak to peak (mm)
132 (=bore radius)

110
100

Zero position (mm)

370 He/ , / 2)
330
340

Table 3.3: Comparison between the values of the distance peak to peak and
of the zero position in the curve giving the dependence of the pseudo-octupole
gradient on the longitudinal coordinate (see Figs. 3.11 and 3.12): as assumed in
the Krejcik's model and as provided by the 3D simulations for QD7 and QD9.

This is even more evident considering the result for QD9:

31.15 T/m2

36.09 T/m2

23.43

36.09 T/m z
= 0-65- (3.20)

Here the difference between a+ and a_ is significant. This also comes out from

Fig. 3.11 and Fig. 3.12.

A further comparison between the value of two characteristic parameters of the

Krejcik's model and the results of the 3D simulations is shown in Table 3.3.

3.4.1 Bending and focusing of a pseudo-octupole

Assuming a zero dispersion in the vertical plane and a trajectory in the (x,s)

plane of the form:

= xo+pXos (3.21)

(where x0 and pXo are, respectively, the position and the angle of the particle

at the beginning of the region in which the pseudo-octupole field is present),

one can calculate the bending power 8B and the focusing power 8p due to the

pseudo-octupole field at each end of a quadrupole (KQ = -—Go):
Bp

if i c r r® ca

$B = -g- / Byds = ± ^ - Y 2 ^ / (Xo+Pxos)3ds- (x0+pXos)3ds

p3
Xoa

2} = (3.22)
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3.4 The pseudo-octupole field

and

^ (3.23)

dBy dB

where the upper sign refers to the beginning (with respect to the arbitrary positive

direction of the s-axis) and the lower to the end of the quadrupole 8.

To insert the focusing effect in the lattice one has to subtract from {8p) the

contribution due to each quadrupole in the hard edge approximation.

The result is a correction of (Sp)x [3]

(3.25)

while (Sp)y remains the same.

The comparison of the two terms of the rr-focusing power for the AC and AD

lattices

XnVxn DXD' Dx ,
vrxo X x x̂  ^ in2 (n cyf-\

a{Pxof ~ a{D>xY ~ aD'x ~
 1 0 (3"26)

leads to the conclusion that the model does not depend significantly on the pa-

rameter a.

According to the previous results the chromatic effect of the pseudo-octupole

field can be represented by placing at the two ends of each quadrupole a thin

8In the paper of P. Krejcik the focusing power of the two ends of the quadrupole are found
with the same sign. This seems to be a mistake.
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quadrupole lens whose matrix is

/ 1

(M)u =

0

^
0

0

0

1 0

0 1

0 ± ^

0

0
(3.27)

(the sign "-" holds for the entrance and the sign "+" holds for the exit).

The bending kick 5B can be neglected since we are interested only in the tune

correction up to the second order in Ap/p. In fact

(3.28)6F oc ( —
V

(3.29)

3.5 The real-octupole field

As it has been shown, the 3D simulations of the QD7 and QD9 indicate the

presence of an additional integrated octupole component that has to be taken

into account for evaluating the chromatic behaviour of the AC (AD)'s tunes (in

addition to the pseudo-octupoles due to stray field).

To check to what extent this result is in agreement with the intention of the

designers one has to consider that they designed the W quadrupoles so as to

create an octupole gradient9 that can be in principle compensated (in sense that

the total integrated octupole field can be adjusted to zero) by means of end-shims

and "washers" placed on them.

These two end effects are not included in the models and all that can be expected

is that the values of the octupole field is inside, or not too far outside, the variation
9Apart from the inevitable pseudo octupole contribution.
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3.5 The real-octupole field

range given in [29].

The measured variation range for the octupole strength generated by QD7 is

-1.5 m- 4 < [(K3)v=0]QD7 < 1.5 nT 4 (3.30)

whereas the one for QD9 is

-1.2 m~4 < [(K3)y=0}QD9 < 1.2 m~4. (3.31)

On the basis of the 3D simulations discussed in the previous Section it was found

for QD7

(G3)v=o = (-Q^)V=O = 5-539 T/m3 . (3.32)

The nominal energy for AC is p = 3.57432 GeV/c and so the octupole strength

corresponding to (C?3)y=o is

(K3)y=0 = ± [Tm](C?3)y=o = ( 5 ^ ? [GeV/c]) (G3)y=0 = 0.465 m~4.

(3.33)

Similarly for QD9

(G3)v=o = 27.068 T/m3 -> {Kz)y=0 = 2.272 m~4. (3.34)

The value provided by the model of QD7 is in good agreement with measure-

ments while the result for QD9 can be considered acceptable. In fact the variation

range is only referred to every possible different configuration of the "washers"

and the extreme values already take into account the effect of the end-shims that

presumably reduce them with respect to the case in which only the field gener-

ated by the "body" of the magnets is considered (that is the case of the model) .

Moreover the measurements refer in both cases to the nominal current 1=1884.8

A whereas the models are calculated for 1=1948 A [29]. The value of K$ varies
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s

4

5.49-

\ 5.485

\ 5.48

\ 5.475

^~~~^-~^^ \ v 5.47

5.46

5.455

- 3 - 2 - 1 0 1 2 3 4

Ddtap/p(%)

- • - Experimental values ~ # - Theoretical values without any octupdar fieW)

Figure 3.15: Experimental and theoretical chromatic behaviour of Qx for the AC
not taking into account octupole fields.

(not linearly) with the current and the value for 1=1948 A is bigger (by a few

percent) than the one at 1=1884.8 A.

Although no information is available about the octupole field generated by the

family of QWF6, it is possible to get this by interpolation of the values of K3

for QD7 and QD9 and this because QD7, QD9 and QF6 are identical, the only

difference being the number of Ampere/turns [32].

The fact that the working point of these quadrupoles is close to the saturation

would suggest a parabolic interpolation but, since only two points of the curve

giving the dependence of K3 with respect to the number of Ampere/turns are
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Experimental values - » - • Theoretical values without any octupolar Reid I

Figure 3.16: Experimental and theoretical chromatic behaviour of Qy for the AC
not taking into account any octupole field.

known, one has to be satisfied with a linear one. The resulting value of Ks for

QF6 is Following this way we found for QF6:

, - 4 (3.35)

The family of QF8 is not identical to the other three W-type quadrupoles [32]

and so it is not possible to extract information about the octupole field from the

models developed. On the other hand the QF8 quadrupoles are less asymmetric

and so a weaker value of the octupole gradient can be expected.

Concerning the narrow quadrupoles one can assume that, due to their symmetry,

they do not generate any real-octupole field.
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3.6 Theoretical chromatic behaviour of the AC
tunes
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Figure 3.17: Experimental and theoretical chromatic behaviour of Qx for the AC
taking into account the real and pseudo-octupole field.

The aim is now the exploitation of the calculations presented in the previous

Sections on the octupole (real and pseudo) field generated by the W quadrupoles

for improving (with respect to [36]) the agreement with the measurements con-

cerning the dependence of the AC tunes on the momentum deviation Ap/p.

Figs. 3.15 and 3.16 show the difference between experimental and theoretical

values not taking into account any octupole field in the calculations. While

the agreement is quite good for the vertical plane, the horizontal tune shows a
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Figure 3.18: Experimental and theoretical chromatic behaviour of Qy for the AC
taking into account the real and pseudo-octupole field.

parabolic shape that is not foreseen by the theoretical curve.

In [36] it has been shown that the insertion of the pseudo-octupole field following

the Krejcik's model improves in a significant way the agreement for Qx.

However according to the calculation performed, the pseudo-octupole field should

be considerably reduced.

In Figs. 3.17 and 3.18 a comparison between the experimental chromatic curves

and calculations adding either real and pseudo-octupoles or real and the half

pseudo-octupoles is shown for both planes.

Concerning the real-octupole field, it has been inserted in the model by means of
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one thin lens placed in the centre of each W quadrupole (except for the QF8 fam-

ily) and characterised by a strength equal to the one found in Section 3.5. This

means that for simplicity the effect of the end shims (as well as of the "washers")

has been neglected assuming, moreover, the same value of the octupole gradient

for each quadrupole inside the same family.

—without any oclupolar Held — with pseudweal octupotar EeM adding one oclupolar correcting lens |

Figure 3.19: Theoretical prediction and compensation of the chromatic behaviour
of the AD horizontal tune.

In the horizontal plane the agreement between measurements and theoretical

curve adding real and half pseudo-octupoles is quite good while the curve with

the full effect of the pseudo-octupoles is a little overestimating.

In the vertical plane the insertion of the octupole effect makes the agreement
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worse; the shape of the experimental curve seems in this case hard to model.

3.7 Theoretical chromatic behaviour of the AD
tunes

The results found for the AC case can be used to predict and compensate the

pseudo and real-octupole effects in the chromatic behaviour of the AD tunes.

Figure 3.20: Theoretical prediction and compensation of the chromatic behaviour
of the AD vertical tune.

The compensation can be obtained by means of an octupole placed in a posi-

tion with a relatively big dispersion (so as to minimise the required strength) and

a relatively big ratio (3X/Py (so as to maximise the effect in the horizontal plane
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and minimise that in the vertical one). This last requirement allows an efficient

tune shift correction in the horizontal plane (where, as shown in the previous

Section, a significant effect is expected) without a significant disturbance of the

optics in the vertical plane (where no octupole effect is expected).

Fig. 3.19 and 3.20 show the chromatic behaviour of the AD tunes without tak-

ing into account any octupole effect and correcting the latter using one octupole10.

At the moment the MAD program does not allow a tracking analysis in pres-

ence of pseudo-octupoles and this prevents any numerical check of their effect on

the stability of the motion.

3.8 Chromaticity measurements for the AD

In this Section the set of measurements performed during the AD commissioning

and devoted to characterise the chromatic behaviour of the tunes (at top energy)

is presented.

The tune shifts as a function of the relative momentum deviation is given by

the chromaticity formula (1.25)

&Q*,y = Q'x,y— (3-36)

and Ap/p is linked to the relative frequency deviation by the relation (see Section

1.5)

(3.37)^ ( 7 )
UJ p P

10The parameters of the correcting lens are I — 0.2m, K3 = —10m 4.
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Figure 3.21: Change in revolution frequency as a function of the relative momen-
tum deviation for the AD.

3.8.1 Method

The method followed to measure the tunes as a function of Apjp (that is, in

practice, of ALJ/UJ) is based on the analysis of the electromagnetic noise (called

Schottky noise) generated by the beam. Consider a short bunch of particles

circulating with a coherent betatron oscillation. If such a bunch is observed by a

position monitor a series of readings will be obtained which give the oscillation

amplitude at each full turn of the machine. The fractional part q of the tune is

responsable for the phase lag or lead between consecutive points. The observed
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Pseudo-octupole effect in the AD machine

points lie on the curve

z{t) = Zco. + AeiuJrqt (3.38)

where zc.o. is the closed-orbit distortion, A is a constant and UJT is the revolu-

tion frequency. Longitudinally it can be assumed that the bunch current appears

as a delta function repeating once per turn, which can be reinterpreted in the

frequency domain as an infinite series of equal harmonics of the revolution fre-

quency:

A + o ° A + o °

where X(t) is the line charge density, A is the charge in the oscillation bunch, C

is the circumference of the equilibrium orbit and T is the revolution period.

