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Abstract

The optimization of luminosity needs a fast signal which is provided with the

measurement of the rate of small angle Bhabba scattered e* and e". It is shown
that, despite the excess of background particles received at the detectors,
luminosity measurements are possible by using appropriate techniques. The
results presented include examples of luminosity optimization with the
adjustment of the vertical beam separatiorn at interaction points. The correlation
between changes in measured beam sizes and changes in luminosity is shown.
In the second part, a new method to obtain precise optics measurements is
presented. The procedure to measure the phase advance using 1000-turn orbit
measurements of a horizontally or vertically excited beam is described. Beta,
alpha and phase advance functions can be obtained exclusively from the phase
advances at beam position monitors. This method has been used to measure
optics imperfections at LEP. Results of these experiments are compared with

simulation results using MAD Measurements of chromaticity and impedance
distributions are also reported.
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List of symbols used in this thesis

fine structure constant.

momentum compaction factor.

horizontal and vertical alpha functions.

horizontal and vertical beta functions.

speed of light in vacuum.

circumference of the storage ring or closed orbit length.
horizontal and vertical dispersion functions.

electron charge magnitude.

particle (or beam) energy.

horizontal and vertical beam emittances.

revolution frequency.

electromagnetic field frequency of radio-frequency cavities.
beam intensity or beam current.

bunch intensity.

number of bunches per beam.

luminosity of the collision between two beams.

electron mass.

matrix elements (i: indicates row, j: indicates column).
transport matrix.

horizontal and vertical phase functions.

horizontal and vertical beam-beam tune shift.

particle (or beam) momentum.

horizontal and vertical tunes.

horizontal and vertical chromaticity values.

classical electron radius.

longitudinal coordinate.

detector’s inner edge horizontal position.

collimator horizontal position.

horizontal and vertical beam sizes.

horizontal and vertical coordinates.

horizontal and vertical trajectory angles with respect to the s axis.
polar angle and azimuthal angle in spherical coordinates.
phase advance from point 1 to point 2.

solid angle.

The " symbol associated to a beam parameter (o7, 3;) refers to its value at the interaction

point.
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4 Introduction

Introduction

At the Large Electron-Positron collider LEP [1], electron and positron beams with an energy
of 45.6 GeV collide to produce Z particles, the neutral carriers of the weak force. The 7
particle has a very short lifetime and decays into other particles which are detected and
identified at the four LEP experiments. The analysis of these "events” provides a measure-
ment of the Z mass and width and of coupling constants of the Standard Model. In the next
phase of LEP (LEP 2), beams will be accelerated to an energy of about 90 GeV allowing
the creation of pairs of W* particles, the charged partners of the Z particle.

In order to minimize the statistical error on the Z mass and width, a large amount of
Z particles has to be produced. The production rate of Z particles is equal to the product
of the luminosity of the collision between the electron and the positron beam and the cross
section for Z production in ete™ collisions. High luminosity is therefore required, not only
for the production of Z particles but also for the creation of other particles (like BB meson
pairs}, for the search of new particles, etc.

After some years of operating the LEP collider, the initial luminosity of 4-10°° cm=2s7!
obtained in 1989 has been increased to more than 20 - 10°° cm™2%s7! in 1994. A considerable
effort is put into the study of different accelerator physics issues in order to understand the
actual luminosity limitations and to optimize the performance of the collider. These studies
require adequate instruments to measure beam currents, tunes, closed orbit, beam sizes and
luminosity.

In this thesis, two techniques for beam measurements at LEP were investigated:

o Luminosity measurement: Optimization of luminesity needs a fast signal which is pro-
vided with the measurement of small angle Bhabha scattered e*e™ pairs in detectors
installed at 8.3 m at both sides from each interaction point. The rate of Bhabha scat-
tering (of about 60 Hz assuming a luminoesity of 10** cm™%s7!) is directly proportional
to the luminosity and allows a measurement within a few seconds with a 5% error.
The rate of background particles exceeds the Bhabha rate by two or three orders of
magnitude. However, it is shown in this thesis that luminosity measurements are still
possible by using appropriate techniques, e.g. calculating the probability of accidental
background coincidences. The results presented include examples of luminosity opti-
mization with the adjustment of the vertical beam separation at the interaction point,
at LEP usually called Vernier scan.

¢ Phase and beta functions measurement: The properties of the focusing structure of
colliders and transport lines are described and calculated using the Twiss functions:
beta function, its derivative and phase. The horizontal and the vertical beta functions
determine the transverse beam sizes that change around the storage ring. In general,
all dynamic beam parameters like dynamic aperture, stability thresholds, closed orbit,
luminosity, emittance, etc. depend on the beta and the phase functions. At the design
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stage of a storage ring, the Twiss functions are obtained from magnetic fields, posi-
tion and geometry of the components of the accelerator using simulation programs like
MAD (Methodical Accelerator Design) {2]. In a real accelerator, longitudinal misalign-
ment, quadrupole gradient errors and other effects change the Twiss functions. In this
thesis, it is shown how precise measurements of the Twiss functions are obtained by
exciting coherent betatron oscillations on the beam and sampling these oscillations at
the beam position monitors for 1000 turns. This method has been used to measure the
beta function change due to quadrupole gradient errors, beam separation schemes and
energy loss by synchrotron radiation. Results of these experiments are compared with
the beta function obtained using the program MAD. The error of phase measurements
has been studied in detail and its contribution to the beta function is calculated and
measured. An important result that followed from this study is the measurement of
chromaticity distribution [3] and impedance distributions [4]. This was done for the
first time ever in an accelerator by measuring the phase function with beams of differ-
ent energy and current. The results helped to check the chromaticity correction and
to identify the sources of impedance in LEP.

Accurate beta function measurements obtained with this method have been used to cross-
check measurements by different beam profile monitors installed at LEP [5, 6]. A very good
correlation has been found [7] between relative beam size changes observed at the beam
profile monitors during physics data taking and changes in the luminosity measured with
the LEP luminosity monitors. Based on these two facts, an attempt is mnade to match the
luminosity measurements and luminosity given by

T+ I~

dme? ky fre,,or;cr;

(0.1)

where I+ and I.- are the positron and electron beam currents, e is the electron charge, k;
is the number of bunches per beam, f... the revolution frequency and the beam sizes ¢ and
o, at the interaction point are given by

- (B - |5
g, = ﬁcrz Oy = 4|73 Ty
= v

where o, and &, are the beam sizes measured with beam profile monitors (assuming zero
dispersion), 87 and 3] are the values of the horizontal and vertical beta functions at the
interaction point and 3, and £, are the values of the horizontal and vertical beta functions
at the measurement point of the beam size.

Chapter 1 introduces the LEP storage ring, includes the definition of luminosity and
discusses the beam-beam interaction as the fundamental limit of the luminosity and the
techniques used at LEP to further increase the luminosity. The introduction to basic concepts
of accelerator physics required for this thesis (like the equation of motion of charged particles
in linear magnetic fields, transport matrices and Twiss functions) is given in chapter 2.
The LEP luminosity monitoring system is described and results are shown in chapter 3.
The method to measure the phase of betatron oscillations at beam position monitors in
order to obtain the phase and the beta functions is presented in chapter 4. In chapter 5,
the correlation between the luminosity measured with LEP monitors and the luminosity
calculated from measured beam intensities and beam sizes using the luminosity expression
of eq. (0.1) is shown. Finally, the conclusions are presented.
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Chapter 1

Introduction to LEP

In the search of new particles at higher energies, colliders are the most efficient way of using
the kinetic energy of accelerated particles to create new particles and reactions. While in
fixed target experiments the collision energy is proportional to E (with E being the beam
energy), in head-on collisions of two beams with equal energy the total energy of the two
particles in the center of mass (c.m.) system is equal to the sum of the energies of each
particle

Een =2FE .

However, due to the low particle density of the beams with respect to the particle densities in
fixed targets, the number of particle reactions in beam-beam collisions is enormously reduced.
While the typical distance between particles (or atoms) in solids or liquids is between 0.1
and 0.3 nm and in gases is 3.5 nm at 760 torr and 24°C, the density of particles in a beam
is much lower. For instance the distance between protons in the Super Proton Synchrotron
[8] beam at 315 GeV is in the order of 600 nm and between electrons in the LEP beam at
45.6 GeV 1s 200 nm at the collision points. It is therefore important to optimize the design
and the operation of colliders to obtain the maximum rate of reactions.

In this chapter, CERN and LEP are introduced. The definition of luminosity is given
and the beam-beam effect is discussed as the most important limitation of luminosity in a
storage ring. Luminosity, beam size and beta function monitoring are also introduced.

1.1 CERN: The european laboratory for particle physics

CERN is one of the largest scientific research centers in the world. It is located at the horder
between France and Switzerland, near the city of Geneva. CERN was founded in 1954 and
its name CERN comes from the French ”Conseil Européen pour la Recherche Nucléaire”.

CERN has currently 19 European member states although many institutes from other
countries collaborate in the physics experiments.

The purpose of CERN is to provide the organization and infrastructure needed to build
and operate large particle accelerators and installations for high energy experiments. It
serves the scientific community in a large variety of interest, which requires new techrologies
and developments in materials, electronics, computing, communication, etc.

CERN has an advanced and versatile complex of particle accelerators, forming a chain
towards higher beam energies. A typical example of this is the injection chain of positrons
and electrons into LEP. LEP is the world largest particle accelerator with its circumference
of 26.7 km. It is located inside of a tunnel excavated at an average depth of 100 m in the
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area between the Geneva lake and the Jura mountains. At LEP, beams of electrons and
positrons circulate in opposite directions at the speed of light for many hours. They collide
at four points where the particle detectors of the collaborations L3, ALEPH, OPAL and
DELPHI are located.

The machine is operat:d at center-of-mass energies around the mass of the Z particle
(about 91.2 GeV). The particles created at the decay of Z particles are analyzed at the
particle detectors, providing precise measurements of the Standard Model. In the second
phase of LEP, beams will be accelerated at twice this energy in order to produce pairs of
W+ particles, the partners of the Z particle in the electro-weak interaction.

1.1.1 The LEP collider

LEP is a synchrotron storage ring operating with beams of electrons and positrons in the
same vacuum chamber. LEP was designed to operate with four equidistant bunches per
beam. These bunches cross at eight interaction points indicated in fig. 1.1.

(ALEPH) iP5 (OPAL)
IP 4 P 6

IP 3 IP7

IP2 P8
(L3) IP 1 (DELPHI)

Figure 1.1: Interaction points for 4 x4 equidistant bunches (IP: interaction point). The experiments
L3, ALEPH, OPAL and DELPHI are located at the even interaction points.

The machine has eight straight sections and eight arcs. The straight sections, with about
500 m length, are located around the interaction points. The magnetic guiding structure at
the even straight sections 2, 4, 6 and 8 are designed to focus the beams at the interaction
points in order to increase the probability of collisions between electrons and positrons.

The acceleration is provided by radio-frequency cavities located around interaction points
2 and 6. They provide the energy needed to maintain electrons and positrons circulating
since these particles emit synchrotron radiation along their curved trajectories. The particle
energy loss per revolution U, depends on the radius of its trajectory p and on its encrgy £
19):

4
Us = C’T%ﬂ (1.1)

where
ir 7, _ N
a,:—gﬁ:s.ss-m "m GeV7™®
r. 1s the classical electron radius and E, is the electron mass at rest. For LEP, with a radius
of curvature of 3096 m in the dipole magnets, this yields 125 MeV per turn for a particle of
45.6 GeV. This energy loss has to be replaced constantly by the accelerating cavities.
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1.2 Definition of luminosity

Luminosity £ relates the event rate N of a given process to ifs cross section o

. dN
N=-———=
i Lo

Typical numbers for luminosity at LEP are around 10! cm~%5~! per interaction point, which
produced a total integrated luminosity (f £dt) of 64.4 pb™! in 1994, or equivalent, 2.5 millions
of Z particles’ in all four LEP experiments together.

The luminosity of head-on collisions between two beams can be calculated [11, 12] from
the convolution of the transverse particle distribution of each beam integrated over the
collision transverse surface A4

L =f Neipet No-p.-da
A

where N1 is the number of particles per beam, p.+ is the transverse particle distribution
over the area A and da is the differential of area.

The transverse particle distributions depend on the longitudinal position and have a
minimum at the interaction point. The length of the interaction region should be therefore
taken into account in the above integral. The length of the interaction region is determined
by the longitudinal particle distribution, which at LEP is about one centimeter and its effect
on the luminosity is negligible.

Colliders present an important disadvantage due to the low density of particles with
respect to the density of particles of the target in fixed target accelerators. To compensate for
the low particle density of colliding beams, particles circulate around a storage ring for many
hours (10 to 20 hours at LEP) and collide with the revolution frequency. Particles circulating
in a storage ring are confined in a very reduced space using quadrupole and sextupole magnets
in 2 special arrangement, called magnetic lattice (including dipole magnets). In this magnetic
focusing system, the sizes of the transverse particle distribution change along the longitudinal
position since the guide fields vary from place to place.