The beam monitor will respond to the product of (3.38) and (3.39), which is the

dipole moment of the beam,

A ±2° A

z(t)X(t) = zc.o- £ ein"rt +cAl^ eiUAn+q)t- (3'40)

n=—oo n=—oo

The first term of the previous equation depends on the closed orbit and is of

no direct interest here. The second term contains both negative and positive

frequncies that, anyway, appear all as positive in the spectrum (the beam monitor

can only sense transverse displacement and not the direction of energy flow). It

can be expressed in terms of only positive frequncies:

A A ~l~°°

The application of (3.41) to each unit charge circulating with a transverse beta-

tron oscillation gives the transverse Schottky spectrum of the beam. The spec-

trum will then simply be the sum of the signals from all the particles. The
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3.8 Chromaticity measurements for the AD

individual lines will be spaced out into bands by the spread in the angular rev-

olution frequency due to the momentum spread and by the spread in betatron

tune, due to chromaticity.

According to (3.41) each longitudinal Schottky line for a single particle develops

two sidebands. The measure of two adjacent bands u+ and u;_ give the fractional

part of the tune:

J+ = (n + q)ujr,
(3.42)

>_ = (n - q)ur,

3.8.2 Results

The actual working point (Qx = 5.38, Qy = 5.37) is slightly different from the

one used for the simulations which is (Qx = 5.39, Qy = 5.37). The increased

distance of the horizontal tune from the fifth order resonance 5QX = 27 (excited

at the third order by sextupole fields) allows the stability to be improved for a

large Ap/p, see Fig. 3.22.

Fig. 3.22 shows chromaticity measurements for the AD at top energy. The hori-

zontal tune presents the expected parabolic shape. The contribution of the (real

and pseudo) octupole field is close to the expected one (see Fig. 3.19). The

vertical tune shows an almost linear increase with momentum (that is absence of

any octupole influence, see Fig. 3.20). In both cases the first-order chromaticity

seems to be smaller than that suggested by the model.

For Ap/p close to ±3% the horizontal tune is very close to the fifth order reso-

nance; this makes the beam lifetime poor and, as a consequence, the signal on the

spectrum analyser weak. The error in determining the position of the sidebands
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Figure 3.22: Measured AD chromaticity at top energy.

gives un uncertainty on the measurement that, in the worse case (that is for large

Ap/p), is about 0.3 %.

3.9 Conclusions

The starting point of this Chapter has been the comparison of the results pro-

vided by 2D and 3D simulations performed on a couple of AD (AC) quadrupoles

with measurements.

The 2D models fairly reproduce the experimental homogeneity and magnetisation

curves. The Fourier analysis does not fit in a very satisfactory way with the with

the nominal (measured) gradients. However, the level of accuracy is sufficient
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to allow one to conclude that the field components with higher order than the

octupole one do not contribute in limiting the stability of the motion of the AD.

This result will be confirmed by the tracking analysis that will be carried out in

the next Chapter.

The 3D simulations give an estimate of the importance of the real and pseudo-

octupole field. The calculations lead to the conclusion that the Krejcik's model,

used as a reference for the proposed analytical approach, overestimates the pseudo-

octupole effect by about 50%.

This result is in agreement with the experimental evaluation of the pseudo-

octupole field made for one LEAR quadrupole (see Appendix A).

A real-octupole field is produced because the asymmetry of the two quadrupoles

and can be controlled by means of a set of "washers" placed on the end shims

of each W quadrupole. Since the pseudo-octupole effect can be compensated by

a real-octupole field, it will be possible, in principle, to make a good choice of

the configuration of the "washers" to cancel (or at least to reduce) the pseudo-

octupoles in AD.

The attempt to improve the agreement between the experimental chromatic be-

haviour of the AC tunes and the theoretical calculations can be considered suc-

cessful for the horizontal plane. For the vertical plane the experimental curve

does not show the strong octupole influence suggested by the calculations.

Using these last results a prediction and a possible compensation scheme of the

pseudo and real-octupole fields for the AD machine have been be proposed.

A set of measurements performed during the AD commissioning and devoted to

characterise the chromatic behaviour of the tunes seems to confirm the validity

(in the horizontal plane) and the limit (in the vertical plane) of the optics model.
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Chapter 4

Linear coupling correction for the
AD machine

4.1 Introduction

The linear coupling is driven:

• By solenoid fields that can be produced by detectors installed at the interac-

tion points in circular colliders or, as in the case of AD, by an electron cooling

system that is needed to produce the dense beam required by the experiments at

low energy;

• By the skew quadrupole component arising from imperfections in the fabrica-

tion and alignment of the magnets;

• By vertical closed orbit excursion in sextupole fields.

The most important consequence of linear coupling is the fact that it drives the

difference resonance family Qx — Qy = integer and the sum resonance family

Qx + Qy = integer.

The first family does not lead to instability but causes amplitude beating and

energy exchange between the two transverse planes.

This phenomenon produces a " round" beam that is not suitable for a wide range

of situations in accelerators and prevents operating these machines close to the
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Linear coupling correction for the AD machine

main diagonal in the tune diagram (where the resonance-free tune space is larger).

For these reasons a compensation scheme is often required.

In fact the interchange of horizontal and vertical oscillations is not always to be

avoided: the Mobius accelerator [9] is an example of the way that coupling can

be exploited to modify (and in some case improve) the property of an existing

circular accelerator.

The sum resonances lead to instability. The tunes of accelerators are usually

far away from the sum resonance, but its effect shows up in a distortion of the

generalised orbit functions and in the planes of the eigenmodes of the coupled

transverse motion not being horizontal and vertical.

The AD is foreseen to be commissioned with the working point (5.39,5.37); the

closest coupling resonances are Qx — Qy = 0 and Qx + Qy = 11.

The criteria that can be used for the correction of the coupling effects are essen-

tially two:

Following the matrix formalism [38], [39], [40] one can block-diagonalise the

single-turn 4 x 4 matrix for the transverse motion in correspondence of one or

more points around the ring.

This requires four independent correctors (solenoids and/or skew quadrupoles)

for each point where the block diagonalization is to be achieved. In some cases,

including AD, the symmetry makes it possible to correct a known error with just

two independent correctors.

- Following the hamiltonian formalism [41], [42] one can cancel the driving terms

for the difference and sum resonances close to the working point. This compen-

sation requires two families of correctors for each resonance to be removed. As

before, these are cases where the symmetry may make the compensation of a par-
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4.2 Matrix formalism for coupling

ticular error possible with only two families, but such schemes lack the flexibility

needed for random errors.

As will be pointed out, these two approaches lead to the same results only in

special cases.

4.2 Matrix formalism for coupling

The matrix approach to deal with coupling is the generalisation of the Courant-

Snyder parametrisation to the two-dimensional linear coupled motion.

The single-turn transfer matrix

( M n \
T = (4.1)

\ m N )

of a periodic system is symplectic and periodic which makes it possible to express

it in terms of 10 periodic parameters. A way to proceed is to make use of a

"symplectic rotation" [38]:

Icoscp D^s in^X (A 0 \ / Icos(f> —D~l sincfr(
Dsin<p 7cos</> J \ 0 B J \ Dsin(j> Icoscj) )

(4.2)

where A, B and D are 2 x 2 unimodular (symplectic) matrices each requiring 3

parameters; the tenth parameter is the angle 4>. I is the unit 2 x 2 matrix. The

matrix R defines a canonical transformation from the coupled coordinates it to

a new set of coordinates if:

If = R'1!? = (u,pu,v,pv) (4.3)

such that the motion described by (u,pu,v,pv) is decoupled;

U is the single-turn matrix for if. It is natural to parametrise A and B in the

Courant-Snyder form:

A = I cos /̂ i + J\ sin fa (4-4)
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B = / cos /J,2 + Ji sin /i2 (4.5)

where

(4.6)

The phase advances Hi and fj,2 relate in the usual way to the eigenvalues of A

and B. The 10 periodic parameters specified by [38] can be expressed in terms

of the elements of U. In particular

(cosixx - cos /J,2)
2 = (TrM - TrN)2/A + det|m + n\ (4.7)

(n is the symplectic conjugate of n)

, 1 Tr(M-iV) , ,
cos 2 0 = - - i '—. 4.8)

2 (cos / i i — COS/X2)

Prom equation (4.7) it can be seen that the sign of det|m + n\ has a special

importance: if it is negative and the traces of M and N are equal, then Hi and

(or) jj.2 are complex and the motion becomes unstable. This can potentially

occurr on difference resonance Qx — Qy = p or on a sum resonance Qx + Qy = p

(p integer).

The difference resonance is shown to be inherently stable and the sum resonance

is inherently unstable. This fact makes it possible to run an accelerator close

to the diagonal line in the {Qx,Qy) plane (where there are large spaces free of

non-linear resonances).

The eigenvectors of A and B correspond to the normal modes of the motion. Such

a motion is not restricted to a single plane but rather the phase point moves on

an ellipse in the (x, y) space.
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4.2 Matrix formalism for coupling

4.2.1 x — y trajectories in presence of coupling

Following the Teng formalism the coupled motion at a reference point (as a

function of time) in the decoupled system if defined by the "symplectic rotation"

is

!7r(2in + <Ail \

V =

u \

Pu

V

\ Pv

<Pl)

\
<Pl)

(4.9)

where Qi>2 are the eigenfrequencies of A and B and ei;2, cti,2 and (3\i2 are the

emittances and the Twiss parameters relative to the coupled motion; (pi2 are

constants of the motion.

Let

D =
a b
c d

(4.10)

the real elements of the unimodular matrix D that, together with the angle (p,

characterises the transformation R from if to it (lt=R if); the motion in the

physical plane (x,y) can be written

x = COS(2TTQin + (pi) cos (p+ (p2)dsin (p

(4.11)

y =

+ sin(27T<5in + (pi)]bsin (p + y/e2/32 cos(2nQ2n + (p2) cos (p. (4.12)
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Linear coupling correction for the AD machine

4.2.2 Normal modes in presence of coupling due to a skew
quadrupole field or a solenoid

After some algebra (the details of the calculation are reported in Appendix C) the

angle <fi and the D matrix for a linear lattice including a " thin" skew quadrupole

can be written

eft = - arccos — = (4.13)
/ 2 sin(27rQx) sin(27rQy)

\l 9 PP

-,
D = —g

t a n 2 ^

V [COS^TTQ*) - COs(27rQj,)]2

(3ys\n(2irQy) 0
cos(2irQx) — cos(2irQy)

axsin(2ivQx) — aysm(2irQy) (3xsin(2irQx)
\ 008(2-̂ (52.) — cos(2nQy) COS(2-KQX) — cos(2nQy)

where g = ———-I is the integrated strength of the skew quadrupole of (short)
Bp ox

length 1; QXiV, aXtV and (3x<y are the tunes and the Twiss parameters in absence

of coupling.

The (u,pu) normal mode in the decoupled system U* at the reference point (as

a function of time) transformed back (using the R matrix) in the physical plane

(x,y) reads

x — \feij3i cos(27rQin + <pi) cos </>, (4-14)

y = — >/e1/?icos(27rQ1n + 0i)asin0, (4-15)

which implies

- = - a t an0 . (4.16)

x
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In the same way for the mode (v,pv) one gets

2 cos(27r<32™ + <j>2)d sin (4.17)

V =

which implies

y
x d tan <f)'

Fig. 4.1 shows the representation of the two "normal" modes.

(4.18)

(4.19)

U

Figure 4.1: Inclined normal modes with skew quadrupole coupling. 4>\
if the condition (4.20) is satisfied.

In reality the two modes are normal only in the special case

a — d sin(2-7r Qx) = fiy sin(27r Qy). (4.20)
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In presence of a solenoid the calculations are more complicated: the shape of

the normal modes in the plane (x,y) is in general elliptic (see Fig. 4.2 ) unless

a

Figure 4.2: Inclined elliptically polarised normal modes with axial field coupling.

the integrated strength of the solenoid kl is such thai1 hi <§C 1.

In this case, that is not the AD one, the transfer matrix of the solenoid amounts

to being the superposition of a lens which is focusing in both planes and a cou-

pling element which is like a skew quadrupole (except for a sign); as in the case

of the skew quadrupole the shape of the normal modes is linear.

4.3 Hamiltonian formalism for coupling

The hamiltonian of the linear betatron motion coupled by the presence of a skew

quadrupole and solenoid field components is

H = -[Kxx
2 + K2y

2 + 2Kxy + (px - Sy)2 + {py + Sx)2] = H0 + V (4.21)

JThis condition ("thin" solenoid) is usually satisfied in high-energy accelerators.
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4.3 Hamiltonian formalism for coupling

where

Kx 2 = —Gi 2, (4.22)
1,2 Bp i,2, v ;

(with Gi |2 field gradients),

K = -^-^~ (4.23)

is the skew quadrupole strength and

1 ^s (4.24)

is the solenoid field strength.

The perturbation due to coupling is given by

V = Kxy + Sxpy - Sypx + ±S 2(x2 + y2). (4.25)

According to Floquet's theorem the solution of the unperturbed motion can be

written in the form {9 = s/R is the azimuthal angle)

x = alUeiQ*0 + axue-iQ*e, (4.26)

y = a2veiQve + d2ve~iQv\ (4.27)

where u, v are the Floquet functions

(4.28)

(4.29)

The general solution of the perturbed motion can be obtained by studying the

variation of the four constants ai, a^, ai, a,i due to the perturbation V:

Qj = laj'V] ([•••] is> m ^ m s case, the Poisson bracket). (4.30)
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The function V is periodic and can be developed in a Fourier series [41]:
2 +00

V= E E^U^^^« 2
m e^^ + - ^ - ^ (4.31)

j,fc,Z,m=Op=-oo

with j + k + I + m = 2, n\ = j — k and n<i = I — m.

The standard approach is based on the assumption that only the low frequency

part of V gives an important contribution to the variation of the constants.

The next Chapter will be dedicated to pointing out the limits of this delicate

approximation and to develop a theory (that can be easily extended to higher

order multipoles) that avoids this limitation.

Following for the moment the traditional approach, V can be approximated as

+ c.c.

(4.32)

where c.c. stands for complex conjugate. The terms containing2

R2S2pzd6 (4.33)

(z = x for h[l00O and z = y for /looiio) c a u s e tune shifts with amplitude whereas

the terms containing

- sb f ^* [K+s ( I - ai x

x e{i\MxTVy)-(QxTQy-p)O]}ffl (434)
2To maintain the definition of quadrupole strengths given in Section 1.2 and, at the same

time, to keep the standard notation for the hamiltonian treatment of linear coupling [41], the
factor R2 in the expressions (4.33) and (4.34) is put in evidence (and not simplified).



4.3 Hamiltonian formalism for coupling

(where the sign has to be chosen according to the indices of h^: top sign for

^iooi-p a n d lower sign for h]}jlo_p) lead to sum and difference coupling resonances.

The terms with the coefficient /4ooo-p
 a n d ^0020-p depend only on S and lead to

one-dimensional quadrupole resonances.

Introducing the expression of V for one resonance at time in equation (4.30) one

gets

^ - iXxa, + ifae~i0A, (4.35)

*2 = iXya2 + igae
 % , (4.36)

where Xx = hf^0Q0, \ = 0̂0110 (tune shifts),

fa = 2^~a2> 9a = 2Ca>1 ^4'37^

for the difference resonances,

fa = -^C a2, ga = 2 ^ ~ S l (4.38)

for the sum resonances, C+ = 2/iioio-p, C" = 2/iiooi-P (driving terms of the sum

and difference resonances, respectively) and A = A T = Qx T Qz ~ P for the

difference and sum resonances.

Solving the equations (4.37) and (4.38) near a single difference resonance, the

solution of the motion can be written

1 - (Ax • a A* • a \

Z \ U>2 U>i J

a2 = Aie-™*20 + A2e~iujyie, (4.40)

where

",1,2 = g - (A" -Xx- Xy) ± J ( A - + A, - Xyy + |C- |2 , (4.41)
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uyh2 = i f-(A- + XX + Xy) T ̂ ( A ' + A . - A ^ + lCi2! . (4.42)

These equations indicate that in this case the motion is always stable with energy

exchange between the two transverse directions.

The solution near a (single) sum resonance is analogous to the previous one but

this time the motion is stable only if

\C+\<\A+ + Xx + Xy\. (4.43)

The equations (4.39)-(4.42) show that the perturbed motion is made up of two

modes associated with two different frequencies u\, u)i- Again it can be shown

[42] that these modes have an elliptical shape and are inclined in the (x, y) plane.

According to [43] a given working point (Qx,Qy) can be considered far enough

from the closest sum and difference resonances when the following conditions are

both satisfied

\Qx~Qy-Pi\>l^f = ̂  (4.44)

\Qx + Qy~ ftl > ^ + ( 1 + I ) = 2C+(1 + i ) , (4.45)

where p\ and j>2 are those integers which are the closest to Qx — Qy and Qx + Qy

(respectively),

Ae~ = AC~ (4.46)

is the bandwidth for the difference resonance,

Ae+ = 4C+ (4.47)
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is the bandwidth for the sum resonance and <5 is the (small) tolerable beam blow

up with respect to the unperturbed beam amplitude.

All the formulae (4.44)-(4.47) refer to the simplified case where the horizontal

and the vertical emittances are almost equal.

4.4 Comparison between the two formalisms

It has been shown that both approaches describe the main characteristic of the

betatron motion in presence of coupling; nevertheless they follow two completely

different philosophies and this has to be taken into account for coupling compen-

sation.

The matrix formalism is exact and allows the redefinition of the Twiss parame-

ters when coupling is present. The block-diagonalization of the single-turn matrix

involves the global compensation of all the sum and difference resonances in cor-

respondence of one particular point along the longitudinal coordinate s. This

means that the effect of the nearest sum and difference resonances is not com-

pensated individually but together with the contribution of all other resonances

belonging to the same family. If the latter contribution is small one can expect

a small residual value of the driving terms of the closest resonances (this means

agreement between the two criteria of compensation), but if the contribution of

the "far" resonances is large, then the single-turn matrix compensation leaves a

residual value of the closest driving terms significantly different from zero (this

means disagreement between the two methods).

The hamiltonian approach contains approximations leading to a definition of

tunes that is meaningful only if the working point is close to a resonance excited

by coupling and remote from the others.

The tunes show a "fine structure" not shown by the matrix formalism.
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The hamiltonian formalism gives an indication for the best position of the correc-

tor magnets. Supposing in fact that one wants to cancel one particular resonance,

the aim is to create in the plane (Re(C),Im(C)) a vector exactly compensating

the one generated by the coupling source. The combination of the two correctors

to be used is most effective when the phase difference between the vectors they

generate is close to 7r/2.

Next Chapter will be dedicated to developing a theory that provides the gen-

eral link between the two approaches and to investigating their relative merit.

4.5 Compensation of the AD electron cooling
solenoid

The main coupling source in AD is the presence of the electron cooling solenoid

(see AD layout, Appendix D) that is fed with a constant current3 1=400 A dur-

ing the deceleration from p = 300 MeV/c to p = 100 MeV/c. This implies that

not only the optics that is used at high energy must be modified at low energy

(because of the coupling correction), but also that it is necessary to vary the

low-energy optics for the different values of the antiproton momentum.

The coupling is most dangerous for p = 100 MeV/c and, in the following, the

compensation strategy is especially studied for this case.

The available correctors foreseen for the commissioning of the machine are two

skew quadrupoles (connected in series) and two solenoids (connected in series

with the electron cooling solenoid).

3Prom the point of view of the machine operation it would be better to keep the solenoid
strength k = eBo/p constant. This requires ramping the solenoid field which complicates the
control system and the equipment. In addition a strong field is desired for the dynamics of the
electron cooling at 100 MeV/c.
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In Section 4.5.1 the future possibility of having an independent power supply for

the two corrector solenoids together with that of varying the position of the two

skew quadrupoles in section 14 and 44 (see AD layout) is considered. This would

allow a perfect coupling compensation (in the sense of the matrix approach) in

one region of the lattice and a minimisation of the driving terms of the nearest

sum and difference resonances.

In Section 4.5.2 the possibility of replacing the two solenoids with another pair

of skew quadrupoles is illustrated.

In Section 4.5.3 the possibility of compensating just the closest difference reso-

nance is considered.

Section 4.5.4 is dedicated to the analysis of the coupling due to errors (tilt of

normal quadrupoles and vertical orbit distortion in sextupoles).

Finally, in Section 4.5.5 the case of the two corrector solenoids connected in series

with the main solenoid is revisited.

To achieve the compensation of the coupling generated by the electron cooling

solenoid (whose center coincides with the symmetry point of the machine) the

ideal case would be to place two corrector solenoids adjacent to it. This config-

uration, used for LEAR, would allow an almost perfect compensation according

to the relation

kclc + kl = 0, (4.48)

where kc and lc are the strength and the total length of the correctors and k and

/ are the ones of the main solenoid.

Unfortunately, with the hardware recuperated from LEAR and AC, this would

cause a reduction of machine acceptance of about 30% as the quadrupoles placed

93



Linear coupling correction for the AD machine

on both sides of the cooling insertion would have to be further away from the

electron cooler. As a consequence, the corrector solenoids will be housed several

meters upstream and downstream of the main solenoid and to compensate the off-

axis elements of the single-turn matrix or the two closest resonances an additional

pair of skew quadrupoles is needed.

The exact position of the two solenoids is thus determined by the space required

by the insertion of the quadrupoles while the skew quadrupoles can be placed

between QDN13(45) and QFN14(44) (see the AD layout). For the positioning of

both pairs of correctors the symmetry of the machine has been kept.

The single-turn matrix corresponding to the mid-point of QDSOl and the driving

terms of the nearest sum and difference resonances (Qx — Qy = 0 and Qx + Qy =

11) when the electron cooling solenoid is switched on (no coupling compensation)

are

T —
-1- coup —

/ -0.81 1.56 -0.17 1.09 \
-0.18 -0.81 -0.03 -0.21
0.21 -1.09 -0.70 7.65

V 0.03 0.17 -0.06 -0.70 j

(4.49)

C + = 0.0314, C~ = 0.0894. (4.50)

The latter values have to be compared with the conditions (4.44) and (4.45).

Considering as tolerable a beam blow of about 20% for both the sum and the

difference resonances, the equations (4.44) and (4.45) give

\Qx + Qy~ H | > 10C+ —• C+ < 0.024 (4.51)

Qx~Qy> 10C~ —• C~ < 0.002. (4.52)
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While C+ given by equation (4.50) is not far from satisfying the previous stability

requirement the same does not hold for C~.

Turning on the main solenoid and the coupling correctors, the (5 functions are

perturbed. This causes a tune shift that can be compensated using normal

quadrupoles.

The values of the tunes when the main solenoid is not compensated are4 Qi = 5.44

and Q2 = 5.35.