In electron machines the sizes of the equilibrium particle distribution are determined by
the effect of synchrotron radiation which excites betatron oscillations and the effect of oscil-
lation damping by the longitudinal acceleration provided by radio-frequency cavities. Both
effects lead to a stationary Gaussian particle distribution. At LEP, as in most storage rings,
the motion of particles in the horizontal and in the vertical planes is quasi-independent?.
The transverse particle density distribution function p can therefore be expressed as

plz,y) = g(z) gly)

where g is a Gaussian function with different widths for each plane. The luminosity of a
collider ring is then given by

L=kofrow [ [ Norger (2)g0s (4)Ne-ge- (2)ge- (3) do dy

where & is the number of bunches per beam, f.., is the revolution frequency and N+, N,-
are the number of particles per bunch of positrons and electrons, respectively. The solution

*The cross section for the production of Z particles at the energy of its resonance is about 41.5 nb [10].
*There is a certain degree of coupling between the horizontal and the vertical planes, which is often
neglected in first approximation. At LEP, it is about 1% after correction of the coupling fields.
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of this integral (sece Appendix A) leads to the following expression for luminosity
ky freoNet Ne-
- 2w\/@;f+ + 032 )(og2, + cr;i)
where ¢ and o are the widths of the Gaussian distributions representing the r.m.s. beam
sizes at the collision points [13]. The number of particles N is often expressed as the flux of

L

electric charge or current I circulating in the ring per second:
I = Nefrey

where e is the electron charge. The luminosity can then be written as
C- ky I+1 -
272 frea J(032, + 032 Y032, +032)

(1.2)

where [,+ and I,- are the positron and the electron bunch currents. For equal electron and
positron beam sizes, eq. (1.2} becomes

kb Ie* Ie"
- 2 x
dre’ frevo oy

L

Beam-beam interaction as a fundamental limit of luminosity in collider rings

It is not possible to increase the luminosity in a collider ring up to any desired value by
simply increasing the intensity of the bunches or by reducing the beam sizes (as eq. {1.2)
suggests), because the beam stability is limited by the electromagnetic interaction between
the colliding beams, called beam-bearn interaction {14]. The electromagnetic field of one
beam disturbs the motion of particles of the opposite beam and can lead to the blow-up of
the transverse beam size, causing significant luminosity decrease and beam current losses.
The beam-beam interaction depends on the number of particles N per beam, the trans-
verse beam sizes at the interaction point o, o7 and the relativistic Lorentz factor v =
E/m.c*. The beam-beam interaction is parametrized in terms of the beam-beam tune shift
¢ [15]
Nr.3; Nr.f3

— ¥

- 27r70';(0; + cr;)

€e

where 37 and 3] are the values of the horizontal and vertical beta functions and r, =
e*fdme,m.c? = 2.818 - 107'° m is the classical electron radius.

For given values of 37, 87, o7 and o, there is a certain beam intensity threshold given
by the maximum beam-beam tune shift. For higher intensities, the beam blows up and its
lifetime is reduced. At LEP the maximum beam-beam tune shift found experimentally is
€~ 0.03-0.04 |

Due to emission of synchrotron radiation, the horizontal beam size in e*e™ storage rings
1s much larger than the vertical beam size. To obtain the maximum horizontal and vertical
beam-beam tune shifts ¢, and ¢, the difference between vertical and horizontal beam sizes is
compensated by a 3] larger than the 8], which is done at the design stage and later optimized
empirically [16]. For example, at LEP o, is about 50 times smaller than o7, 32 = 2.5 m and
ﬁ; = 5 cm.

At LEP there are two general strategies to reach higher luminosity. The first procedure
uses wiggler magnets to increase the horizontal beam size. Higher beam currents and higher
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luminosities can be reached by increasing the horizontal beam size to keep £, constant in
eq. (1.3). In this case, the luminosity grows linearly as the bunch current increases. At
LEP, the bunch intensity is limited to about 500 pA at injection energies (20 GeV) by the
transverse mo'e coupling instability [17, 18].

The second :trategy is to increase the number of bunches per beam. LEP was designed
to operate with four bunches of electrons and four bunches of positrons (equidistant) with
eight crossing points numbered from 1 to 8 as shown in fig. 1.1. The four against four (4x4)
bunches collide at even interaction points (2,4,6,8) where the LEP experiments are installed.
To reduce the beam-beam interaction beams are vertically separated with high voltage elec-
trostatic plates at odd interaction points (1,3,5,7). In 1993, the number of bunches per beam
was increased from four to eight with the prefzel scheme {19]. Eight (equidistant) bunches
of electrons encounter eight bunches of positrons in 16 interaction points, eight of which are
located in the middle of arcs. Beams are separated in the horizontal plane with electrostatic
separators located at both sides of straight sections 2, 4, 6 and 8 (see fig 1.2).

DeLpl
Figure 1.2: Schematic representation of the pretzel separation between the electron (dashed line)
and the positron {full line) beams. The arrows indicate the unwanted collision points.

More recently, in 1995, a new scheme allows to inject up to 16 bunches per bearmn. This
scheme, called bunch trains {20], replaces each of the initial four bunches by four ”trains”
of two, three or four bunches. The longitudinal distance between bunches in a train is

d =74.1 m (247 ns). Vertical electrostatic fields separate bunches at d/2, d and 3d/2 from
both sides of the interaction point (see fig. 1.3) to avoid parasitic collisions.

1.3 Luminosity and beam size monitoring

The operation of LEP requires very precise and reliable beam instrumentation and moni-
toring. Intensity monitors, beam profile cameras, tune meters, beam position monitors and
luminosity detectors are the most important instruments to optimize and increase luminosity.

Luminosity is monitored by scaling the rate of Bhabha scattered ete™ pairs. The cross
section of Bhabha scattering is well known and can be calculated precisely from QED theory.
LEP luminosity detectors measure Bhabha scattering at very small scattering angles in order
to provide a fast signal directly proportional to the luminosity at each interaction point.
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. -3d/2 -d -d/2 d/2 d 3d/2
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s [m]
Figure 1.3: Vertical orbit separation around interaction point 2 between the electron (dashed line)
and the positron (full line) beams used for the bunch train scheme. The boxes denote electrostatic

separators. The arrows indicate the crossing points between bunches.

Luminosity optimization: Vernier scan

To collide the beams head-on, the vertical position of the electron and positron beams must
be controlled with high precision since the vertical beam sizes are of the order of a few
micrometers at collision points.

Vertical miscrossings of the two beams can be due to errors on the vertical electrostatic
fleld used to separate the positron and the electron beams at odd interaction points (1,3,5,7).
These errors can create a small difference in the vertical orbit of the two beams that propa-
gates to the even points (2,4,6,8). Moreover, the electron and positron heams have a different
horizontal orbit due to the opposite variation of energies around the ring (sawltooth effect).
As a consequence, each beam sees a small difference in the focusing fields of sextupoles
which together with field imperfections, positioning errors of magnets and non-linearities
in quadrupole fields (which have to be considered in a real collider) also cause a difference
between the electron and the positron vertical beam orbits.

It is therefore necessary to correct the voltage of electrostatic separators in order to op-
timize the beam overlap at the interaction points with the so-called Vernier scans. This
procedure consists of measuring luminosity with respect to the change of electrostatic sep-
aration to find the zero separation which gives the maximum luminosity. Vernier scans are
frequently done at LEP and need precise luminosity measurements made in a short interval
of time. The luminosity is measured with the LEP monitors installed at the four interaction
points and the Vernier scan procedure is described in section 3.4.4.

Vertical beam size

In an ideal machine the vertical beam size can be kept very low, being limited only by the
beam-beam interaction. This is not true for a real machine with magnetic field errors. In this
case the vertical beam size depends on the coupling of the horizontal betatron oscillations
into the vertical plane and on linear as well as nonlinear imperfections around the machine.
The vertical beam size is sensitive to small changes of various parameters like tunes and
closed orbit. Vertical closed orbit displacements introduce vertical dispersion, which is a
strong source for the increase of the vertical beam size.

Control and minimization of these effects have to be studied to improve the performance
of the collider. Monitoring of vertical beam size and luminosity are needed.
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Chapter 2

Some fundamental concepts in
accelerator physics

In the previous chapter, the beam parameters related to the luminosity were introduced. In
this thesis, more specific concepts of particle accelerators are used, which deserve a little
introduction for a reader not familiar with them. The equation of motion of a charged
particle in. magnetic fields, the matrix notation and the Twiss functions are now introduced.

2.1 Linear beam dynamics

The basic elements of a storage ring are dipole and quadrupole magnets. Dipole magnets
bend the trajectory of particles horizontally into a circular path. The horizontal force F
(orthogonal to the trajectory of a particle with charge e and momentum p = ym,v) is
provided by the vertical magnetic field B, of dipoles

F =evB, = ym*/p

which bends its trajectory into an arc of radius p
o= — (2.1)

Quadrupole magnets focus particles to confine their trajectories in a reduced space inside
the vacuum chamber of the accelerator. The magnetic field of a quadrupole is characterized
by its gradient g

_ o8, _on,

-z By
where B, and B, are the field components in the horizontal and the vertical planes.

Other magnetic elements of higher order fields are used in particle accelerators. For
example, at LEP sextupole magnets are used to correct chromatic effects of quadrupoles
on particles with small energy differences. Their effect on the beam dynamics is considered
as perturbations to the motion in linear magnetic field approximation. From now on, only
linear terms are considered in the dynamics of beam particles.

In the design of a storage ring, magnetic elements are placed along the reference orbit.
The coordinate system used to describe the motion of beam particles lies on the reference
orbit and moves together with the ideal particle with nominal momentum (in the direction
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of positrons for LEP), as it is shown in fig. 2.1. The position of the ideal particle is de-
scribed with the longitudinal variable s. The horizontal axis z is defined towards outside
the circumference and the vertical axis y is defined upwards.

radius

relerence orbit
Figure 2.1: Coordinate system of the reference orbit.

LEP presents a regular structure of alternating quadrupoles and dipoles along the arcs.
These magnets are arranged in consecutive units or cells called FODO cells. Each of these
units consists of a horizontally focusing quadrupole followed by a dipole, then by a horizon-
tally defocusing quadrupole and another dipole. Other magnets like sextupoles and orbit
corrector dipoles are included in the FODO cell.

Equation of motion

The motion of particles in a storage ring is described by Hill’s differential equation

d*u
where the variable u represents the transverse coordinates z and y. The function k(s) is
periodic with the circumference C' of the storage ring (k(s + C) = k(s)). In a quadrupole
field with gradient g, the field strength k(s) is given by

o= 4 for the horizontal plane

P

e
Eo= 228 for the vertical piane

P
and in a dipole field of bending radius p given by eq. (2.1), k(s) is given by

1

ko= - for the horizontal plane
p

k= 0

for the vertical plane.

2.1.1 Transport matrices

As in light optics, a particle trajectory can be described in terms of a matrix in the phase
space [9]. Thus, the position of a particle at the longitudinal position s; can be calculated
as a function of its position at s; using a transport matrix:

U2 _ myp My U (2 3)
Uy Mha1 Moy u] ’




14 Chapter 2 Some fundamental concepts in accelerator physics

where u 1s the particle transverse displacement from the reference orbit and «' = du/ds is
the angle between its trajectory and the reference orbit.

A beam transport line or a storage ring can be divided into a sequence of reglons (magnets
and free spaces) where the magnetic field is constant in the longitudinal direction s. In each
of these regions k(s) is constant and eq. (2.2) is the differential equation of a harmonic
oscillator, whose solution is given bellow.

Drift space

In a drift space or field free region, the particle follows a straight line and the solution of
eq- (2.2) for k =0 is

w(s) = uo+(s—s,) u

W(s) =

where u, 1s the position and u is the angle of the particle at the beginning of the field free
region. A drift space section of length L is represented by the following matrix

1 L
Md:(o 1)

Dipole and quadrupole magnets

In a region where there is a magnetic field, k is not zero and the solution of eq. {2.2) depends
on the sign of k. For a dipole, & = 1/p? is positive in the horizontal plane and zero in the
vertical plane, where the solution of eq. (2.2) is identical to the drift space case. The value
of kin a quadrupole magnet has the same sign as the gradient g in the horizontal plane and
opposite sign in the vertical plane.