4.5.1 Single-turn matrix compensation using two inde-
pendent solenoids and two skew quadrupoles

To choose the best position of the skew quadrupoles in the straight sections be-

tween QDN13(45) and QFN14(44) three different configurations have been con-

sidered: one with the skew quadrupoles as close as possible to QDN13(45), one

with the skew quadrupoles in the middle and one with the skew quadrupoles as

close as possible to QFN14(44).

The strategy is the following: using the code MAD [44] the off-axis elements of

the 4x4 matrix (by means of coupling correctors) and the consequent tune shifts

(leaving two families of normal quadrupoles free to vary) are compensated at the

same time. The resulting variation of the j3 functions reintroduces the coupling

and a new set of values of the strengths of the correctors is needed. A new tune

shift is introduced. Instead of using an iterative procedure (converging) one can

ask the program to correct both the coupling and tune shift at the same time.

As already pointed out the matrix correction is local whereas the compensation

of the resonances does not depend on the position of the observation point along

the ring. This implies that the position where the correction of the off-axis el-

4The tunes are here called Qi and Q% and not Qx and Qy because (see Section 4.2) in
presence of coupling the motion is not restricted to the (x,px) and (y,py) planes.
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ements of the 4 x 4 matrix is applied has to be carefully chosen. In our case

the requirements taken into account are two: the attempt to have pure horizon-

tal and vertical modes in the position where tunes will be measured and in the

electron cooling region (where a non ambiguous definition of the f3 functions is

needed). According to this, a good reference point for the matrix correction is the

middle of straight section 1 (that is the centre of the quadrupole QDN01): after

compensation, the single-turn matrix referred to any position in the arc (QDN45,

QDN13) is decoupled and so the measurement of the tunes 5 is not affected by

coupling; the motion in the arc (QDN13, QDN45) turns out to be coupled but,

due to symmetry, the coupling is minimum in the middle of the electron cooling

region.

Once the coupling (in the sense of the matrix formalism) and tune shift compen-

sation are established the new strengths of the correctors are put into the code

AGILE [45] to evaluate the residual values of the driving terms of the closest

resonances (Qx — Qy = 0 and Qx + Qy = 11).

For all three configurations acceptable values of the driving terms C+ and C~

have been found. Taking into account other important "quality factors" like

flexibility (that is the number of different good solutions varying the quadrupole

families used for the tune shift correction) and smallness of the perturbation of

the corrected optics with respect to the unperturbed one, the configuration with

the skew quadrupoles as close as possible to QFN14(44) appears preferable.

In particular the QFN14(44) configuration is characterised by a wide number of

good solutions; two of them are shown in Table 4.1. The choice of the strengths

KF6 and KDEC6 to compensate the tune shifts is the most natural one because

5The pick-ups and the kickers are located in this part of the machine.
6KF6 is the strength of the quadrupole family QFW06,QFW12, QFW18, QFW24, QFW34,

QFW40, QFW46, QFW52.
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Conf || KSOLG (lad/m) | KSKEW (m' 2 )

1
1
2
2
3

-3 .283-10 ' 1

-3 .377-10 ' '

-2.518 - 1 0 ' '

-2.46 -lO"1

-5.744 .lO"1

±8.69 • 10"2

±1.135 -10"1

±1.936-10-'

±2.433-10-'

±1.705-10-'

|C- | |C+ |

io-4

i ,3-r3

12 •10~3

2.8-10-2

3-10-4

2.45-10-2

2.97-10'2

6.7-10-2

7.8-10-2

28 •10~3

Ai^m- 2 )

AKm = 4.6-r3

MKFEC = IVW2

Alfm = 5.2-10-3

Atf m c = 4.2-10-3

M m = 9.5-10"3

AK2(m-2)

AKKDEC = 7 .6 - 10 - 3

bKKDEC = 1.4 -10-2

A ^ D £ C = 5.8-10-3

A^DfiC-1.2-10-3

A^ F 7 9 = 9.5-10-3

Table 4.1: Parameters of the coupling compensation using a pair of independent
solenoids and a pair of skew quadrupoles. The skew quadrupoles are placed as
close as possible to QFN14(44) (conf. 1), at the mid-point between QFN 14(44)
and QDN13(45) (conf. 2) and as close as possible to QDN13(45) (conf. 3.). The
AK are the variations of the retuning strengths respect to the unperturbed (no
coupling) case.

of the high sensitivity of Qx to the change of KF6 and of Qy to the change of

KDEC. A good alternative "knob" to KF6 is KFEC. The other two configura-

tions are less flexible and in particular the QDN13(45) configuration allows for a

good solution only when using KF79 and KF8 as tune shift "knobs" (see Table

4.1). The QFN14(44) configuration is also characterised by a relatively small

value of the strength \KSKEW\ of the skew quadrupoles (weaker perturbation

respect to the uncoupled optics) and by the fact that the two conditions (4.51)

and (4.52) can be more easily satisfied.

Due to the symmetry, the solutions require the same absolute value for the

strengths of the two skew quadrupoles. This allows them to be connected in

series using only one power supply providing a current of less than 9 A (see Ap-

pendix B). However, if one takes into account the coupling generated by random

KDEC is the strength of the quadrupole family QDN27, QDN28, QDN30, QDN31.
KFEC is the strength of the quadrupole family QFN29A, QFN29B.
KF79 is the strength of the quadrupole family QDW07, QDW11, QDW19, QDW23, QDW35,
QDW39, QDW47, QDW51. It controls also the strength KF9=0.78*KF79 of the family QDW9,
QDW21, QDW37, QDW49.
KF8 is the strength of the quadrupole family QFW08, QFW10, QFW20, QFW22, QFW36,
QFW38, QFW48, QFW50.
See AD layout Appendix D.
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errors (a non symmetric effect) the strengths needed are different and then two

power supplies are desirable (see Section 4.5.4).

4.5.2 Single-turn matrix compensation using four inde-
pendent skew quadrupoles

Following the same strategy as illustrated in Section 4.5.1, the possibility of

compensating the electron cooling solenoid using an additional pair of skew

quadrupoles (identical to the ones already present in the machine) instead of

the two solenoids is considered. The position of the two skew quadrupoles at 3

and 9 o'clock correspondes to configuration number 1 in Table 4.1. The results

(making use of KF6 and KDEC or KFEC and KDEC as retuning knobs) are

summarised in Table 4.2. In both cases one gets a perfect compensation of the

KSKEWnfn

±7.54 • 1(T
±8.795 4 0

^ 2 )
-1

-i

KSKEW (m1)

±1.632 40" 1

±2.058-lO"1

c-
1.21 -10"2

1.73 -10~2

C

74
8.58 •

+

O"2

r2

Ajynf

Ai^KF6 = 5.6

)
40'3

140"2

Ai(2(m-2)

Aif^DBC = 1.81
kKmc = U'

10"3

10'3

Table 4.2: Parameters of the coupling compensation using four skew quadrupoles.
KSKEWn are the strengths of the two skew quadrupoles replacing the two
solenoids and KSKEW the strengths of the skew quadrupoles at 3 and 9 o'clock.
The AKs are the variations of the retuning strengths with respect to the unper-
turbed (no coupling) case.

single-turn matrix but the values of the driving terms \C | and \C+\ seem to be

too big according to the conditions (4.51) and (4.52).

Moreover the configuration which foresees KFEC and KDEC as retuning "knobs"

does not allow the (3X value to be kept below 10 m 7 (the value given by MAD is

12.7 m) in the electron cooling insertion while the (KF6, KDEC) configuration

requires a big value of the current for the new skew quadrupoles which is out of
7According to the LEAR experience beta functions of 5-10 m at the electron cooling insertion

are desired to optimise the cooling time (see Chapter 2).
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4.5 Compensation of the AD electron cooling solenoid

the range of the available power supply.

4.5.3 Resonance compensation

The sum resonance Qx + Qy = 11 excited by the electron cooling solenoid is

characterised by a driving term C+ that is close to satisfying the condition (4.51)

even without any compensation. This implies that the simplest way to control

coupling is to use the pair of compensator solenoids to reduce the value of C~ until

the condition (4.44) is reached. The relevant parameters of the compensation are

given in Table 4.3.

KSOLG (rad/m)

-4.47-KT1 8 • 10-4
* 1

3.15-10-2|/

AKjfm-2

\Km = 5.2
)
10"3

AK2(rrf
2)

AXjfDK = 1.2-10"2

Table 4.3: Parameters of the compensation of the driving term of the different
resonance using the two solenoids (skew quadrupoles off). The AKs are the
variations of the retuning strengths with respect to the unperturbed (no coupling)
case.

In principle, a similar procedure can be followed to compensate exactly both

of the closest sum and difference resonances (C~ = C+ = 0) making use of four

compensators. However, in this case, the procedure does not lead to an acceptable

solution because of the incompatibility of the (available) positions of correctors

and the constraint on fix at the electron cooling.

4.5.4 Coupling due to errors

A quadrupole of strength K misaligned by an angle <j> can be decomposed into

a right quadrupole of strength K cos (20) and in a skew quadrupole of strength

Ksm(2(j)). For small angles, the focusing is only affected to second order, whilst

the first-order term causes betatron coupling. Similarly, a skew gradient K'y is
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Linear coupling correction for the AD machine

experienced by a particle vertically displaced by y in a sextupole 8 of strength

K'.

The resonance driving terms for skew gradient errors relative to the closest res-

onances to the working point are given by the eq. (4.34) with S = 0 and (thin

lens approximation) K —* 2K(j) for a quadrupole tilt and K —• K'y for a vertical

displacement in a sextupole.

300

No. per bin 111
r

•Ml
0

300

No. per bin

Max. IC-I

0.010000

0

i

I I I
11

—4-
1

1

1

Max. IC+I

0.009500

Figure 4.3: Distribution of \C | and \C+\ generated by random errors.

Figs. (4.4) and (4.3) show the driving terms and phase distributions generated

by the random errors arising from misalignement and residual closed-orbit errors

8This displacement is in general the sum of two different contributions: a closed orbit error
and a vertical shift of the magnet.
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4.5 Compensation of the AD electron cooling solenoid

for 1000 randomly-generated machines. This was done assuming the following

standard deviations for the two gaussian distributions 9 [46]:

(a)+ = 0.25mrad (o% = lmm. (4.53)

Im. C- 0.010000

B2S s Re. C-
0.010000

Im. C+ 0.009500

Re. C+
0.009500

Figure 4.4: Distribution of the vectors C* = ReC^+i ImC^ generated by random
errors.

Table 4.4 lists the corresponding numerical results. The average moduli of

the driving terms are (circa) one order of magnitude smaller than the ones gen-

erated by the field of the electron cooling solenoid (see relations (4.50)). As a
9The two gaussian distributions are truncated at 2a.
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Max. modulus
Av. modulus
RMS modulus

Av. tilt angle [rad]

\c~
0.0095
0.0025
0.0016
0.0675

|C + |
0.0090
0.0027
0.0015
0.0233

Table 4.4: Numerical results for the single resonance driving terms generated by
random error distributions.

consequence they can be neglected in first approximation.

Anyway for a more accurate coupling compensation, these errors should be taken

into account. Due to their non-symmetric distribution around the ring, this im-

plies that the use of four independent power supplies and four correctors would

be needed.

4.5.5 AD commissioning solutions

As shown in Section 4.5.1, the best compensation can be achieved (see Table 4.1):

• by having one independent power supply for each corrector solenoid;

• by placing the skew quadrupoles (fed by the same power supply with opposite

polarity) as close as possible to QFN14(44).