For k > 0, the quadrupole magnetic field is focusing and the trajectory of a particle is
given by

1 . ,
u{s) = cos [\/E(s - so)l Uy + —-\/7; sin [\/F;(s — so)] v,

The fransport matrix of a focusing field region of length L is

1

_ cos & ﬁsinﬁ
Mor = ( ~VEsiné  cosé )

where £ = Vk L.
If B <0, the quadrupole is defocusing and the trajectory of a particle is given by
1

u(s) = cosh [ \k|(s — so)] Uo + \/'|kv| sinh [\/]I_[(s — so)] u,

The transport matrix of a defocusing field region of length L is

cosh —L_sinh
Mop = ( .6 V=" 6 )
MSmhf cosh §

where § = \/[k—| L.
All these transport matrices shown above satisfy the general condition that their deter-
minants are equal to one.
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2.1.2 Twiss functions

A solution which satisfies eq. (2.2) is of the form

u(s) = ay/B(s) cos|u(s) + ¥} , (2.4)

where # and p are periodic functions with periodicity C, while a and + are constants
depending on initial conditions. The function §is called beta function or amplitude function
and u is called phase function or betatron phase which is related to the beta function by

2 1
lon) =~ o) = [7 osds

The integral around the ring (i.e. s; = s; + C') is 27Q), where @ is the tune or number of
betatron oscillations per revolution.
The beta function, the phase function and the alpha function, which is defined as the

derivative 1 dB(s)
s
ofs) = T2 ds

are called the Twiss functions.

While the equation of motion (eq. 2.2) and the transport matrices given above describe
the movement of a single particle, the Twiss functions are more suitable to describe the
dynamics of the large number of particles which form the beam. For instance, the square
root of the beta function is directly proportional to the beam size o

JBe =0 (2.5)

where ¢ is a constant called emittance. The phase advance, i.e. the difference of the phase
function between two points s; and s;, is the change of the oscillation phase of particles.
Finally, the sign of the alpha function at a certain point in the ring gives information whether
the trajectories of particles are convergent (+ sign) or divergent (— sign).

Twiss functions and magnetic layout

The transport matrix of eq. (2.3) can be expressed as [21]:

%(COS $r2 + o sin ¢yy) Vi35 sin ¢y
M= (2.6)
2228 cos b1z — L2 sin ¢ VE (cos iz — az sin )

where 5, = B8(s1), B2 = B(s2), a1 = a(s1), a2 = as,) and ¢, is the phase difference between
sy and s, {12 = p(s2) — p(s1)). This matrix M is obtained by multiplying successively the
transport matrices for each existing element (drift space or quadrupole) between s; and s,.
The ratio between matrix elements of the first row is

My

1
P (ot .
" ) (cot ¢z + 1) (2.7)

and the ratio between matrix elements of the second column is

1
i B’(Co'ﬂ P12 — ag) . (2.8}
M2 2
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These expressions show the relationship between the Twiss parameters 8 and «a at s; (or at
s;) and the phase difference ¢2 between s; and s,
12 Mg

fan (}512 = =
my1G — M0y Mz B2 + Mgz

The expressions given above will be used in section 4.2 to calculate the beta function from
the measured phase function.

Twiss functions transformation
1 dg 1+ o?

The transformation of the Twiss parameters 3, a = — N and v = 3 from s; to s, 1s
3
given by (22]
B m%1 —2myma2 mfz B
02} = — MMy Mgy 1 + 2m12m21 —T12Ml9 (031 (29)
T2 m§1 —2ma1may m%z B!

where m;; are the coefficients of the matrix in eq. (2.6). The phase function at s, is obtained
from eq. (2.7)

1
fo = p1 + 12 = py + arctan ( ) . (2.10)
Bimai/mas — ay
An alternative way to obtain B, is with the square of the second element mq, of the matrix
shown in eq. (2.6):

2

M2
_ 2.11
b B sin® ¢y (211)
where ¢, is taken from eq. (2.10). The value o at sy can be obtained using eq. (2.8)
Qg = cot d)lz - ,8221“‘?"2 (2.12)
Mgz

where 35 is taken from eq. (2.11). The equivalence between the matrix in eq. (2.9) and
eqs. {2.11) and (2.12) is shown in appendix C. These expressions will be used in chapter 4
to reconstruct 3(s) and ¢(s) from the measured values of 3 and ¢ at the beam position
monitors.

Beta function measurement using quadrupoles

The vertical beta function at even interaction points (2,4,6,8) is determined by a measure-
ment of the vertical tune shift due to the change of the field strength of superconducting
quadrupoles QS0. These quadrupoles are located at 4.7¢ m from the interaction point and
focus the beams at interaction points 2,4,6 and 8.

The tune shift AQ due to a small change Ak in the strength of a quadrupole of length
L is given by
Bo Ak L

K

AQ ~ 5; /Lﬁ(s) Ak ds =~ (2.13)

where 35 is the average value of the beta function at the quadrupole. This result was
obtained by Courant and Snyder [21] and allows the measurement of the function 8 at a
single quadrupole by varying its strength and measuring the tune shift.
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If the optics is symmetric at the interaction point, the alpha function o = —(1/2){(dB/ds)
is zero at the interaction point and the beta function in the drift space between the two
superconducting quadrupoles can be calculated using eq. (2.9)

¢ 1 =21 2 B
e |=|0 1 -l 0
y 0 0 1 /8"

where 3* is the value of the beta function at the interaction point and [ 1s the distance from
the interaction point. In this drift space 3 follows the equation of a parabola centered at
the interaction point. From the value of 8 at the two superconducting quadrupoles

[? 2
ﬁ = 18* b= — ]
Q ﬁ* ﬂ*
we can extract the value of the beta function at the interaction point
lz
=
B

Perturbation of the beta function due to a quadrupole gradient error

An additional quadrupole strength Ak also changes the Twiss functions around the storage
ring. For a quadrupole magnet of length L located at the longitudinal position s,, where
the beta function is 5, and the phase function is y,, the beta function in the ring changes
by (23]

AB, Ak L, cos(2rQ ~ 2us) — o))
3 (s) = 2sin(27 Q)

This equation represents a modulation of the beta function that propagates around the ring
with twice the betatron frequency.

(2.14)

Beta function monitoring

For precise beam size measurements a good understanding of the beam instrumentation and
also the knowledge of the beta function at the measurement points are needed. At LEP the
beta function can change by #10-15% with respect to the theoretical values due to errors
in the magnetic field of quadrupoles. In the pretzel scheme, the separation of electron and
positron beams increases this mismatch by another 4:20-30%. A precise measurement of the
actual beta function is necessary to avoid systematic errors in the beam size measurement.

The measurement of other optical functions such as chromaticity (change of tunes versus
particle energy) and dispersion (single particle orbit dependence on particle energy) and the
distribution of impedance (electric field of the walls of the vacuum chamber as seen by the
beam) provide a good understanding of the effect of magnetic imperfections on the optics of
beams.
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Chapter 3

LEP luminosity monitors

The goal of the LEP luminosity monitors is to provide an accurate measurement of the
Juminosity at all four interaction points in a short interval of time. Small size compact
silicon-tungsten calorimeters are installed inside the vacuum chamber at about 8.3 m away
from both sides of the four interaction points. They measure the rate of Bhabha scattering
of ete™ pairs for scattering angles between 2 and 5 mrad. These detectors measure Bhabha
pairs at a rate of ~ 60 Hz for a luminosity of 10** cm =257, providing a statistically accurate
measurement of luminosity in a few seconds.

The detector is described in section 3.1, and its acceptance is calculated in section 3.2.
The source of particle background, its reduction using collimators and the correction to
the Bhabha rate are presented in section 3.3. Section 3.4 includes calibration of signal
thresholds, measured acceptance, examples of Vernier scans, acquisition time for various

particle background Jevels and radiation dose measured at silicon detectors.

3.1 Luminosity measurement method

LEP luminosity monitors measure the rate of elastic scattering between highly relativistic
positrons and electrons, known as Bhabha scattering {24].

The Bhabha scattering cross section for a scattering angle 8 less than 50 mrad is domi-
nated by the Coulon.b contribution [25) and can be approximated by

@A(i)z 3 - cos?0]? 31
1 \4E 1 — cosé (3.1)
where I£ 1s the beam energy and o is the fine structure constant

e’ 1

* T Are ke 137.036

For small scattering angles cosf can be approximated by 1 — #%/2, and eq. (3.1) can be

written
do 4a?

a0 = B

This cross section increases rapidly as the scattering angle 8 gets smaller.

(3.2)
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Detectors layout

To measure the high flux of Bhabha scattered ete™ pairs at very small scattering angles
the detectors are housed inside horizontal collimators placed inside the vacuum chamber
8.3 m away from both sides of each interaction point (with the exception of interaction point
2, where the collimators on the right side are at a distance of 8.4 m and on the left side
are at 8.2 m from the interaction point). As part of these collimators, the detectors can
be moved very close to the circulating beam, intercepting Bhabha e*e™ pairs scattered at
angles between 2 and 5 mrad. The setup is shown schematically in fig. 3.1.

straight section (~500 m)

monitor 2 monitor |
external cal.

external cal.
rTh B3m
t r'e_—é_ﬁ_:b

__________ J, _ positrons

internal cal. internal cal.
monitor | monitor 2

Figure 3.1: Top view (not to scale) of four detectors installed at interaction points 2, 4, 6 and 8.
{L.P.: interaction point, cal.:calorimeter.}

To discriminate the signal of Bhabha scattering from background particles, each luminos-
ity monitor consists of two calorimeters located at opposite sides of the interaction point, one
internal and one external to the orbit in the horizontal plane. Monitor 1 detects coincidences
of e*e™ pairs with the positron outside and the electron inside as it is shown in fig. 3.1, and
monitor 2 detects e*e™ pairs with the positron inside and the electron outside.

Bhabha scattering calorimeters

The detectors used for luminosity monitoring are similar to the silicon calorimeters used for
the polarimeter and have been developed in the Beam Instrumentation Group [26]. These
calorimeters are made of tungsten and thin layers of silicon semiconductors. The distribution
of silicon detector planes in the calorimeter is shown in fig. 3.2, where the longitudinal scale is
given in radiation lengths of tungsten. The radiation length is defined as the mean distance
over which a high energy electron (or positron) loses part of its energy by bremsstrahlung,
remaining with 1/e of its initial energy. It is estimated to be {27]

B 716.4 gem™2 A
pZ(Z+1)In(287/VZ)

rad

where A is the atomic weight, Z is the atomic number and p is the material density. The
radiation length for tungsten is 3.5 mm.

A high energy electron penetrating into tungsten radiates a number of photons by
bremsstrahlung. These photons create in tungsten e*e™ pairs which can radiate more pho-
tons initiating an electromagnetic cascade. The number of e¥e™ pairs in the cascade increases
exponentially, until electron energies fall below the energy at which losses by jonization and
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scattered
-+
ele

interaction point

At 83 m

Figure 3.2: Strip (8) and full area (¥) silicon detectors in the Bhabha scattering calorimeter.

by bremsstrahlung are equal, known as the critical energy E. given by [28]

800 MeV
T Z+12

In tungsten K. is about 10.6 MeV. Below this value, electrons dissipate their energy by
ionization and excitation rather than by bremsstrahlung. The average longitudinal energy
deposition in the electromagnetic cascade is described by [29]

EE _ Eoba pa=1 e~bt
dt I'(a)

where F, is the incident electron energy, t is the depth from the calorimeter surface in
radiation lengths and I' is the gamma function. ¢ and b are taken from a parametrization
of test results for electrons from 5 to 92 GeV on iren and lead [30):

a = 2.284 + 0.7136 log(K,)
b = 0.5607 + 0.0093 log( E,) .

The longitudinal profile of the energy deposited in the Bhabha scattering calorimeter by the
electromagnetic cascade developed by an electron of 45.6 GeV is shown in fig. 3.3.

There are two types of silicon detectors in the Bhabha scattering calorimeter: strip
detectors (S) and full area detectors (F). Strip detectors have a 40 % 40 mm? area which is
divided into 1€ vertical strips, 8 strips of 1 mm width in the area close to the beam followed
by 8 sirips of 4 mm width. They allow the determination of the cascade position in the
calorimeter. Full area detectors are made of a continuous area of silicon of 50 x 50 mm?.
They can measure the energy of an incident particle by sampling the eanergy deposition of
the electromagnetic cascade.

During the commissioning of these calorimeters [31] a careful study was made on the
energy and the collinearity of ete~ pairs {32]. This study has shown a position dispersion of
about o, = 2 mm between the positron and the electron at the detector plane, due to the
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Figure 3.3: Longitudinal profile of the energy deposition in the electromagnetic cascade developed
by an electron of 45.6 GeV incident in the Bhabha scattering calorimeter. (r.l.: radiation lengths,
S: strip detectors, F: full area detectors.)

beam divergence at the interaction point. This effect makes the discrimination of Bhabha
scattering from background signals using collinearity cuts difficult. It was therefore decided
to use the sum signal from the strip detector S2, which provides the best signal-to-noise ratio,
to count the coincidences from both calorimeters and to subtract the delayed coincidence
rate to the e¥e™ pairs signals to obtain the Bhabha scattering rate. Later, the delayed
background coincidence measurement was replaced by the statistical evaluation from the
background rate received at each calorimeter (described in section 3.3).

Data acquisition

When electrons and positrons of the electromagnetic cascade created in tungsten blocks en-
ter the silicon detectors they liberate electron-hole pairs which are swept out by the applied
electric field (reversed bias voltage). The pulse of charge collected by the silicon detector is
amplified and transmitted through 50-60 m of cables to the data acquisition electronics lo-
cated in a shielded gallery protected from synchrotron radiation. The signal is integrated for
150 ns by an Integrate and Hold module. The output is digitized by a 12-bit Analog-Digital
Conversion (ADC) module in 4.5 ps. Digital signals from external and internal calorimeters
are processed in the Digital Signal Processor (DSP) for every bunch crossing. The DSP con-
trols the ADC module (both produced by CES [33]) and is a software programmable device
which can be used as a preprocessor (for data reduction) and memory buffer [34] between
the ADC and an external microprocessor.

The DSP program compares the signals from S2 detectors of external and internal
calorimeters to threshold values which discriminate the electronic noise. If the signals from
both external and internal calorimeters are above thresholds the counter for pairs Npair 15
incremented by one. If only the signal from the external detector is higher than the thresh-
old, the counter for externals N, is increased by one. If, instead, only the internal signal
is higher than the threshold, the counter for internals N, is increased by one. In order to
take into account different bunch intensities, there are a set of N.,;, N and Npeir counters
for each bunch. After an acquisition of three seconds, the values of N.,,, N:., and Nypgir are
transferred to a bufler memory where they can be read by the local microprocessor, while
these counters are set to zero to start a new acquisition.
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3.2 Detector acceptance for Bhabha scattering

The rate N of Bhabha scattered ete™ pairs hitling a pair of detectors is a function of
luminosity £ and the acceptance of the detector. It is calculated by integrating eq. (3.2)

ot dQ
No~fL— — .
C5 (3

where A is the solid angle of the detector. The differential solid angle d€ can be written
in terms of spherical coordinates # and ¢

dQ = sinfdbdé ~0dodd |

which is valid for small 6.

Since the surface of the detector is a square, it is more convenient to use Cartesian
coordinates x,y to solve the integral over the detector area. The angles § and ¢ are expressed
in terms of angular coordinates z’ and 3’ (see fig. 3.4)

!

6 = +yfz'? +y7 ¢ = arctan% .

________________

Figure 3.4: Transformation between spherical coordinates and z’ and y’ angular coordinates.

The differential (d6 d¢) is transformed by using the Jacobian determinant

98 99

(8, ¢) 8z’ Bz’ dz' dy’
5 d — o } ! el S
dddg = Bay )d 'dy ) dz' dy s
oy oy

Eq. (3.3) becomes a double integral along the horizontal angle z’ and the vertical angle 3’

N c_ff (wiid; (3.4)

0
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where the integration domain is defined by the detector area and position.

The trajectories of Bhabha scattered ete™ pairs from the interaction point to the detec-
tors are modified by the magnetic field of superconducting quadrupoles of 2 m length located
at 4.70 m from the interaction point {except at interaction point 6, where these quadrupoles
are at 4.89 m). The transverse positions z,y of a particle at the detector can be calculated
as a function of the angles 2’, 3’ of its trajectory at the interaction point using the transport
matrices M from the interaction point to the detector

M = Mgy x Mgso x My,

where Mgso is the transport matrix through the superconducting quadrupole and My, and
M, are the transport matrices through the drifts spaces from the interaction point to this
quadrupole and from the quadrupole to the detector. Let A and B be the matrix element
my, of the matrix M for the horizontal and the vertical planes, respectively, then

z=Az and y=Byvy

A and B are the effective lengths and their values in table 3.1 are calculated for the value of
kgso used in the optics of 1993 (g05p46h), where 8] = 2.5 m and 3, = 5 cm. For the optics
used in 1994 (k05p46v3), where 37 = 2.0 m, the lengths A and B remain the same within
1%.

kgso (m™?) | A {m] | B [m]
left IP2 | —0.1649 | 14.00 | 3.32
right IP2 | - 0.1649 | 14.54 | 3.34
IP4| —0.1644 | 14.25 | 3.30
IP6 | —0.1600 | 14.00 | 3.48
P8 | —0.1644 | 14.25 | 3.30

Table 3.1: Horizontal A and vertical B effective lengths of luminosity calorimeters from the inter-
action point. '

The sensitive surface of the detector is the silicon semiconductor with a square area with
size I, = 40 mm. The detector is centered in the horizontal plane of the beam and its closest
edge to the beam 1s at a distance X = 35 mm approximately. The detector location in the
transverse plane as it is seen from the interaction point is shown in fig. 3.5.

The integration domain of eq. (3.4} for the angle 2’ is hetween the horizontal limits of
the detector

T = and T, = Y\ (3.5)
and for the angle 3 is between
L , L
Yy = ~op and V=55 - (3.6)

The analytical solution of the integral in eq. (3.4) (described in the appendix B) is

= - i — i arctan y—J e
ml.y! ‘,sz ylz z’ y
1 ;:;

2
. o
N=L
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Figure 3.5: Detector area seen from the interaction point.

Replacing the integration limits we obtain NV as a function of X and £

§ oo plet AB (A aBn AL
= — $ 11
E* (X + D)X " \2x2 1% ¥ 9Bx

— 47 — 257 arctan Hiq—fiﬂ—— (3.7)
20X +L)? L? 2B{(X + L) )

The counting rate of Bhabha scattering at a detector placed at 8.3 m with 4 = 14.25 m,
B = 3.30 m and L = 40 mm is shown in fig. 3.6 as a function of the horizontal distance X
from the beam, for a typical luminosity of 10%* cm~%s~! and a beam energy F = 45.6 GeV.
The rapid increase of N for smaller X is due to the strong dependence of the Bhabha
scattering cross section on the scattering angle 6 (see eq. (3.2)}. The typical range for X is
from 33 to 37 mm, which corresponds to N = 44.2 and 33.5 Hz, respectively.

: detector position range
= during physics dota toking

o
S

[e3)
(]

Figure 3.6: Calculated Bhabha scattering rate detected with calorimeters of area 40x40 mm?
as a function of its horizontal distance X from the edge of the detector to the beam, for
L£=10°" cm™?s ! and £ = 45.6 GeV.
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Beam angle and divergence at the interaction point

The Bhabha scattering rate obtained in eq. (3.7) is calculated assuming a dimensionless,
centered (z = y = 0) beam, where particles have parallel trajectories (¢’ = y' = 0).

Horizontal ¢ osed orbit changes in the collider can affect the beam angle at the interaction
point and thereiure the detector rate. An angle of £0.1 mrad at the interaction point
represents a relative position change of +1.4 mm and a AN/N =2 £10% in a single monitor
(two opposite detectors) at X = 30 mm. This effect is compensated at first order by
averaging the two monitors.

The beam size and beam divergence, i.e. the position and the angular spread of the
particles in the beam, are given by the emittance ¢ and the value of 3

€y
Ty = ﬁusu s Tut = o 27 U=I,y -
B

The horizontal emittance ¢, is increased by emittance wiggler magnets in order to limit the
beam-beam force in the interaction between the two beams (see section 1.2). Depending
on the emittance wiggler field strength the horizontal emittance ranges from 15 to 45 nm
for the k05p46v3 optics {35]. Values of beam sizes and beam divergences at the interaction
point, where B, = 2.5 m and 3, = 5 c¢m, are given in table 3.2 assuming an emittance ratio
£y/€z = 5% between the vertical and the horizontal planes.

Ex o, cf;, T o cr;,

[nm] | [mm)] | {gm] | [mrad] | [mrad]
15 | 0.194 | 6.12 | 0.078 | 0.123
20 | 0.224 | 7.07 | 0.08% | 0.141
25 10.250 | 7.91 | 0.100 | 0.158
3¢ 102744 866 | 0.110 | 0.173
35 10.2961 9.35 | 0.118 | 0.187
40 | 0.316 | 10.00 | 0.127 | 0.200

45 1 0.335 | 10.61 | 0.134 | 0.212

Table 3.2: Beam size and divergence at the interaction point for various &,.

The finite dimensions of the beam and its position at the interaction point have very
small effects on the trajectories of eTe™ pairs and therefore on the detector rates. However,
the beam divergence has a small but non negligible eftect on the detector rate.

To estimate the systematic error due to the beam divergence on the Bhabha scattering
rate of eq. {3.7), a Monte Carlo simulation for tracking Bhabha scattered ete™ pairs from
the interaction point to the left and right detectors is used. The simulation program includes
the dimensions of the vacuum chamber which limit the aperture for ete™ pairs.

Simulations of 107 Bhabha scattering events were carried out for 10 horizontal emittance
values {0,5,10,...,45 nm} and for a detector position X range between 20 and 80 mm. The
Bhabha scattering angle 6 distribution follows the function 1/8° as expected from eq. (3.2)
since d§) ~ 6 df d¢. The distribution of the azimuthal angle ¢ is uniform between —# /2 and
/2. In order to represent the beam angular spread in the horizontal and vertical planes,
the angles 6 and ¢ are transformed to

z' =0 cosg | y' = @ sin ¢
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and smeared with a Gaussian distribution independently for the scattered positron and
electron.

The limits of the # distribution are calculated taking into account the position of the
detectors and the beam angular spread. For a detector placed at X, = 20 mm, the
minimum of the 8 distribution is given by the minimum angle 6 of the inner edge of the
detector minus the maximum horizontal angle of 464, generated by the Gaussian random

generator R(G32 [36]:
Omin = ijn — 605 (max) = 0.6 mrad ,

where o.(max) is the maximum angular spread simulated (see table 3.2). The maximum
of the #-distribution for a detector located at X ax = 80 mm is given by the angle 8 of the
outer cormer of the detector plus the maximum horizontal and vertical angle generated by
the Gaussian random generator:

2 L 2 2
B rmax = J (&a—;ﬂ + Gogr(max)) + (—é— + 60;,(ma,x)) = 11.8 mrad

The 6 values are generated in the range from ., = 0.6 mrad to 8., = 12 mrad.
The counting rate of events in which positron and electron hit each detector is

: Ne e
N = £ 0(Bmin — Omax) =il
Ngeneratcd
where Ngenerated is the total number of ete™ pairs of the simulation, N+ g .~y is the number

of eTe™ pairs detected at both calorimeters and o (fmin — fmax) is the integral of the Bhabha
scattering cross section of eq. (3.2) over Opin < 8 < Opax and —-7/2 < d < /2 :

Aa? Omex 1§ pr/2 2ra(he)® {1 1
L _da? e g _ _ = 173.6 pb
o) = [, L= T ) T

using the constant (he)? = 389.38 GeVZub.
As expected, results of the simulation for g, = 0, ¢, = 0 agree with eq. (3.7) within the

statistical error of the simulation (AN/N = /1/N(e+g~}) which is lower than 0.5%. The
effect of the beam divergence on the detector rate at X = 20,30,40 and 50 mm expressed as
the relative change AN /N as a function of the horizontal emittance values given in table 3.2
is shown in fig. 3.7. Detector positions X which are smaller than 120, are excluded from
this plot, since it i1s the minimum distance of collimators to the beam.

The size of the vacuum chamber limits the aperture of Bhabha scattering detected at the
luminosity monitors. The geometry of the vacuum chamber between the interaction point
and the detectors at 8.3 m is shown in fig. 3.8. The vacuum chamber at interaction points
4, 6 and 8 have between 7.10 and 7.43 m from the interaction point an elliptic chamber
of 120 mm width and 156 mm height. This elliptic chamber is not present at interaction
point 2, where the chamber has a diameter of 156 mm. Bhabha pairs scattered with a
horizontal angle of 4.5 mrad (5.5 mrad in the case of interaction point 2) hit the wall of
the vacuum chamber and are lost. Consequently, the rate of Bhabha scattering at detectors
placed further than X'=35 mm is smaller than what is calculated in eq. (3.7) and shown in
fig. 3.6.

A simulation of Bhabha scattering where the size of the vacuum chamber is taken into
account gives the results shown in table 3.3. The effect of the vacuum chamber on the
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Figure 3.7: Effect on Bhabha scattering rate at detectors due to beam divergence. The relative
decrease of Bhabha rate is plotted as a function of the horizontal beam emittance. Typical emittance
values are between 15 and 45 nm. The shadowed area limits the minimum detector position of 12a,,
with o, being the horizontal heam size,
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Figure 3.8: Vacuum chamber dimensions at interaction points (1P} 4, 6 and 8. The dotted line
shows the profile of the vacuum chamber at interaction point 2 where the elliptic chamber is not
installed.
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detector pos. AN/N
[—- X [mm]| IP2|IP 4,6 and38
35| 0% | ~3%
40 -3% —8%
45 1 —9% —15%
50 ) —17% —25%
55 1 —27% -37%
60 | —39% ~51%
65 | ~54% ~71%
70 | —73% —-94%
51 -95% —100%

Table 3.3: Relative Bhabha rate decrease with respect to the rate calculated in eq. (3.7) due to
the presence of the vacuum chamber.