Due to budget restrictions the first condition can not be satisfied for the AD

commissioning and instead the two corrector solenoids are connected in series

with the main electron cooling solenoid.

In Table 4.5 the compensation schemes relative to the start-up configuration are

compiled.

In scheme 1, the main solenoid is partially compensated by the corrector solenoids

and the machine is retuned. The residual values of C+ and C~ are such that both

the sum and difference resonances are significantly "seen" by the beam. In scheme

2, the two skew quadrupoles are added to improve the coupling correction.
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4.6 Coupling measurements

KSOLG (rad/m)

-3.834-10'1

-3.834 -10"1

KSKEW(rrf2)

-
i8-10"2

\c-
1.53 • 10~2

4.8 • 10-3
4.13 -10~2

i.72-r2

Af^m"2)

Ail/fpg = 5-10
\JS _»(! 1A-3

AK2(m-2)
AT/ o in-3

\ v _ n i ifl-3

Table 4.5: Parameters of the coupling compensation schemes using either two
solenoids in series with the main solenoid (scheme 1) or adding two skew
quadrupoles placed close to QFN14(44) and fed in series by one common power
supply (scheme 2).

Comparing the value of kc fixed by condition (4.48)10 with the values which allow

the best coupling correction (see Table 4.1), one might conclude that it would be

possible to power the main and corrector solenoids in series while "shunting" a

small fraction of the current from the corrector solenoids. However the impedance

of the three solenoids connected in series and, consequently, the time constant

would be increased; moreover the shunting would not allow a flexible use of the

correctors that would be desirable in the long term.

For these reasons, it is recommended that an independent power supply for the

two corrector solenoids is eventually obtained.

4.6 Coupling measurements

During the AD commissioning, the following measurements were made to check

the efficiency of the linear coupling correction at 300 MeV/c.

According to the results reported in Section 4.3, close to a difference resonance

and neglecting for the moment the (second order) effect of any solenoid field, the

tunes of the coupled motion are

«» - 2
(4.54)

10According to condition (4.48) the value kc of the strength of the corrector solenoids con-
nected in series with the main solenoid is kc = 0.383 rad/m.
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Linear coupling correction for the AD machine

This means that the coupled tunes are never exactly equal but can only approach

each other up to a distance \C~\ (stopband).

At 300 MeV/c (where electron cooling starts to be applied, see Section 2.4) the

space for manoeuvring around the AD working point (Qx = 5.38, Qy = 5.37) is

very small11 unless a coupling compensation is applied.

As reported in Section 4.5.5, the configuration for the coupling correction dur-

ing the machine commissioning foresees the connection in series of the corrector

solenoids with the electron cooling solenoid and the two skew quadrupoles pow-

ered by only one power supply.

oerttT s «M.M*H*
».« m.Mt-3 MnatA/B) aaa.sn

INPUT* A « • TMPWtD

Figure 4.5: Frequency peaks in the beam transfer functions (on a horizontal beam
position monitor); p=300 MeV/c and (Qx — 5.38, Qy = 5.37). The Figure shows
two sets of data: weaker peaks refer to the situation in which the two corrector
solenoids are connected in series with the electron cooling solenoid and the two
skew quadrupoles are not powered. The stronger peaks refer to the situation in
which the skew quadrupoles are powered (with opposite polarity) by a current of
2.75 A (stopband minimisation). Each data set shows the near-horizontal tune
(higher of two peaks) and the coupled signal from the near-vertical tune.

nThis prevents, for example, any orbit adjustement in the electron cooling with a view to
improving the cooler performance.
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4.6 Coupling measurements

Fig. 4.5 shows the frequency peaks relative to the horizontal and vertical

tunes with the skew quadrupoles not powered (weaker peaks) and with the skew

quadrupoles fed (with opposit polarity) by a current of 2.75 A (stronger peaks).

This value minimises the stopband and is very close to the predicted solution

(see Section 4.5.5 and Appendix B). In Table 4.6 the experimental results are

compared with the theoretical ones obtained by scaling to 300 MeV/c the values

quoted in Table 4.512

|| Experimental stopband || Theoretical stopband |
Skews off
Skews on

22 • 10-3

8 • 10-3
5 • 10-3

2•10~3

Table 4.6: Experimental and theoretical stopbands with and without skew
quadrupole correction. The experimental stopbands are represented in Fig. 4.5
and the theoretical values are obtained by scaling (that is dividing by a factor 3)
the results quoted in Table 4.5.

The difference between the calculated stopbands and the experimental val-

ues can be to a large extent explained (at least for the case in which the skew

quadrupoles are powered) by taking into account the coupling due to random

errors from misalignements and residual closed orbit (see Section 4.5.4) and a

second-order contribution of the solenoids to the formula (4.54). The second-

order effect has to be taken into account because the AD solenoids are relatively

strong.

The coupling due to errors is an additional contribution (some permille) to the

theoretical stopband. The insertion of second-order effects from solenoid fields in

formula (4.54) increases the separation between the coupled tunes. Their contri-

12Note that the experimental working point (Qx = 5.38, Qv = 5.37) is slightly different from
the working point used for the simulations (Qx = 5.39, Qy = 5.37).
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bution to the stopband can be evaluated by calculating the tune shifts

The expected value to be added to the theoretical results in Table 4.6 is of the

order of 5 • 10~3.

Note that according to the formulae (4.41) and (4.42), the presence of a solenoidal

field causes a splitting of the two coupled tunes that is of the order of \x — \y.

In the case under consideration Xx — Xy < 10~3 and this prevents an unambigous

resolution of the two peaks.

4.7 Numerical results

In this Section the results of a certain number of simulations are presented. The

intention is to show how the "almost linear" AD optics is modified by the intro-

duction and the correction of the linear coupling.

The configuration used to test which of the two methods (matrix, resonance)

of coupling compensation for restoring the unperturbed conditions is the most

efficient (conf.l in Table 4.1). To make the comparison more interesting from a

theoretical point of view the constraint on (3X at the electron cooling has been

removed: this allows a perfect compensation of the two driving terms C+ and

C~.

4.7.1 The normal modes after the matrix and the reso-
nance compensations

As shown in Section 4.2.1, the presence of solenoid and/or skew quadrupole fields

affects the shape of the normal modes of the motion in the (x, y) plane. This fact

has to be taken into account both for the representation of the stability domain

(Section 4.7.2) and for the dynamic aperture calculation. The previous problem
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4.7 Numerical results

can in principle be ignored only if the analysis is carried out at a point in the ring

where the matrix compensation has been performed (at that point the normal

modes coincide with the unperturbed ones); the same statement does not hold

after the single resonance compensation because the residual coupling remains

excited at every point in the lattice.

The general way to overcome this difficulty is the use of the " symplectic rotation"

(see Section 4.2)

U* = R~l~o? — (u,pu,v,pv) (4.56)

first to define a system if in which the motion can be always represented as

decoupled (this allows a non ambiguous definition of the ft functions) and after-

wards (by means of its inverse) to come back to the physical coordinates !c\ The

procedure becomes simpler

• if the coupling is generated only by a skew quadrupole field (absence of

solenoids) and the compensation is made at a point where the two normal modes

are "tilted" but maintain a linear shape;

• for particular symmetry conditions relative to the position of the coupling

source and of the correctors.

The first condition, which implies that the element du of the matrix D vanishes

(see Section 4.2.1), will be exploited in the next Chapter to generalise the com-

parison between the matrix and the single-resonance compensation; the second

one, which implies dn = 2̂2 = 0, is satisfied in the case of the AD single reso-

nance compensation that, moreover, is characterised by a negligible "tilt" of the

modes.

The details of the calculation are reported in Appendix C.
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4.7.2 Stability and footprint analysis

A stability diagram and the related tune diagram can be obtained by the following

procedure: for each initial condition inside a given grid in the physical plane

(x,y) (px = py = 0), the symplectic map representing the lattice is iterated over

many turns. If the orbit is still stable after the last turn the nonlinear tunes are

calculated by means of a Fourier analysis.

In the stability diagram, the initial conditions are plotted if stable and omitted

if not, whereas in the frequency diagram the stable particles are represented by

the corresponding tunes. The insertion in the tune diagram of the straight lines

representing the resonant conditions up to a certain order makes it possible to

visualise the resonances that are excited close to the reference orbit.

Figs. 4.6 and 4.7 show the stability and tune diagrams for the uncoupled case.

The regular structure of the footprint points out that the motion is not per-

turbed by any resonance close to the working point. This fact is also evident

looking at the stability domain where the rectangular shape of the initial condi-

tions is practically conserved after 5000 turns.

As a consequence one can conclude that the effect of the nonlinear compo-

nents of the magnetic field13 on the stability of the motion is weak.

During the deceleration down to 100 MeV/c the emittances (and therefore the di-

mension) of the beam are drastically reduced by the successive cooling processes

(see Table 2.1). Consequently the large difference between emittance and accep-

tance makes it impossible to reveal any significant difference between the two

methods of coupling compensation in terms of dynamic aperture14 optimisation.

13That is the sextupole component generated by the wide quadrupoles and (in part) compen-
sated by the component generated by the additional windings present in some of the narrow
quadrupole and the octupole component generated by the wide quadrupoles (see Chapter 2).

14Defined in Section 4.7.3.
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Figure 4.6: Stability diagram for the uncoupled case. 400 x 400 initial conditions
in the plane (a;[m],?/[m])(s=o) tracked 5000 times.

After both the matrix and the resonance compensations, the stability domain

relative to the (small) low-energy beam dimension appears in fact completely

"restored" with respect to the uncoupled case (see Figs. 4.8 and 4.9).

For a more general comparison of the two compensation methods in terms

of dynamic aperture maximisation, the case in which the emittance and the

acceptance are, at 100 MeV/c (with the electron cooling solenoid on), of the same

size15 will be considered in the next Section. This situation (rather academic from

the point of view of the AD operation) will support the results of the tracking

15As in the high energy case.
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Figure 4.7: Footprint diagram in the plane (Qx,Qy) for the uncoupled case.
150 x 150 initial conditions tracked 1024 times in the plane (x, y)(s=o)-

analysis on a 4D Henon map that will be carried out in the next Chapter.

4.7.3 Dynamic aperture calculations

The dynamic aperture as a function of the number of turns N can be defined [6]

as the first amplitude where particle loss occurs, averaged over the phase space.

Particles are started along a grid in the physical plane (x,y):

x = r cos 9 y = r sin 9 (4.57)

and initial momenta px and py are set to zero.

Let r(9, N) be the last stable initial condition along 9 before the first loss (at a
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Figure 4.8: Stability diagram after the matrix compensation. 400 x 400 initial
conditions in the plane (x[rn], y[m]),s=0) tracked 5000 times. The beam size during
the deceleration between 300 MeV/c and 100 MeV/c is, both in x and y, about
1 cm or less.

turn number lower than N). The dynamic aperture is defined as

f
Jo

1
4

(4.58)

An approximate formula for the error associated with the discretisation both

over the radial and the angular coordinate can be obtained by replacing the

dynamic aperture definition with a simple average over 8. Using a Gaussian sum
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Figure 4.9: Stability diagram after the single resonance compensation. 400 x 400
initial conditions in the plane (x[m], y[m])(s=0) tracked 5000 times. The beam size
during the deceleration between 300 MeV/c and 100 MeV/c is, both in x and y,
about 1 cm or less.

in quadrature the associated error reads

dr
(4.59)

where Ar and A# are the step sizes in r and 6 respectively.