Bhabha rate is less than 1% for detector positions smaller than 38 mm at interaction point 2
and 33 mm at interaction points 4, 6 and 8.

The Bhabha scattering rate calculated with eq. {3.7) and shown in fig. 3.6 is compared in
fig. 3.9 to simulation results which include the effect of the beam emittance and the vacuum
chamber. Both effects reduce the detector acceptance by about 10% with respect to the
calculated one in the region between X = 33 and 37 mm (the region indicated in the plot).

detector position range

100 during physics dota taking

80

ZOt

E,_,_._L__J__A_._A_J___]___l_.L 1. i 1 : i
° .02 0.03 0.04 .05 0.06 0.07
X {ml

Figure 3.9: Simulated Bhabha scattering rate (full line) at a pair of detectors of area 40x40 mm?
as a function of the horizontal distance X from the edge of the detector to the beam, for
L£L=10"em ?" and E = 45.6 GeV. The simulated Bhabha scattering rate including the ef-
fect of a horizontal emittance ¢, = 30 nm is plotted with a dashed line and including the vacuum
chamber limits is plotted with a dotted line.

These results have been compared with results obtained previously [37]. In this paper,
the authors used different values for the following parameters: the beam energy is 50 GeV,
the superconducting quadrupole strength is & = —0.16462 m™?, the detector is placed at
8.5 m from the interaction point and the elliptic chamber is placed between 7.65 and 7.90 m
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(instead of 7.10 and 7.43 m, the current position) from the interaction point. These values
were included into the simulation and the results obtained correspond to the curves given in

(37].

3.3 Particle background at the detectors

Vertical and horizontal collimators placed at 8.3 m in both sides of each interaction point
protect the LEP experiments by absorbing photons and beam particles traveling off-center
from the beam. The luminosity detectors are installed inside the horizontal colimators.
The back of these detectors (see fig. 3.10) is shielded by a block of 30 radiation lengths
of tungsten. However, the detectors receive background at the frontside coming from the
interaction point.

back side

electrons

Figure 3.10: Background at the back and front side of luminosity detectors.

The background has the following origin:

e Direct or scattered synchrotron radiation photons produced in the last dipoles of the
arc and in the quadrupoles and orbit correction dipoles of the straight section,

e Particles with large oscillation amplitudes, which have lost a small part of their energy
(off-momentum particles) in the interaction with residual gas molecules or with thermal
photons.

Synchrotron radiation photons do not affect the detectors because these photons, with en-
ergies of several tens of keV, are absorbed within the first 5 radiation lengths of lead and
tungsten placed in front of the silicon detector S2 (see fig. 3.2).

The calorimeter energy resolution of 64%/4/ E[GeV] [26] is not sufficient to discriminate
off-momentum particles with energies about 1 GeV less than the beam energy. If the particle
background rate is high, accidental coincidences of individual off-momentum particles from
each beam can occur within the same bunch crossing and car be detected in coincidence as
Bhabha scattering.

Off-momentum particle background

Off-momentum particles with large oscillation amplitudes are due to two phenomena occur-
ring at the arcs:

e By bremsstrahlung photon emission in the interaction between a beam particle and a
residual gas molecule in the vacuum chamber,
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o By Compton interaction between a beam particle and a thermal photon in the vacuum

chamber {38, 39, 40!.

Part of the energy of the particle is lost in these interactions. When the energy loss is
greater than 1 or 2 GeV, the trajectory of the particle is deflected into the wall of the
vacuum chamber, as the deflection due to dipole fields is stronger for particles with smaller
energy. However, if the particle loses less than 1 or 2 GeV, it can travel for a few hundred
meters oscillating around the orbit with a large amplitude until it hits a collimator.

The number of off-momentum particles which create background at luminosity detectors
is significantly reduced by pairs of collimators placed in the horizontal plane in the internal
side of the beam orbit at the end of the arc. The difference between the phase of betatron
oscillations at collimators and at the detectors located on the opposite side of the interaction
point must be near a multiple of 27 in order to protect the internal detector or be near
(2n + 1)x {n: integer) to protect the external detector. The effect of a pair of collimators
adjacent to quadrupoles QS15 and QD20 protecting the internal and the external detectors
from off-momentum particles is schematically shown in fig. 3.11.

straight scction
monitor 2 monitor 1
external cal. external cal.
arc N e ‘M\C‘
tnternal cal. internal cal. col. Q815 /
col. QD20 monitor 1 monitor 2 col. QD20

Figure 3.11: Top view (not to scale) of the location of LEP luminosity detectors and off-momentum
collimators. {col.: collimator, cal.: calorimeter.)

The QS15 collimators are located at 357 m from the interaction point and QD20 colli-
mators are located at 522 m, on both sides of each interaction point. The phase advance
between QS15 collimators and the opposite internal detector is 2x360° + 10° and between
QD20 collimators and the opposite external detector is 2x360° -+ 187°, for the optics config-
uration used in 1992, 1993 and 1994 of 90° horizontal phase advance per FODO cell.

The optics configuration used in 1990 and 1991 had a 60° phase advance per FODO
cell in the horizontal plane. According to the phase advance requirements described in the
previous paragraph, the collimators were placed near the quadrupoles QS17 and QF23, at
420 and 637 m from both sides of each interaction point, respectively.

Particle background rates

The particle background rates shown in table 3.4 are normalized to beam intensities and
averaged over all monitors. This table shows also the accidental coincidence rate n,. of
particle background in the external and internal calorimeters normalized to beam intensities
for ky = 4 and k, = 8 bunches per beam. Note that the particle background rate is higher
at the detectors located on the external side than at the ones on the internal side.

The optics configuration was changed in 1992 to have a 90° phase advance per FODO cell
in the horizontal plane. As a consequence of this phase advance change, the Q517 and QF23
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optics n [Hz/mA] Taec [Hz/mAZ]
year | Ap./Ap, | collimators | external cal. | internal cal. | kb, =8 | k, =
1991 60°/60° QS17, QF23 15004100 2004100 7 14
1992 - 600011000 900+100 60 120
1993 | 90°/60° QS15 6060+1000 130450 17 34
1994 QS15, QD20 | 1400100 150450 4 8

Table 3.4: Intensity normalized particle background rates » and accidental coincidence rate 7.
at luminosity detectors. kj is the number of bunches per beam. Ap,/Ap, are the horizontal and
vertical phase advance per FODO cell.

collimators were no longer effective to protect the detectors and off-momentum background
rates increased in 1992 with respect to 1991 (see table 3.4).

New collimators were installed near the quadrupoles QS15 at the beginning of 1993 re-
ducing the internal background rate and the accidental rate. The ratio between internal
background rates of 1993 and 1992 shows that the average reduction factor of QS15 collima-
tors is about 6-7. An experiment [41] measured the efficiency of the collimators at Q515 as
a function of its position on the right side of interaction point 2 and on the left side of inter-
action point 6 (fig. 3.12). The background reduction factors are about 4 and 7, respectively.

Internal MON.1 {IP 2)

internal MON.2 (IP 6)

. .-
e Ve .

[a®]
oo N
N,

n fkHz /mAl

0.75 _'
3.5 l
0.25 . -
O O 1 ! 1 I l 1 i ] i [ 1 1 L 1 _l_l. 1 1
20 30 40 50 60 70 20 30 40 50 50 70
Coll, at Q815.R2  ximm) Coll. at QS15.L6 x [mml]

Figure 3.12: Normalized particle background rate received at two internal calorimeters versus the
horizontal position z of the collimator located in the arc near quadrupole QS15. Left plot: rate at
the internal calorimeter of monitor 1 (MON.1) of interaction point 2 (IP 2) versus the position of
the QS15 collimator in the arc on the right of point 2. Right plot: rate at the internal calorimeter
of monitor 2 (MON.2) of interaction point 6 (IP 6) versus the position of the QS15 collimator in
the arc on the left of point 6. The data was taken on Aug. 2nd 1993. The arrows indicate the
collimator position during physics data taking (40 mm).

QD20 collimators were installed at the beginning of 1994 to protect the external detectors.
A reduction factor of about 4 between external background rates in 1994 and in 1992 was
achieved.
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Correction of particle background coincidence

The accidental coincidence due to background at the internal and the external detectors
affects the measurements of the coincidence pairs from Bhabha scattering events. The colli-
mators installed at QS15 and QD20 help reduce the accidental coincidence rate to similar or
lower values than the Bhabha scattering rate. The remaining background must be measured
and subtracted from the monitor pair rate.

The Bhabha scattering rate N, is obtained by

Nb pasr - Nacc 3 (38)

where Npa!.r is the total ete™ pair rate and Na,;c is the accidental coincidence rate. Assuming
uncorrelated particle background, the coincidence rate N, can be corrected by:

1. Measuring the coincidence rate between the internal detector and the external detector
one bunch crossing later {(delayed coincidence).

2. Calculating the probability of coincidences due to background in the internal and
external detectors.

In the following, both possibilities are considered and discussed.

1. The accidental coincidence rate between external and internal detectors can be mea-
sured as the coincidence rate between the internal detector and the external detector one
(or n in general) bunch crossing(s) later. This can be implemented easily in the logic of the
data acquisition (for example, by a flip/flop memory). However, this procedure has limited
precision due to the statistical error of the measured coincidence rate.

The Bhabha scattering rate obtained from eq. (3.8) has an error

ANb \,/A patr + AJ\'raz.cc N (3‘9)

If the accidental coincidence rate Nacc is measured by counting the coincidences between
internal background and one turn delayed external background, its error is

A NaCC W G.CC GCC

ANacc = .
At (3.10)
with At being the measurement time.
2. The accidental coincidence rate can be estimated by
\ Ne:z:t -int
Nacc —_ ] 3.11
kb frev ( )

where Nem and N, are the particle background rates at the external and internal calorime-
ters, ky is the number of bunches per beam and f,., the revolution frequency.
The statistical error of N, obtained with eq. {3.11) is

. N2 . N2 .
ANacc = AT ANin z + L ANez 2
\] (kb freu) ( t) (kb frev) ( t)
where
Nemt : Nint

AN = AN, =

At At
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Then, we have

AN _ NezxtNint + Nﬁzt‘z‘;if_iff_
e At (kb freu)2

Inserting eq. (3.11) we get

ANGCC _ J Nacc(Nezt + Nint)

At Ky frew
Nacc Ne:ct + Nint
At kb frcv

which is smaller than AN,., of eq. (3.10), because Nt + Ni., is at least one or two orders
of magnitude smaller than k; f.., , the number of bunch crossings per second. Therefore,
the accidental coincidence rate obtained using eq. (3.11} from the external and internal
background rates measured is more accurate than the delayed coincidences rate.

Correction for high particle background rates

When background rates are very high, the calculation of Nb' from eq. (3.8) introduces a
systematic error. The systematic error of the accidental rate N,.. calculated with eq. {3.11)
is shown in fig. 3.13 as a function of the particle background rate.
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Figure 3.13: Relative systematic error on the accidental rate N,,. of eq. (3.11) due to high particle

background rates with respect to NextNint/D of eq. (3.18). The typical background rate during
physics in 1992 and in 1994 are indicated.

In the following, the expressions of Nb and AN;, are obtained from a calculation of
probabilities in second order for the values Nea:t: Nim and Npair.

Let F. and P; be the probability to detect in one bunch crossing a particle background
at the external and the internal detectors, respectively. P, is the probability for a Bhabha
scattered ete” pair to be detected at both external and internal detectors simultaneously,
which theoretical rate N, was calculated using eq. (3.7) for a luminosity £.

. Luminosity monitors measure external and internal particle background rates, Nz: and
Nine, and the pair rate Np,;,.. These rates are associated to P..,, P, and Ppqir, which are
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defined as the probability to detect a particle only at the external detector, only at the
internal detector and at both detectors, respectively, in one bunch crossing.

For low particle background rates, the probability to detect an accidental coincidence of
an internal and an external particle background can be calculated in first approximation as
the product of internal and external background probabilities

Popee = P, F; .

Multiplying both sides by the number of bunch crossings per second k; frey, this equation
corresponds to eq. {3.11).

For higher background rates, second order probabilities have to be considered in the
calculation of P, in order to take into account coincidences between internal background,
external background and Bhabha scattering pairs. The probability to detect a background
particle only at the external detector (no particle at the internal detector) can be expressed
as the probability of a background particle to hit the external detector and the probability
that no background particle hits the internal detector and the probability of no Bhabha
scattered ete™ pair at internal and external detectors

Pert = P. (1 - P)(1-5) . (3.12)
Similarly, the probability to detect a background particle only at the internal detector is
Pt = P:(1 = P)(1 = B) . (3.13)

The probability to detect a particle at both external and internal detectors in the same bunch
crossing can be written as the probability of both external and internal detectors being hit by
a background particle, P;F,, and/or the probability of a Bhabha scattering pair, F;, incident
at both detectors

Poir =P, Pi+ P,— P.F, P, . (3.14)

Egs. (3.12), (3.13) and (3.14) form a system of 3 equations and 3 unknowns. The solutions
of this system of equations are:

Pe:ct
P o= ot .
- Pint - Ppair (3 15)
P = Pin 3.16
v 1“ope.w:t_}_)pa:‘a-- ( )
Pezt pint
P = P — .1
’ ? 1—Pemt_Pint = Ppair (3 7)
In terms of counting rates (multiplying by ks freo), €q. (3.17) becomes
. - Nez Nin . . X :
Nb = Npair - .——%.._.t— 3 WIth D = kb freu - Nemf. - Nint - Npair . (3-18)

The statistical error of N is given by

: N, \* . N, )2 : an, " .
AN, = . ANZ, + | —= AN? : .
’ J (8 ezt) ‘ (6ant o * (aNpair) ANP&”
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with
aNb _ _Nint(D + Nemt) 6Nb . __Neact(D + Nint) aNb -1 - Nethint
6Nez.‘, a D? ’ aNint D? ’ aNpair D? .

If the counting rates are measured for a period of time At, then the statistical errors are:

Npair
At

- Nez ; Nin -
AN = At‘, ANy = At*, AN iz =

and the statistical error of N, is

'\/Nezxt,Nint(D -+ Nint)2 + Ne:ctNgu(D + Nemt)2 + fvpcn':r-[D2 - Nethint]2
D? VAL

If the particle background rates Nwt, Nint < kb foes, then D =~ ky frep and eq. (3.19) can be
approximated to

AN, = (3.19)

AN, ~ P2 = ANpuir
b At P
which is smaller than the error of N, calculated from eq. (2.8) with measured accidental
coincidence rate.

3.4 Results

3.4.1 Detector efficiency

The acceptance of the detector is defined as the ratio between the measured Bhabha scat-
tering rate N and luminosity £. The calibration of LEP luminosity monitors is carried out
by comparison to luminosity measurements of the LEP experiments L3, ALEPH, OPAL and
DELPHL As a result of this comparison, the average detector acceptance N /L per monitor
over all interaction points is determined within a 5% error

N/L =3.8 ub

for X.et = 30 mm. Luminosity measured with LEP monitors and on-line luminosity mea-
surement from the luminosity detectors of the LEP experiments are in reasonable agreement.
An example is shown in fig. 3.14.
The position X of the inner edge of the sensitive silicon area of the detector is at 2.7 mm
from the collimator edge X .
X=X +27mm .

The efficiency of LEP luminosity monitors is given by the calibrated acceptance with respect

to the acceptance calculated from the simulation for a horizontal emittance of 30 mm and
for X = (30.0 + 2.7) mm

3.8 pb

T iz

The Bhabha scattering detection efficiency of the monitors depends on the signal thresh-
old which selects high energy events. The voltage pulse of the silicon semiconductor mate-
rial is proportional to the charge of the electromagnetic cascade collected over the detector

~ 80% .
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Figure 3.14: Comparison between luminosity measured with LEP monitors (full lines) at each
interaction point and on-line luminosity of the LEP experiments (dots).
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surface. The small dimensions of the silicon detectors (40x40 mm?) used for luminosity
measurements at LEP limit the full containment of the electromagnetic cascade created by
electrons (or positrons) incident in the calorimeter. A good fraction of Bhabha scattered
e*e~ pairs hits the detectors in a range of a few millimeters from its inner edge, where part
of their electromagnetic cascades are not detected.

Determination of the signal threshold

The signal threshold is adjusted to discriminate the electronic noise of the signals. While
part of this electronic noise originates in the preamplification of the detector signals, there
is a significant contribution from an external source. It was found that electronic pulses
provided by the power supplies for the stepping motors which drive the collimators are a
source of noise to the detector signals. In order to reduce this noise, the output of the power
supplies are connected to low-pass frequency filters.

The determination of the threshold is obtained by analyzing the frequency distribution of
the detector signal amplitude. The DSP module has an extended memory of 32 kbytes. Two
blocks of four kbytes (one block per detector) are booked in order to acquire a histogram of
the digital signal of 12-bit. An example of the histograms of the external and the internal
detecior signals are shown on the first two upper plots in fig. 3.15. A third block of four
kbytes is reserved to acquire the histogram of the least value of the external and the internal
detector signals at the same bunch crossing, which is shown on the right upper plot in
fig. 3.15.
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Figure 3.15: Histogram of the frequency distribution of internal and external calorimeter signals
{and least value of them) in ADC units during 180 seconds. The lower plots are the accumulated
histograms of the upper ones (see text). The acquisition frequency is 4 f,., = 45 kHz. The narrow,
high peak (1) in these histograms is the pedestal signal and its width corresponds to the electronic
noise voltage in bit units. The lower peak on the right (2), which is wider than the pedestal
peak, represents the spectrum of the energy deposited by the cascade on the silicon detector. In
the histogram of the external detector, whose particle rate is higher, we observe a long tail (3}
corresponding to acquisitions when two particles hit the detector at the same bunch crossing.

The three lower plots in fig. 3.15 correspond to the accumulated histograms of the upper
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ones. They are obtained by
4095

a(3) = g_:_um :

where a(7) is the accumulated histogram and h(k) is the histogram value corresponding to
the ADC bin k.

The histogram values 2(7), e(7) and p(7) corresponding to the three lower plots in fig. 3.15
are equivalent to the rates Nin¢, Nepe and Npgir for a threshold value of 7 in ADC bits, The
Bhabha scattering rate b(j) as a function of the threshold j is deduced from eq. (3.18)
replacing Ning, Net, Npair and Ny by i(5), e(5), p(4) and b(5)

) (3) i)
B frew — e5) = 13) = 3

The Bhabha scattering rate b(7) is shown as a function of the signal threshold in fig. 3.16.

The signal threshold is set to the minimum value on the right side of the sharply rising
peak of pedestal signal seen in fig. 3.16, sitting in an almost horizontal "plateau”. The
determination of thresholds gave the following results

b(3) = p(7)

interaction monitori monitor2

point (in ADC bits)
2 130 135
4 135 130
6 130 130
8 135 140

The relative error of the measured Bhabha scattering rate b(j) as a function of the
threshold j is shown in fig. 3.17 as deduced from eq. (3.19) replacing Niniy Newt, Npair and
Ny by (), e(5), p(j) and b(5) and for At = 180 s. Discarding the region of electronic noise,
it 1s observed that the relative error increases (since the measured Bhabha scattering rate
decreases) for larger threshold values.

3.4.2 Detector acceptance measurement as a function of collima-
tor position

The luminosity detectors are mounted in the horizontal collimators, which are moved to
a position X . from the center of the vacuum chamber during operation with beams in
collision. The position at which the two collimator jaws are located {between —X,,; and
Xot) is adjusted to the horizontal beam size o,. The minimum X,,; position must be
120,, in order not to become the aperture limit, although the optimum position s adjusted
experimentally depending on the background received at the LEP experiments. Typical
values of X, during the operation of LEP are listed in table 3.5.

The Bhabha scattering rate rapidly decreases as a function of X as it is shown in fig. 3.6.
Therefore, the detector acceptance is scaled with the position of the collimators by the factor

F— (Xco! + 2.7 mm)a
- 32.7 mm

where a = 2.5 is obtained from a fit to eq. (3.7).
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Figure 3.16: Bhabha scattering rate versus threshold level (same for internal and external signals)
for all luminosity monitors. Signal thresholds are indicated with vertical dashed lines. The lumi-
nosity is about 4 - 10°° ¢m~2s~* and the background coincidence rate is in average eight times the

Bhabha scattering rate.
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year | IP 2| IP4 | IP6 ] IP 8
1991 | 33 | 30/31 | 33 | 30/33
1992 | 31 | 31 |35/32| 32
1993 | 30 | 30 32 32
1994 | 34 | 33 31 32

Table 3.5: Collimator positions X, in millimeters for LEP operation (IP: interaction point).

160

180 200
ADC bins




40 Chapter 3 LEP luminosity monitors

monitor! ——————— monitor?2
§ 30 30
< ‘tnoise 3 n%ise P2
o "f S [ ~
e
S 20-
w L
m -
w0k \h__—//
ok ﬂ | BT
100 160 180 200
o 30
< P 4
o]
=
Q 20
@ [
m L
10} e
r .
r | R
160 180 200
I
2 iP 6
o
=
9
T
o
e e
60 180 200
I
- P8
e
v
@
o
O 1 .—-&—l_&——l_‘l___L—rLAl—l_lv—l—-l——-;—;L_—’
100 120 140 160 180 200 100 {20 140 160 180 200
ADC bins ADC bins
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The detector acceptance as a function of its position has been determined experimentally
[41, 43] and a good agreement with eq. (3.7) was found. The first detector position scan was
done in July 1991 with beam intensities I.- = 0.9 mA and I+ = 1.3 mA at interaction point
2. Collimators were moved from X.; = 25 to 47 mm. At each point, data was acquired for
three minutes. The average between the counting rate of monitor 1 and monitor 2 is shown
in fig. 3.18. The result of a fit of the detector acceptance obtained by simulation including
the limits of the vacuum chamber at interaction point 2 is plotted as well. Note that the last
three measurement points (from X, = 43 to 47 mm) agree better with simulation results

than with eq. (3.7).
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Figure 3.18: Monitor rate measured at interaction point 2 as a function of its horizontal position X
in July 1991. The fit of sirnulation results including the vacuum chamber dimensions in interaction
point 2 gives £ = (2.85 £ 0.04)-10%° ecm~?s™! and is shown with a full line. Eq. {3.7) for the same
luminosity is plotted with a dashed line.

Another experiment was carried out in August 1993 with both monitors of interaction
point 2, moving the four horizontal collimators from 27 to 40 mm. During this experiment the
luminosity of the colliding beams was perturbed. To maintain high luminosity the vertical
dispersion was corrected, followed by an orbit correction. The counting rates of monitors at
interaction points 4, 6 and 8 were recorded as a reference. The counting rate at monitor 1
and 2 of interaction point 2 was measured and compared to the reference rates. The average
rate between monitor 1 and 2 versus the detector position is shown in fig. 3.19 as well as the
function of eq. (3.7) fitted to the experimental points.

The Bhabha rates measured as a function of the detector position are in good agreement
with the detector acceptance versus position calculated in section 3.2.

3.4.3 Measurement of the luminosity statistical error

The statistical error of measured Bhabha scattering rate is calculated using eq. (3.19). This
expression takes into account the statistics of the Bhabha pair rate and of the accidental
background coincidence rate. The Bhabha pair rate and its statistical error are scaled to
provide the luminosity measurement and its error.

An estimate of the statistical error of luminosity measurements is taken from the mea-
sured luminosity at time ¢; minus the measured luminosity at time ¢;_; = ¢; —~ At, where At is
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Figure 3.19: Monitor rate measured at interaction point 2 as a function of its horizontal position
in August 1993. The fit of eq. (3.7) gives £ = (5.86 +:0.03)-10°° cm™?s~! and is shown with a line.

the acquisition time. If the variation of the luminosity is only due to statistical fluctuations,
the r.m.s. of this difference £; — £;_, divided by \/o? + o, (where o; is the luminosity
error calculated from the Bhabha rate error of eq. (3.19)) must be one.

In fig 3.20, histograms of (£; — £;_1)//o? + ¢, for the luminosity measured at interac-
tion points 2, 4, 6 and 8 are plotted. The acquisition time is nine seconds and the statistical
error is about 5%. The shape of the four histograms fits well to a Gaussian function and
the average sigma from the four histograms gives 0.995 £ 0.008. This demonstrates that the
statistical error calculated using eq. (3.19) is correct.

3.4.4 Vernier scan

The optimization of the LEP collider performance needs accurate luminosity measurements
within a short time interval at the four interaction points. Fast monitoring of luminosity
allows to detect quickly any deviation from the optimum collision parameters: beam-beam
strength, vertical beam size, closed orbit changes, etc. With the help of LEP luminosity
monitors and other beam instrumentation i{ is possible to rapidly diagnose problems and
recover in a short time.

At LEP, closed orbit measurements are not precise enough to determine the beam posi-
tion with a few micrometers accuracy at the interaction points. Instead, the optimization
procedure of the beam overlap in the vertical plane at the interaction points is called Vernier
scan and uses the luminosity measurements. During such a scan the beams are displaced
one against the other with vertical electrostatic separators. For each step, the luminosity is
measured.

The measured Juminosity plotted as a function of the vertical displacement follows the
shape of a Gaussian function. The maximum indicates the setting where the vertical beam
separation is zero. The size of this Gaussian expressed in terms of its standard deviation
Oscan gives direct information about the vertical size of the beams at the interaction point

(see appendix A, eq. A.3)
Tscan = 4/ 0'3_ + 0'82+ .
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Figure 3.20: Histograms of luminosity measurement fluctuations at each interaction point divided
by the calculated error using eq. (3.19). Luminosity data was taken during the physics fill 2958
(Sept. 5th 1995) and histograms are made from more than 2000 luminosity measurements between
15 and 20 - 10%° cm~%s7 1.