In Table 4.7, the calculated values of the dynamic aperture are quoted for the

uncoupled case and for the matrix and the single resonance compensation16. This

case supposes that the main solenoid is on without any effective beam cooling.
16That is the compensation of the driving terms of the closest resonances to the working

point.
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4.8 Conclusions

It is first of all interesting to note that while after 5000 turns the value of the

dynamic aperture for the uncoupled machine is notably bigger with respect to

the "restored" ones (after the coupling compensations), after 20000 the difference

between the uncoupled dynamic aperture and the one calculated after the matrix

compensation tends to disappear. This means that from the point of view of

the long term stability, the optics after the matrix compensation seems to be

equivalent to the uncoupled one.

D (m) || Uncoupled || Matrix
TV=5000

7V=2OOOO
0.0471
0.034

0.0423
0.036

Resonance

0.0372
0.030

Table 4.7: Dynamic aperture values relative to the uncoupled AD and after the
matrix and the standard resonance compensations. The scan in the plane (p, 9)

is —— x ——ir for iV=5000 and — x —-TT for A/=20000. The associated error

(according to the formula (4.59)) is about 2% for iV=5000 and about 4% for
iV=20000.

In fact the two compensations are qualitatively quite different: looking at

Figs. 4.8 and 4.9, the matrix compensation appears more efficient in maximising

the area of the stable region with respect to the standard resonance compen-

sation. After 20000 turns the matrix compensation foresees an improvement of

the dynamic aperture with respect to the compensation of the driving terms of

nearest resonances tha t is close to 17%. This noticeable result will be explained

and confirmed in the next Chapter.

4.8 Conclusions

A general overview of the sources of coupling and of the two different theories to

deal with it has been given.
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The particular case of AD shows that these two approaches do not always lead to

the same quality of compensation. For the particular needs of this machine, the

local compensation achieved by cancelling the off-axis terms of the single-turn

matrix seems to be preferable with respect to the compensation, at every point

in the machine, of the driving terms of the closest resonances to the working

point. The general link between the two formalisms will be established in the

next Chapter. Different compensations for the AD have been explored including

the one taking into account the start-up configuration.

The analysis of the coupling generated by random errors in AD shows that this

effect can by neglected only as a first approximation.

The conclusion is that the correcting tools available are adequate to compensate

the coupling in the AD machine. Nevertheless to optimise the compensation

scheme an independent power supply for the corrector solenoids and for the skew

quadrupoles has to be forseen [47].
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Chapter 5

Multiple resonance compensation
for betatron motion

5.1 Introduction

As shown in the previous Chapter and illustraded by the AD machine, the essen-

tial differences between the hamiltonian and the matrix approaches is:

- The matrix method is exact while the hamiltonian method is approximate;

- A coupling compensation made by the matrix method is only valid at one point

in the ring whereas the hamiltonian method gives a global correction;

- The matrix method leaves finite excitations in all resonances, including those

closest to the working point, whereas the hamiltonian method leaves finite exci-

tations only in the far resonances.

The last two points are explained in that the matrix method includes all res-

onances automatically and combines them in such a way that the matrix is un-

coupled at one point, while the hamiltonian method sets only the closest sum

and difference resonances to zero. If the far resonances have little effect, then the

two methods are virtually equivalent, but this is unusual.

The logical implication is that by finding a way to sum all the resonances, the
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classical hamiltonian method can be made to reproduce the same result as found

with the matrix method. Once this is done the natural questions are which of the

two methods is the better for operation and if these principles can be extended

to higher orders.

The aims of this Chapter are the following:

• To outline a summed-resonance compensation procedure (taking into account

both the low and high-frequency part of the perturbative Hamiltonian) for the

case of linear coupling and to extend this result to the non-linear case (Section

5.2);

• To analytically compare (Section 5.3) the single and summed-resonance theo-

ries pointing out some general results that can be obtained using the analytical

expression of the generalized driving term;

• To numerically compare the single and the summed-resonance compensations

for the linear coupling (the latter is shown to be equivalent to the matrix com-

pensation) using a 4D coupled Henon map [12] (Section 5.4).

• To draw conclusions.

5.2 Multiple resonance compensation for linear
coupling

The starting point for this analysis is taken from [41], with the initial assump-

tions that:

• the perturbative Hamiltonian is calculated at 9 — 0. Since the origin is an

arbitrary choice, this is not a restriction;

• solenoid fields are absent. The presence of solenoid fields does not change the

argument and their absence lightens the equations. They will be added at the end.
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5.2 Multiple resonance compensation for linear coupling

The linear coupling compensation (see Section 4.3) requires (without any ap-

proximation for removing the high frequency part):

+00

E Moio-p = 0 surn resonance
P=—00

(5.1)
+00

VJ 1̂001-p = 0 difference resonance.
^ P=—00

5.2.1 Detailed derivation for difference resonances

Consider first the treatment of the difference resonances and express (5.1) explic-

itly as

V ^ . (2) _ _ sy- _ V~^ / A(ti}0~i(Qx ~ Qv " " P)^/l /? ^ 9̂1
7 /li/ini =̂  O^^ — 7 I JTL[V)& y / Cl (7- l O . Z J

/ , J.UU1—7J OO / * I \ / \ /

p=-oo p=-oo

where

(5.3)

is the coordinate along the ring, <5X)3, are the horizontal and vertical

tunes, fj,Xty are the horizontal and vertical phase advances, (3x^y are the horizontal

and vertical beta functions and R is the radius of the ring.

Suppose K{9) is different from zero and constant in j short intervals (i.e. the re-

gions occupied by the sources of coupling and by possible correctors) [0j, 0j + A0j]

in which A(6) can be considered approximately constant (thin lens approxima-
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tion) 1:

C" = (5.5)

Now define A" = Qx — Qy and calculate

the i — th sub-element,

the contribution to from

(5.6)

which, when integrated gives,

(AC"), ^
+oo

p=-oo

The summation can be redefined making use of the shift [A~] (the closest integer

to A~) so that p = [A~] + k where k is an integer number. In the limit (A" —

[A~])A0j <C 1, the previous expression then becomes2

+ OO

fc=-oo

+ OO

fc=-oo

^
^ ^ •"

(5.8)

^n a practical machine A(9) will vary slowly or, at least, it will be possible to cut the
elements into short enough pieces that A(6) can be considered as constant over all sub-elements
to any desired degree of accuracy.

2In the expression (5.8) the term e~l(-A ~'A "Ae is expanded to the zero order while the
terms el ~A9 with k ~ (A" — [A"]) are not expanded. This assumption, supported "a posteriori"
by the accuracy of the final result, is based on the fact that the contribution of the higher order
terms to the sum of the series is negligible.
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5.2 Multiple resonance compensation for linear coupling

To calculate these series, first rewrite them in a more suitable form (x = 6i

[52]:

sm{kx)
+ 0 O . , , v

^ ^ (A- - [A-]) - it = ^ (A- - [A-]) -k ^ (A- - [A-]) + k

+CX)

+00 ,

ksu
<—> k2- ( A - -

7rsin[(A- - [A"])
sin((A- - [A-])TT) '

(5.9)

+OO /7 \ 1 +OOcos(fcx) 1 ^-^ cos(kx)
= + ^k=_^ (A- - [A-]) - k = (A- - [A-]) + ^ (A- - [A-]) - k

+ OO /

cos(Ê (A- - [A-]) + k

cos(Krc)

(A- - [A- ] ) - l J ^ ^ - (A- -

TTCOS[(A~ - [A~])(TT - x)]

sin((A- - [A-])TT) •
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The application of (5.9) and (5-. 10) to (5.8) gives

sin((A- - [A-])vr)

- [A-])(TT -Oi- A9,)} ~ sin[(A- - [A-])(TT -

i[cos[(A- - [A-])(TT - ft - A04)] - cos[(A" - [A"])(7r

7T

sin((A- - [A-])TT)

A/9
sin[-(A- - [A"]) Y l - 2i[ain[(A- - [A"])(7r

that is

,Ar,-s _,YA~ _ TA-nfl. 27T

sin((A- - [A-])TT)

After expressing A(8i) explicitly, (AC^); becomes
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. . . . A L i [ ( A [ A ] ) ( 7 r f t ^ ) ]
sin[(A - [A ])-y-]e 2 . (5.12)



5.2 Multiple resonance compensation for linear coupling

Equation (5.13) can be summed directly for all the elements in the ring to give

the coupling coefficient C^ for the combined influence of all the linear difference

resonances.

5.2.2 Extension to sum resonances and solenoids

For the sum resonances the procedure is unchanged and the formal result is the

same, but with the following substitutions:

" (5.14)

(5.15)

In presence of a uniform solenoidal field the summed-resonance driving term can

again be written in the form

p=-oo

where now

£= £ I2" A±{e)e-i^±-P)ddd, (5.16)
p=-oo J o

(5.17)
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(K = 0, S = BQ). The same procedure as before yields the following expres-
2Bp

sions for (AC+)j and

sin((A± - [A±])7r) Ax Py

(A±-[A±])7r]_ ( 5 1 g )

5.2.3 Extension to the nonlinear case

It is clear from Section 5.2.2 that the procedure for summing the resonances is, in

fact, independent of the detailed form of the term A{9) and that, with the general

form of A(9) from [43], the method can be extended to the nonlinear case.

The driving term of a given resonance (ni,n2) of order N = |ni| + |n2| for the

single and summed-resonance theories are respectively (A = n\Qx + n2Qy)

E>2 /-27T

C —

and

TT(A - [A])
V-^77 l 7? O DCs

/>27T

llBai0° sin[7r(A-[A])]7r(2 JR)^|n1 | ! |n2 | !70
 Hx Hy

(5.19)

where3, in the most common case:

R2 \fdN-'By\ , Bs /,.. A , ,a , \ .Bs / n i n2
v ^ |5P| L V ^ - W ' 2 V1 XIA, ' "AJ "2 \px

for |n2| even,
3In the following formulas the partial derivatives are evaluated in x = y = 0
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5.2 Multiple resonance compensation for linear coupling

dN~1Bx

for jri21 °dd.

The terms containing the axial field Bs in the two previous formulae have to

be considered only if n\ = 1, n2 = ±1 (linear coupling) .

A more general expression for K that allows the presence of a varying axial field

to be taken into account (and does not include the linear case) is given by

R = ( 1)^ R U
dx{N-\n2\-\)dy\n2\

ay . &N-*Ba nx n2

for \n2\ even, N > 3 and 1 < \n2\ < (N - 2);

K = ( i)^ R2 u

4 .

QX{N-\n2\-l) Qy\n2\

Wl n 2
1 ]

for |n2| odd, AT > 3 and 1 < \n2\ < (N - 2).

It is customary to use the symbols C for the coupling driving terms and K

for the higher-order non linear driving terms. There is also often a factor of 2

between the two definitions (K = C/2 for a given resonance). Since this report

concentrates on coupling the "C" -style definition has been extended to all the

cases.
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5.3 General results

This section is dedicated to pointing out some of the general consequences of the

summed-resonance theory.

5.3.1 Analytic comparison of the influence of single and
summed resonances

It is interesting to compare the contribution to the coupling excitation from all

resonances to that of the closest single resonance. The single resonance driving

term [41] reads

Cp= (5.20)

where now p is the closest integer to A.

r(A) 1.6

0.5 0.6 0.7 0.8 0.9 1.1 1.2 1.3 1.4 1.5

Figure 5.1: Ratio r between and ||AC^|| versus A*.
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5.3 General results

Using the thin lens approximation the i — th contribution to Cp can be written

^ . (5.21)

Fig. 5.1 shows the ratio between ||(AC^,)i|| and ||(AC^)i|| versus the distance

from the resonance ([A*] = 1).