When the sizes of both beams are equal, o, is obtained by dividing oean by V2. Vernier
scans have been used to measure the vertical beam emittance [5] from

2
a
- sCan -2

where 37 is the value of the beta function at the interaction point.

An example of Vernier scans done in all four interaction points is shown in fig. 3.21.
Vernter scans in interaction points 2 and 6 were carried out five days later than those in
interaction points 4 and 8. The optimal electrostatic separation was found at 4.8 4+ 0.8 um
at interaction point 2, 5.0 4 1.5 um at 4, —8.1 £ 0.8 um at 6 and —3.6 £ 1.3 um at 8. Using
eq. (3.20) for 8 = 5 cm, the vertical emittance extracied from the Gaussian distribution fit
to the data points at the Vernier scans in interaction points 2 and 6 carried out at the same
physics fill is:

IP 2 &,=0.90+0.18 nm
IP 6 e, =0.80=£0.18 nm

and at the Vernier scans in interaction points 4 and 8 (carried out five days later} the vertical
emittance is:

IP4 ¢, =26+0.6nm
IP8 &,=26%0.6nm

Luminosity at interaction point 6 measured at many different vertical electrostatic sep-
arations is shown in fig. 3.22. A Gaussian fit gives a maximum luminosity at a vertical
separation of 7.8 + 0.8 ym and a vertical emittance of 1.1 + 0.2 nm.

Vernier scans are carried out mainly during machine start-up and after long technical
stop periods. The optimal electrostatic separation can change and frequent optimizations
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Figure 3.21: Luminosity at interaction points 2, 4, 6 and 8 as a function of the electrostatic
separation. Data taken in April 1992. (Parameters of the Gaussian fit: P1 peak height, P2 mean,
P3 sigma.)
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Figure 3.22: Luwminosity at interaction point 6 as a function of electrostatic separation. Data
taken by M. Lamont in October 1994. (Parameters of the Gaussian fit: P1 peak height, P2 mean,
P3 sigma.)
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are required. Since Vernier scans are made rather frequently to check the good beam over-
lap, a fast automatic procedure has been implemented in collaboration with members of the
Control Group (CO), the Electrostatic Separators Section (BT/ES) and the Beam Instru-
mentation Group (BI). The good performance of the automatic Vernier scan together with
the achievement of fast luminosity measurements has brought the total scan time required
down to about 5 minutes per interaction point.

3.4.5 Luminosity acquisition time

The high rate of Bhabha scattering detected by the LEP luminosity monitors allows accurate
luminosity measurement in a short time. Although the absolute calibration of these monitors
is not accurate enough for precise physics measurements, they have shown to be very useful
in the daily operation of the luminosity optimization of the collider.

The Bhabha scattering rate error (statistical) AN} is estimated by eq. (3.19) which can

be approximated to
. : [ Npai Ny + N,
ANy = AN, = P oy ————==
b= Al At At

The relative luminosity error AL/L can be written

AL ANy [ Ny+ Npoe  [1+7 (3.20)
L7 N, N nNtAar VLAt '

where the detector acceptance ¢ is defined as Nb/ﬁ and r 1s Nacc/Nb. Both quantities are
roughly constant during the fills and the relative luminosity error is inversely proportional
to \/Z

The acquisition time required by two monitors to obtain a relative error of 5% as a

function of luminosity for particle background levels of 1992, 1993 and 1994 is shown in
fig. 3.23.
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Figure 3.23: Acquisition time for a relative luminosity error of 5% for the particle background
levels of 1992, 1993 and 1994 presented in table 3.4.
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Luminosity measurement at LEP 2

The second phase of LEP (LEP 2), with electron and positron beams accelerated to twice
the energy of present LEP, will bring new operational conditions for luminosity monitors.

The Bhabha scattering cross section (eq. 3.1) depends on the beam energy as 1/E?, such
that the Bhabha scattering rate measured with LEP luminosity monitors will decrease by
a factor 4 as the energy is doubled. The rate is expected to be even smaller due to new
collimator position requirements. There are two optics envisaged for LEP 2: the 90°/60°
and the 108°/60° (the first number is the horizontal phase advance per FODO cell and the
second number is the vertical phase advance per FODO cell). Estimated collimator positions
are X.; = 42 mm and 35 mm, respectively.

On the other hand, the expected luminosity (between 30 and 60-10°° cm™%s71) increases
the Bhabha scattering rate and reduces the statistical error of the measurements (eq. 3.21).

Finally, a strong increase of accidental rate of particle background is expected, which
can perturb seriously the monitors performance. The increase of accidental background
rate is due to two effects: first, the number of off-momentum particles created in collisions
with thermal photons could increase by a factor of two for the same beam current [44], and
second, the current per bunch in collision can be increased as the beam-beam force is smaller
at 90 GeV.

Luminosity monitor parameters at LEP 2 are compared to typical parameters at LEP 1
in 1994 in table 3.6. In this table, the coeflicient ¢ is calculated by

32.7 mm )2'5 (45.6 Ge\/’)2

== =3 2
1= 3.8 ub (Xcol + 2.7 om E (3.22)

The coincidence background rate N, is obtained with eq. {3.11)

. . 2
Mozt Nint I
kb frev

where 7ie,e and 7, are the particle background rate (normalized to beam intensity) de-
tected in the external and internal calorimeters, respectively, I is the beam intensity and the
acquisition time Af is deduced from eq. {3.21)

NGCC -

1 1L+
At = (ALJEV 4f (3.23)

The acquisition time required for luminosity measurements with a relative error of 5% for
both optics at LEP 2 in the scenario described above is shown in fig. 3.24, and is compared
with the equivalent acquisition time in 1992 and 1994 for LEP 1.

A comparative study made by G. von Holtey [45] between Bhabha scattering measure-
ments and other luminosity measurement techniques shows that LEP luminosity monitors
can still bring the fastest luminosity measurements.

3.4.6 Radiation damage on silicon detectors

Silicon detectors are rather resistant to radiation damage compared to other solid state
detectors like scintillators, optical fibers, etc. This condition was required for LEP luminosity
monitors since they are installed inside the vacuum chamber very close to the beams. The
silicon detectors used for luminosity monitors are exposed to a high radiation of low energy
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v
Teo
LEPD (90°/60°)
200
PR =)
100 :
LEPD (108°/60°)
o I A bty j oo

LEP 1 LEP 2
E [GeV] 45.6 90 90
optics [Ap./Ap, per cell] 90°/60° | 90°/60° | 108°/60°
Xeot [mm] 32 42 35
g = N,/ [ub] 3.3 0.45 0.68
Tnt [Hz/mA] 150 300 300
Freee [Hz/mA] 1400 | 2800 2800
I [mA /bunch] 0.4 0.8 0.65
ky (number of bunches per beam) 8 8 8
£ [10%® cm~ 2571 16 60 60
N, [Hz] 53 27 41
Noee [Hz) 25 380 250
r = Nuee/ Ny 0.5 14 6
At [s] for ALJL = 5%
for two monitors per IP 8 160 50

Table 3.6: Lwminosity monitor parameters for LEP 1 and LEP 2.
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Figure 3.24: Acquisition time (eq. 3.23) for a relative luminosity error of 5% in LEP 1 and LEP
2 luminosity ranges. Changes are due to different background rates and collimator settings.
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photons and of beam halo particles, and can eventually receive great amounts of beam
particles due to beam instabilities.

Radiation affects silicon detectors by increasing the diode inverse bias currents. This
effect on the Bhabha calorimeters was studied by G.P. Ferri et al. [26] using gamma rays
from a ®°Co source. For a dose of 10° Gy the increase of measured inverse currents is less
than a factor 10, while the charge collection efficiency remains unchanged.

The radiation dose received in five months of collider operation in 1993 was measured [46]
by a set of 8 LiF7 dosimeters inserted into the external calorimeter of monitor 1 at interaction
point 2. They were located at the place of the F1 detector at six radiation lengths depth from
the collimator surface (see fig. 3.2). The transverse position of the dosimeters is indicated
in {.g. 3.25. The numbers shown in this figure represent the doses measured in Gy, for the 5
months of exposure, with 1240 hours of beam at 45.6 GeV. During this time no change was
observed in the inverse bias current of the silicon detectors and no effect on the counting
rate was noticed.

O @ silicon detector
L
_]/ dosimeter

- Cea

Figure 3.25: Doses measured in Gy at the external calorimeter of monitor 1 at interaction point 2.
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Chapter 4

Phase and beta function measurement

The observation of coherent betatron oscillations provides accurate measurements of the
optics functions in a storage ring. A well-known example is the measurement of the betatron
tunes by analyzing the spectrum of the signal from a beam position monitor.

The phase of betatron oscillations can be measured at beam position monitors with the
1000-turns acquisition [47] provided by the beam orbit measurement system [48).

After a brief introduction, the method to measure the phase and the beta functions at
beam position monitors and the calculation of these functions between monitors are described
in section 4.2. The procedure to measure the phase of the oscillations using harmonic analysis
is presented in section 4.3 and the error analysis of the phase and the beta functions is given
in sections 4.4 and 4.5. This method is used in section 4.6 to measure changes of the beta and
the phase functions due to quadrupole field changes, pretzel separation and energy sawtooth.
Finally, changes of the phase function due to bunch current and beam energy variations are
shown in sections 4.7 and 4.8.

4.1 Phase measurement at beam position monitors

The transverse oscillations of beam particles around the equilibrium orbit (closed orbit) due
to the focusing effect of magnetic fields in a storage ring are called betfatron oscillations. If
the oscillation amplitude is relatively small, only linear terms of the magnetic fields have
to be considered and the motion of particles is given by eq. (2.4), which is a solution of
Hill’s differential equation (eq. 2.2). If we observe these oscillations ir successive turns or
revolutions, then the tune @., i.e. the number of oscillations per revolution, should be
included in the phase argument of eq. (2.4)

z(s,1) = a\/fa(8) cos[2mQ i + p.(s) 4 ) 1=0,...,N -1 (4.1)

where 3, and y, are the beta and the phase functions, a and ¥ are constants depending on
initial conditions, @z = k. (C)/27 and C is the circumference of the ring. At a fixed point
s, the position of this particle at each revolution ¢ is given by

zo(1) = Acos(27g,i + @) + eo(s,) (4.2)

where g, is the fractional part of the tune Q. and z.(s) is the transverse position of the
closed orbit. This equation represents the sampling of an oscillation of constant amplitude
A= am, with an initial phase ¢ = p,(s,) + % and a frequency g, f,e, (Where fre, is
the revolution frequency).
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At LEP, betatron oscillations are excited by modulating the field of ferrite dipole magnets
(so-called shaker magnets) used by the Q-meter system [49]. The excitation is coherent, so
that all particles oscillate with the same amplitude and at the same phase. Q-meter dipole
magnets are 40 cm long and can provide a maximum beam deflection of about 3 prad at the
energy of 20 GeV and about 1.3 urad at 45.6 GeV. Two vertical and two horizontal dipole
magnets are installed at 122.4 m and 151.8 m respectively, on both sides from interaction
point 1.

When betatron oscillations are excited coherently the center of the particle distribution
follows the same trajectory as a single particle oscillating around the closed orbit (eq. 4.1).
After some turns these oscillations are damped due to the longitudinal acceleration provided
by the radio-frequency cavities and the effect of particle tune spread. Restoring the energy
loss due to synchrotron radiation with the longitudinal acceleration of the radio-frequency
cavities damps the transversal oscillation with a damping time of about 60 ms (675 turns).
The spread of particle tunes in the beam creates differences in betatron oscillation phases
and leads to the damping of coherent beam oscillations. In order to maintain beam particle
oscillations in a coherent mode the beam is excited continuously with a frequency which
is close to the fractional part of the tune times the revolution frequency. The excitation is
maintained for some 10 or 20 seconds in order to allow beam position measurements for about
1000 turns, because the acquisition software of beam position monitors is not synchronized
to the excitation dipole magnet.

The amplitude observed at each beam position monitor is proportional to the square root
of the beta function

A = a 5iy/B:(s)

with a constant factor a for all monitors and the scaling factor S; of each monitor. This
provides a relative value of the beta function at the beam position monitors and its accuracy
depends on the individual calibration of the monitors and their electronics, therefore it is
not used in this thesis to determine the beta function.