The formulae (5.13) and (5.21) give the same result for the modulus of the driv-

ing terms when exactly on resonance. A difference between (5.13) and (5.21)

increases (circa) quadratically as one moves away from A integer. Agreement

between the two formalisms can therefore be expected only if the working point

is close enough to the resonance to be compensated 4.

However, this is not usually the case if the aim is the full compensation of the

linear coupling, that is both the sum and difference resonances. In most practical

cases, the working point is chosen close to the difference resonance and relatively

distant from the sum resonance.

5.3.2 Closed-orbit distortion from a dipole kick

Equation (5.13) can be applied to the resonance family

Qz = P (5.22)

where z = x,y. This leads to the expressions for the closed-orbit distortion due

to a dipole kick and links the single resonance theory [41], [43] to the integrated
4Note that the phase terms are different even when exactly on resonance.
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theory of Courant and Snyder [11].

In this case

(5.23)

where now [43]

(5.24)

(AB/Bp is the dipole error).

For a localized error of length A/ (thin lens approximation):

y - -
sin(7r(Qr - [QJ)) V Bp &

^'W ~ g ^ ) (5 25)
23/2jR1/2 s i n ^ Q J

Comparing equation (5.25) to the closed-orbit distortion (at the origin) due to a

kick occurring at a given position 0

( 5 '2 6 )

shows that the normalized orbit distortion differs from Re(ACoo)i by only a con-

stant,

- [Q,]) R e ( A C o o ) - (5"27)

5.3.3 Betatron amplitude modulation

Applying the same procedure to the resonance family

Qz = 2p, (5.28)
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5.3 General results

one gets the modulation of the betatron function due to a small gradient error

occurring at a given position 9.

In this case

>27T

with

+ °° />27T

==T, A(9)e^2^-P)9de, (5.29)

This gives

Qz - [Qz]
(AC*,), = - - -

2sm(2ir{Qz-[Qz])YZK ' Bp dx

_ 1 Q Z - [QM] Af ggjrej(2^(g) - 2QZ-K)

2sin(2irQzf
z[ }Bp dx '

The last expression coincides with the modulation of the beta function (at the

origin)

and shows that the normalized modulation differs from Re(ACoo)j by only a

constant,

(5-33)

5.3.4 Comments

The summed-resonance driving terms lead naturally to a new definition of band-

width. However, practical differences may not be so clearly observed. When

the working point is close to a resonance, the bandwidth is important but the

single and summed theories converge. When the working point is far from the
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resonance, the bandwidth is unimportant and any widening may go unnoticed.

There is also the more academic point that the magnitude of the summed-

resonance driving term is dependent on the azimuthal position in the machine.

The closed orbit is a very good example of this. If there is a closed bump in

the orbit, then the Re(Ci]o,oo) is zero outside the bump and finite inside. The

implication is that the beam is responding to standing waves from each mem-

ber of the resonance family. The summed response is the sum of these standing

waves. When inside a bandwidth the growth rates are related to the standing

wave amplitude and varying according to the position around the machine.

It can be noted that in the case of the closed-orbit distortion and betatron ampli-

tude modulation the original expressions for the driving terms contain a constant

factor of the form 7r(Qz — [Qz])/sin[7r(Qz — [Qz])] which, in accordance with the

constant energy of the hamiltonian, has a finite limit as Qz —» [Qz]. However,

the closed orbit and the modulation equations depend on 1/(QZ — [Qz]) which

indicates that the orbit/modulation can become infinite.

5.4 The coupled Henon map

In this section, the summed-resonance approach is shown to be equivalent to the

matrix approach and both are compared to the single-resonance compensation

by performing a numerical analysis on the Henon map (see Section 1.3.1). The

working point relative to the results that will be presented is the one foreseen for

the LHC, that is (.27, .31). In this application, the linear coupling is generated
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5.4 The coupled Henon map

by 1 thin skew quadrupole and corrected by 4 additional thin skew quadrupoles5.

The global compensation of the coupling resonances (at 0=0) is achieved if

i Im(AC-)] = 0

(5.34)

X>e(AC+) + i = 0.

The compensation for both the sum and the difference resonance is obtained

solving the 4-equations (for the 4 unknowns hi) given by (5.34).

k (m"2)
ki (source)

k2

k3

h

Matrix
0.5

-0.051
0.034
-0.319
-0.275

Summed
0.5

-0.050
0.033
-0.313
-0.275

Single
0.5

0.559
0.554
0.476
0.117

Table 5.1: Compensator strengths (£2-5) m presence of the coupling source ki
using the single-turn matrix compensation and the summed and single resonance
compensations.

Table 5.1 shows a comparison between the strengths of the 4 correctors (£2-5)

when compensating the single-turn matrix, the two infinite families of sum and

difference resonances (for the same 9 = 0) and the closest sum and difference

resonances to the working point. The single-turn matrix compensation has been

performed by means of the MAD program [44] while the (single and multiple)

resonance compensation has been obtained making use of the AGILE program

[45] in which the formula (5.13) has been implemented.
5Lattices with only solenoids or with both types of coupling elements give the same kind of

results.
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The single-turn matrix (in 0 = 0) in presence of the coupling source k\ = 0.5 m~~2

(no compensation) has non zero off-axis 2 x 2 sub-matrices given by

0.49 0.49 \
0.02 0.02

-0.23 -0.24
-0.01 -0.01

(5.35)

while the residual values of n and m after the single resonance compensation

(C+ = C~ = 0) are given by

T =

-0.11 -4.67 \
0.02 0.15

0.03 -4.57
0.03 -0.09

(5.36)

The off-axis terms are in fact larger after the compensation than before. This is

explained by the influence of the far resonances that can not be neglected in view

of a satisfactory coupling compensation.

The same conclusion can be reached by looking at the driving terms of the closest

sum and difference resonances before the correction

\C+\= 0.0628 \C~\ = 0.0628 (5.37)

and afterwards

= 0.0207 = 0.1018. (5.38)

The last two equations show that the uncompensated sum and difference reso-

nances have a " weight" comparable (bigger in the case of the difference resonance)

with the single resonances that are compensated.

The quantitative difference between the two approaches can be better investi-

gated by means of a tracking analysis.
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5.4 The coupled Henon map

In the following, the results which can be drawn from stability and footprint di-

agrams as well as the calculation of the dynamic aperture for the compensated

Henon map are shown.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

X

Figure 5.2: Stability domain of the uncoupled Henon map.

5.4.1 Stability and footprint diagrams

Figs. 5.2-5.7 show the stability and frequency diagrams for the uncoupled Henon

map, after the summed-resonance compensation and after the single resonance

compensation.

The comparison points out that the summed-resonance compensation allows

a more efficient restoration of the uncoupled optics. It is significant the analysis
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0.355

0.35

0.345 -

0.34 -

0.335 -,

0.33 -

0.325
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0.315 -

0.31

0.305

(1.8) , - ' ' > =/'

"(o,3) y ^ = ? - - J

0.27 0.275 0.28 0.285 0.29 0.295 0.3 0.305 0.31

Figure 5.3: Footprint diagram of the uncoupled Henon map.

of the degree of excitation relative to the resonances (3, —6), (1, —4) and (2, —5)

for the two different compensation methods.

Using the perturbative tools of normal forms [54] one can calculate the value

of the first resonant coefficient (leading term) in the interpolating Hamiltonian for

the considered resonances. The leading term can be considered as a "measure"

of the resonance excitation. It can be shown [8] that in absence of coupling the

leading term of the resonances (3, —6) and (1, —4) is different from zero (first

order excitation) whereas the one of the resonance (2, —5) is zero (second order

excitation). The strength of the coupling (that is the strength of the residual

coupling after the compensations) is proportional to the growth of the leading
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0.07

0.06

0.05

0.04

0.03

0.02

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

X

Figure 5.4: Stability domain after the summed-resonance compensation.

term of the first order non-excited resonances and to the decrease of the leading

term of the other ones.

The resonance degree of the excitation varying the compensation approach can

be better visualized by plotting the network of the resonances and their widths

inside the stability domain. The analysis of Figs. 5.8-5.10 confirms that the SR

method is characterized by a residual coupling that is considerably stronger than

the one left by the MR compensation.

The same conclusion can be drawn from the following topological argument. An

indication of the presence of linear coupling in a nonlinear lattice is the splitting of

the resonant channels in correspondence of the crossing points (multiple resonance
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0.355

0.35
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0.325
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0.31

0.305 ,' , i i . i , i , . , , i

0.27 0.275 0.28 0.285 0.29 0.295 0.3 0.305 0.31

Figure 5.5: Footprint diagram after the summed-resonance compensation.

condition in the tune space). This phenomenon is evident only in the case of the

MR compensation (see the central part of Fig. 5.10).

5.4.2 Dynamic aperture calculations

In Tab.5.2 the values (with the associated errors) of the dynamic aperture are

quoted for the three optics studied for short (iV=5000) and medium (TV=20000)

term tracking.

The difference between the summed and the single resonance compensations is

noticeable: the compensation of the all families relative to the coupling resonances

allows an improvement close to 10% with respect to the case in which the high
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0.08

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

X

Figure 5.6: Stability domain after the single resonance compensation.

D{m)
iV=5000

7V=2OOOO

| Uncoupled
0.0406
0.0405

Summed
0.0412
0.041

[ Single
0.0372
0.037

Table 5.2: Dynamic aperture values for the uncoupled Henon map and after the
summed and single resonance compensations. The associated error (according to
the formula (4.59)) is about 2% for JV=5000 and about 4% for iV=20000.

frequency part of the perturbative hamiltonian is neglected.

This result is in agreement with the findings for the AD case (see Section 4.7.3).

It can also be pointed out that the summed-resonance compensation seems to

slightly improve the dynamic aperture with respect to the uncoupled case, but
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Figure 5.7: Footprint diagram after the single resonance compensation,

this is at the limit of sensitivity due to errors.

5.5 The nonlinear case

Working with high-order resonances with a view to optimising stability is not

so straightforward as in the linear case: the number of resonances that can be

excited by a given multipole becomes higher and higher as the order increases;

moreover the resonance compensation is only one of the aspects that has to be

considered to get a successful optics optimization.

These reasons prevent a general comparison between the summed and the single

resonance compensations using a tracking analysis.
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Figure 5.8: Network of resonances of the uncoupled Henon map.

However a certain number of attempts to compensate one particular sextupole

resonance for the Henon map show that the two compensation method are not

so different only if the working point is close enough to the considered resonance.

The summed-resonance compensation turns out to be in general better in the

case of the compensation of several resonances at the same time.
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) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

X

Figure 5.9: Network of resonances after the summed-resonance compensation.

5.6 Conclusions

A general method has been derived for the summation of all the resonances within

a given family both for the linear and for the non-linear cases. The fact that this

summation is valid and gives a meaningful result is confirmed by its application

to the known closed-orbit distortion equation, the betatron modulation equation

and the decoupling of the linear transfer matrix for a ring. The application of the

summed-resonance driving term to the coupling raises the question of the relative

merits of the different types of coupling compensation that are now possible. This

problem has been investigated with the help of the Henon map set on the LHC
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0.08

0.07

(2,-5)
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X

Figure 5.10: Network of resonances after SR compensation.

working point. Similar analyses carried out on a number of other working points

led to the same conclusions. The results indicate that the summed-resonance

compensation (equivalent to the matrix approach) is the more beneficial for the

dynamic aperture and confirm what has been found for the AD case.
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Appendix A

Evaluation of the
pseudo-octupole field for a LEAR
quadrupole

The aim is to evaluate the ratio

2 r&Br
I K"ds

a = _J = BpJ dx3

/ - rds — I -yds
Jo a2 BpJ0 a2

between the integral of the strength of a pseudo-octupole in the region in which

the field rises from zero to half of the internal value for the experimental mea-

surements on a LEAR quadrupole [35], and the same quantity calculated using

the Krejcik's model [3].

Prom the plot in Fig. 1 of [35] one gets (after numerical integration)

/ ^ - ^ d s ~ 10.45 T/m2 (A.2)
J ox6

and Go=3 T/m.

The bore radius of the quadrupole is a = 0.073 m and so

rds
a = J df ~ 0.5 (A.3)

Go/a
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Evaluation of the pseudo-octupole field for a LEAR quadrupole

On the basis of this rough estimation, the Krejcik's model seems to overestimate

by about 50% the pseudo-octupolar effect. This result is in agreement with the

more accurate calculations shown in Section 3.4.
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Appendix B

Nominal current for the
correctors

Correction with two independent solenoids and
two skew quadrupoles

For the assumed current of 400 A the main solenoid generates a field [50] BSOL =

6.2 • 10~2 T corresponding to the strength (p = 0.1 GeV/c) KSOL = 1.859 • 10"1

rad/m.

With the two skew quadrupoles at 3 and 9 o'klock close to QFN 14(44) (see Section

4.5.1) two solutions have been found:

1) \KSKEW\ = 8.69 • 10~2 m~2,

2) \KSKEW\ = 1.35 • 10"1 m"2.

From the relation

Bp[Tm] = ^J^p[GeV/c] (B.I)

it follows (p = 0.1 GeV/c)

1) \GSKEW\ = \KSKEW\ • Bp=2.895 T/m,

2) \GSKEW\ = \KSKEW\ • Bp=4.50 T/m.

Assuming Leff = 0.51 m as effective length of the skew quadrupoles, one gets

[48]
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Nominal current for the correctors

1) \ISKEW\ ~ 2A,

2) \ISKEW\ ^ 2.6 A.

Fig. B.I shows that during the deceleration from p = 0.3 GeV/c to p = 0.1

GeV/c the current stays almost constant.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

p(GeWc)

Figure B.I: Current variation (absolute value) in the two corrector skew
quadrupoles for different momenta (configuration 1)).

For the same configuration the corresponding values of the strengths of the two

corrector solenoids are [49]

1) \KSOLG\= 0.328 rad/m,

2) \KSOLG\= 0.338 rad/m
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that is

l)BSOLG = Bp • KSOLG=0.109 T—> ISOLG=162 A

2)BS0LG = Bp • KSOLG=0.113 T—> ISOLG=168 A

Fig. B.2 shows the current variation during the deceleration.

0.05 0.1 0.15 0.2 0.25 0.3 0.35

p{GeV/c)

Figure B.2: Current variation (absolute value) in the corrector solenoids for dif-
ferent momenta (configuration 1)).

Correction with four skew quadrupoles

Performing the same calculation one finds:

1) \KSKEWn\ = 7.54 • 10"2 m~2 —> \ISKEWn\ ~ 1.7 A
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Nominal current for the correctors

\KSKEW\ = 1.632 • 1CT1 m"2 —> \ISKEW\ ^ 3.8 A

2)\KSKEWn\ = 8.795 • 1(T2 irT2 —> \ISKEWn\ ~ 2 A

\KSKEW\ = 2.058 • HT1 m"2—> \ISKEW\ ~ 4.7 A.

Correction of the difference resonance driving term

\KSOLG\ = 0.447 rad/m —> |/5OLG|=663 A

Commissioning configuration

Configuration 2 Tab. 4.5 (Section 4.5.5) (varying KDEC and KF6 for retuning):

\KSKEW\ = 7.88 • 10"2 m'2 —> \ISKEW\ ~ 1.8 A.

Fig. B.3 shows the current variation in the two skew quadrupoles for different

momenta.
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Figure B.3: Current variation (absolute value) in the two corrector skew
quadrupoles for different momenta (configuration 2 for the start up).
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Appendix C

Shape of the normal modes after
the coupling compensations

This Appendix is dedicated to the analysis of the shape of the normal modes

after the single resonance compensation for the AD.

Referring to Section 4.2 the explicit calculation of the Teng's paremeters gives

cos fa - cos /i2 = - ( T u + T22 - T33 - T44) •

I (T31 + T24)(T42+T13)-(T32-TU)(T41-T23)
\ ( T + T T T y { • >

1 1 Tn + T22 — T33 — T44
(p = - arccos

2 2 cos /ii — cos \x2

Dn = —r- V-^rXTzx + T2A) (C.3)
(cos Hi — cos ji2) sin 20

- T14) (C.4)
(cos Hi — cos H2) sin 2<f>

(cos Hi — cos /i2) sin 2(j>

D22 = —
(cos Hi — cos / i2) s m 2q>

149



Shape of the normal modes after the coupling compensations

The T matrix for a linear lattice including a "thin" skew quadrupole is given

by the product of the transer matrix of the skew quadrupole

/ 1 0 0 0 \

0 1 g 0

0 0 1 0

\g 0 0 1J

(C.7)

1
1) times the single-matrix in absence of coupling, see equa-(where g = TT

Bp ox

tion (1.21). The expression for T applied to the equations (C.2)-(C6) gives the

formulae for <f) andd D quoted in Section 4.2.2.

The AD case

The single-turn matrix T evaluated at the mid-point of QDSOl after the single-

resonance compensation for the AD is

/ -0.771 2.115 0.135 -0.189 \

-2.224 -0.771 0 -0.500

0.500 0.189 -0.684 9.896

\ 0 -0.135 -0.06 -0.684 )

Formulae (C.1)-(C6) give

(C.8)

(C.9)

(CIO)
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This means that, as in the case of the matrix compensation, the normal modes

coincide with the uncoupled ones.
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Appendix D

Accelerators layout
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Accelerators layout CERN Accelerators

ALEPH'jKj OPAL

electrons
positrons
protons
antiprotons
Pb ions

South Area

P Pb ions

LEP: Large Electron Positron collider LPI: Lep Pre-Injector
>: Super Proton Synchrotron

AAC: Antiproton Accumulator Complex
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster
PS: Proton Synchrotron

EPA: Electron Positron Accumulator
LIL: Lep Injector Linac
LIN AC: LINear Accelerator
LEAR: Low Energy Antiproton Ring

Rudolf LEY, PS Division, CERI>
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Resume

jdisadjejiin^wo parts Vparts Va mission-oriented task devoted to solve some pratical
problems of the Antiproton Decelerator (AD) project at CERN^and a theoretical study leading
to a new method for representing and compensating betatron resonances. The AD is a new
machine (at the moment under commissioning at CERN) that will allow the collection and the
deceleration of an antiproton beam from 3.5 GeV/c down to 100 MeVlc (the momentum
favoured for the foreseen physics experiments) . The need to employ the AD magnets over a
•se wide range, required a careful study of their characteristics. fe-partictria^-sonae_ef£Mte4iave
been -made- fei-improviag ihc APiattice TnoTiel-in order to find a better agreement-between

and-theoretkal chromatic behavioar of the- betatron tunoc. The presence of a
solenoid inside the AD electron cooling device generates linear coupling between the
transverse degrees of freedom of the single-particle motion. Coupling can lead to operational
problems and therefore a compensation scheme had to be designed. Tbe4ast part of the wock
salxed-^e long-standing problem xpf how to establish a relationship between the two standard
methods for dealing with linear coupling: the matrix approach and meJlHrniltonian approach.
The bridge was built by including in the /(amiltonian approach tie (Btumall;y iiigli^iedymgh
frequency part of the perturbative pmiltonian due to coupling. In »s^rnnd sftrp.jJJrTe procedure
was generalised to the nonflinear < ase and a new method was proposed for dealing both with
linear and non linear resonances.
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Resume

Ce travail de these peut Stre diviser en deux parties : une tache d6dier a la resolution de
certains probldmes pratiques du projet Decelerateur d'Antiproton (AD) du CERN, et une 6tude
theorique permettant l'61aboration d'une nouvelle methode pour repr&senter et compenser les
resonances betatroniques. La nouvelle machine AD (en cours de realisation au CERN)
permettra de recueillir et de d6celerer un faisceau d'antiproton de 3,5 GeVIc jusqu'd 100
MeVIc (impulsion adaptee aux experiences de physique prevues). D est done necessaire
d'etudier en detail les caracteiistiques des aimants du AD pour permettre leur utilisation dans
une gamme d'impulsion aussi large. En particulier, des efforts ont ete men6s pour am6Iiorer le
modele sur reseau du AD afin de reproduire le comportement chromatique experimental des
reglages betatroniques. La presence d'un sol6no3fde a Tinterieur de l'appareillage de
refroidissement par electrons genete des couplages entre les degres de liberte transversaux des
mouvements de particule isolee. Ces couplages peuvent conduire a des problemes op6ratoires.
II convient done de mettre au point un protocole de compensation. La derniere partie de ce
travail a resolu le vieux probleme de retablissement d'une relation entre les deux methodes
standards pour calculer les couplages lineaires : les approches matricielle et hamiltonienne.
Celle-ci fut realisee en incluant dans l'approche hamiltonienne la partie haute frequence
(normalement neglig6e) de l'hamiltonien perturbatif produit par les couplages. Dans une etape
ulterieure, la procedure fut generalisee au cas non lineahe et une nouvelle methode fut
proposee pour tenir compte a la fois des resonances lineaires et non lineaires.

Mots clefs : Accelerateur, Decel6rateur d'Antiproton (AD), Resonances Betatroniques,
Couplage Lineaire, Pseudo-Octupole.

Abstract

This work can be divided in two parts : a mission-oriented task devoted to solve some pratical
problems of the Antiproton Decelerator (AD) project at CERN and a theoretical study leading
to a new method for representing and compensating betatron resonances. The AD is a new
machine (at the moment under commissioning at CERN) that will allow the collection and the
deceleration of an antiproton beam from 3.5 GeV/c down to 100 MeVIc (the momentum
favoured for the foreseen physics experiments). The need to employ the AD magnets over a
so wide range, required a careful study of their characteristics. In particular some efforts have
been made for improving the AD lattice model in order to find a better agreement between
experimental and theoretical chromatic behaviour of the betatron tunes. The presence of a
solenoid inside the AD electron cooling device generates linear coupling between the
transverse degrees of freedom of the single-particle motion. Coupling can lead to operational
problems and therefore a compensation scheme had to be designed. The last part of the work
solved the long-standing problem of how to establish a relationship between the two standard
methods for dealing with linear coupling: the matrix approach and the hamiltonian approach.
The bridge was built by including in the hamiltonian approach the (normally neglected) high
frequency part of the perturbative hamiltonian due to coupling. In a second step the procedure
was generalised to the non linear case and a new method was proposed for dealing both with
linear and non linear resonances.

Keywords: Accelerator, Antiproton Decelerator (AD), Betatron Resonances, Linear
Coupling, Pseudo-Octupole.