{f the acquisition of position monitors is synchronized within a revolution time, we obtain
the measurement of the phase difference between any two beam position monitors k and k+1
from the difference between phases ¢ and ¢y, of betatron oscillations measured for 1000
turns

plseer) = plsk) = 1 — e

where s; 1s the position of the monitor £ and s,41 1s the position of the monitor £ + 1.
The phase measurements of coherent beam oscillations have systematic errors which are

function of the longitudinal size of the beam. At LEP, this systematic error is negligible

because the bunch length is only of about 1 cm. The acquisition of beam position monitors

is self-triggered by the bunch passage with an error of about 30 picoseconds. The contribution

of position measurement errors on the measured phases will be discussed in section 4.4.
The measured phases provide the following data:

e The perturbation of the phase and of the beta functions can be obtained with a fit of

a modulation with twice the betatron frequency (see eq. 2.14) to the phase of about
15 monitors [50]. This is not studied here.

e The phase p, the alpha and the beta functions can be obtained from the phase ad-
vance measured between three beam position monitors using the transport matrix
[51]. The procedure is described in the following section and its accuracy is discussed
in sections 4.4 and 4.5.
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4.2 Measurement of the Twiss functions

Beta function measurement at beam position monitors

The optics functions B8, o and g of a given stc-age ring are calculated from quadrupole
gradients and the layout of magnetic elements usi.¢ programs like MAD {2]. If the measured
phase advance ¢, = ¢, — ¢, ' between two beam position monitors at s, and s, is different
from the phase advance ¢;; calculated with MAD, then the beta function 8’ and the alpha
function o are also different from 3 and a. If we suppose that quadrupole gradients and
the layout of magnetic elements are perfectly known between s; and s, (that is to assume
the perturbation is outside the interval [s1, s]), then eq. (2.7) is valid for 3], ) and ¢;,

a1 1

a12 - Bi
where a1, and aq, are the elements of the first row of the transport matrix A from monitor
1 to monitor 2. This equation has two unknown variables: 3] and «a]. A solution can be
found using a second equation which relates 5 and «) to the measured phase advance ¢,
between monitor 1 at s; and a third beam position monitor located at sa.

(cot ¢y, + o) (4.3)

‘11 1 ! ’

— = —(cot + a

C12 )8!1( ¢13 1)

where ¢;; and ¢;, are elements of the transport matrix ' from monitor 1 to monitor 3. The

system of equations to solve is

a
;%11 ! ¢
81— = cot ¢y, + &)
a2
C11
/ . i !
By = cot ¢y, -+ oy
Ci12

The solution for 31 is

cot ¢}, — cot ¢,

(0»11 /alz) - (611 /612)
- Y (ot g, — cot d,) (4.4)

a11C12 — 212€11

Let B be the transport matrix from monitor 2 to monitor 3, then C = B x A.

By calculating

an€iz — a12en1 = an{bnas + biadz2) — @12{by1011 + b12aa)
blz(auazz - alzazl)

= blZ det(A) = blZ

'The quantities 8, o’ and ¢’ refer to measurement values in contrast with 3, a, ¢ which refer to
design valucs.
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eq. (4.4) can be written as
. arac
B = Jgi;_"'(cot ¢y — cot ¢l,) . (4.5)

Eq. (2.7) can also be applied to the measured phase advance ¢y, between monitor 2 and 3

, b
Bust = cot bl + o

and eq. (2.8) can be applied to the measured phase advance ¢), between monitor 1 and 2
s d22 '
By— = cot ¢y, — o} .
212
Both equations form a new system of equations solved by

cot gl + cot d
(az2 [ @12) + (b1 / br12)

b
= m(cot $1q + cot ¢oy) . (4.6)

Ci2

B

Finally, the value of the beta function at the 3rd beam position monitor is obtained from

baa
I . ’ !
532‘— = cot dy3 — @
12
Caz2
1 o i /
s =cotdi, — oy
€12

which has the solution

cot ¢y — cot ¢,

33 (bzz / 512) - (sz / C12)
biacy , .
= ;2122(601' Py5 — cot $y5) (4.7)

Replacing ai1/a12 in eq. (4.4) by (cot ¢12 + a1)/B1 according to eq. (2.7) and ¢;;/cia by
(cot ¢34 1)/ B, the expression of 8] yields the ratio between cot ¢}, — cot ¢}, and the same
quantity obtained with MAD:

cot ¢y, — cot ¢4

— 4.8
61 ﬁl cot ¢12 — cof (;613 ( )
Using
cotz + coty = zu;(zﬁ——l—f;) {4.9)
in T sin

allows to write C .
SIN @5, SN Py2 SIN P13

SiN ¢ha3 sin @), sin @f4

B =B
Doing similarly for eq. (4.6) we obtain

cot ¢, + cot @iy,
2
cot @12 + cot s
Sin @), sin @1 Sin Gag

?sin ¢13sin @15 51N Phy

By = 8
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and for eq. (4.7) we obtain

cot ¢, — cot P4
® cot ghag — cot g3
sin @), sin o sin ¢y3

37 : -
sin @y SIN @y, sin @),

By = B

The solutions for the function alpha at s;, s; and s3 are derived in Appendix D. Note that
six values of 8’ and ' at s;, s, and s3 have been obtained from the three phase measurements
1, ¢4 and ¢}, or, more precisely, from the measured phase advance ¢},, ¢7, and ¢,.

Interpolation of the Twiss functions between beam position monitors

The calculation of 8’ and o' at the three beam position monitors using above equations
assumes that the magnetic gradients used in the transfer line model between beam position
monitors 1 and 3 are perfect. In this case, it is valid to interpolate the values of the measured
Twiss functions to any point between beam position monitors 1 and 3 using for instance the
Twiss transfer matrix given in eq. (2.9). To simplify the equations, we have developed the
expressions of ¢/(s), #'(s) and '(s) as functions of the measured ¢},, ¢hs, G and «j.

Let s be the longitudinal coordinate at a point between s; and s3. The measured phase
advance ¢'(s) between s; and s is deduced from eq. {4.3) which can be written as

mai(s)

mia(s) -

cot ¢'(s) = 3

where my;(s) and mya(s) are elements of the transport matrix M(s) from s; to s. Using
eq. (2.7), we replace the fraction my(s)/m2(s) in terms of 3, and oy to get

cot ¢'(s) = %[cot #(s) + a1] — @

where ¢(s) = p(s)—p(s1). Replacing now the value of 31/, by eq. (4.8) and o} by eq. (D.4),
we obtain ¢(s) as a function of ¢1,, ¢\,, #(s), P12 and @13

[cot ¢(s) — cot d13] cot @), — {cot ¢(s) — cot ¢12] cot ¢},
cot ¢y — cot Py

cot ¢'(s} = (4.10)

Using eq. (2.11), the measured beta function 3’(s) can be expressed as a function of the
above expression of cot ¢'(s)

¢

' . mfz(s) . m%z(s) 2 4
ﬁ (5) - 6; Sil’lz (}5’(3) - { (COt ¢(S) + 1) (411)
where my,(s) can be replaced by the second coefficient of the matrix of eq. (2.6)
Fs) = B(s)B, sin’ &(s) _ ﬁ(s)ﬁl(COtz #{s)+ 1)

B sin® ¢'(s) B (cot? ¢(s) + 1)

Finally, the expression of the measured alpha function is

&/(s) = cot ¢(s) — () "2L)

mlg(s)
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which can be written in terms of 3(s), a(s) and cot ¢(s)

a'(s) = cct () + %f—((fj)—[a(s) —cot p(s)] . (4.12)

The values of the phase, the beta and the alpha functions can be interpolated to any
point between two beam position monitors. The expressions of ¢'(s), 8'(s) and o’(s) have
been written as functions of the measured phase funciion at three monitors.

4.3 Measurement of the phase and the amplitude of
betatron oscillations

At LEP, coherent betatron oscillations can be excited by modulating the field of the Q-
meter dipole magnets at the frequency of the tune times the revolution frequency. These
oscillations are sampled turn by turn at each beam position meonitor for 1024 revolutions.

This number is the maximum memory available by the local processor to stcre beam position
data.

An example of data obtained for a vertically excited beam is given in fig. 4.1, where the
horizontal and vertical beam positions at one monitor are shown for 50 turns together with
the frequency spectrum {FFT) for 1024 turns.

—1.4 FET
2

TV FFeveaT

- _ Y

O"I\lllkl PNV NS S RV S R A

o 10 20 30 40 50 o 0.1 0.7 0.3 0.4
turns {/frev

Figure 4.1: Example of a multiturn beam position acquisition for a vertically excited beam. Left:
horizontal (top) and vertical (bottom) beam positions measured at a single beam position monitor

turn by turn. Right: the frequency spectrum (the Fast Fourier Transform’s amplitude) of each
signal (for 1024 turns).
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Harmonic analysis of betatron oscillations

The amplitude A and the initial phase ¢ of beam oscillations at each beam position monitor
are obtained using a harmonic analysis based on the function

Flw) = Z_: xie?” (4.13)

where N is the number of samples or turns and the values {z;}7 " are the measured beam

positions. The values of this function for w = n/N for n = 0,1,..., N — 1 correspond to twice
the Discrete Fourier Transform applied to the vector {z; NS
The function F(w)} can be writter as C'(w) + j5(w), where C(w) and S(w) are real

numbers given by

N-1 N-1
Clw) = > z;cos{wi) S(w) = > z;sin(wi)
1=0 =0
The amplitude A and the phase ¢ of F(w) are given by
2,/C(w)? + §(w)? [S(w)
w) = N $(w) = — arctan [C’(w)

If the vector {z;} ;" is replaced by eq. (4.2), the amplitude A{w) and the phase ¢(w) at the
harmonic w = 27g, correspond to the parameters A and ¢ of eq. (4.2). This is demonstrated
in appendix E.

Example of a phase measurement

As an example, the difference between a measurement of the vertical phase and the vertical
phase function calculated with the program MAD is shown in fig. 4.2. The measured vertical
fraction of the tune was ¢ = 0.224 and the positron bunch number 1 was excited with the
frequency of 0.224 x f,., Hz.

The phases obtained by harmonic analysis at some position monitors which have a trigger
delayed have to be corrected by £2r¢. The trigger to the BOM electronics A22 is delayed by
one turn (A refers to arc and 22 indicates that is located on the left side of interaction point
2) and the phase data obtained at the beam position monitors of the A22 electronics must
be corrected by —2mg, which is the phase delay for one turn. The bunch measured is the
positron bunch 1 and the acquisition starts with the L15 electronics (located in the straight
section on the left side of interaction point 1). The phase measured at the monitors of the
L15 clectronics must be corrected by +2nq, since their acquisition started one turn earlier.
Both corrections to the raw phase data are indicated in fig. 4.2. If the phases are measured
with another bunch, the corrections that must be applied are given in appendix F.

Example of beta and alpha function measurements

Three beam position monitors located at 756.7, 835.7 and 914.7 m on the right side of
interaction point [ are selected. The amplitude A and the phase ¢’ of the oscillations recorded
at each monitor are shown in table 4.1. The vertical phase advance between these three beam
position monitors calculated with MAD for the optics k05p46v3 gives ¢ = ¢hos = 60°, while
the measured ones are ¢}, = 61.54° and ¢}, = 62.73°.




56 Chapter 4 Phase and beta function measurement

e+ bunch 1

Ap/ 27
o
T

©
o
T

AR RS ERER)

'n'.'-_',-",-_\_\_“b\" AN L
m')‘.:‘ A“If!ﬂ”e"”m-,;!’-.-'—'-‘\"“- R
. e - ATl
e A

Sanh NN s, Sun (oo LIRS
“Sentasonmsvonlt »""’M e

—005 [
+q

|
o
T

|

=4

o
I

+ov
N SRV VRV U R AT B TSR

70 Jom

Figure 4.2: Difference between phase measurements at beam position monitors done on 4th June
1994 at 10:40 with the positron bunch 1 of 50 pA at 20 GeV and the phase function calculated
with MAD for the optics k21p20v3. Due to trigger delays the phase at the beam position monitors
of the A22 electronics (right) must be corrected by ~2x¢ and the phase at the monitors of the L15
electronics {left) must be corrected by 4 2wg. Both raw phase {big dots) and corrected phase (small
dots) are shown. The positive difference between the measured and the nominal phase corresponds
to the difference between the tune ¢ = 0.224 and the nominal tune ¢ = 0.194,

n monitor position from IP 1 | A (mm) | ¢

1| PU.QD26.R1 756.71 m 4.1 mm | 148.05°
| 2 | PU.QD28.R1 835.71 m 3.9 mm | 209.59° |

3 | PU.QD30.RI 91471 m 4.1 mm | 272.32° |

Table 4.1: Oscillation amplitude A and phase ¢’ at three adjacent beam position monitors. The
treatment of phase errors is given in section 4.4 and shown in table 4.6. The name of the monitor
indicates its location near the quadrupole magnet QDxx counting from the right side of interaction
point 1 (R1).
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The values of the beta and the alpha functions shown in table 4.2 are calculated using
egs. (4.5) and (D.1) for the beam position monitor 1, using egs. (4.6) and (D.2) for monitor
2, and using eqs. (4.7) and (D.3) for monitor 3. The transport matrices A from monitor 1
to 2, B from monitor 2 to 3 and € from monitors 1 to 3 are

A= B —1.3555  130.14 o —2.3559  130.18
T TN -0.03222 2.3558 1 —0.03223 1.3564

The error of the alpha and beta measurements of this example are given in table 4.6 at the
end of section 4.4.

B(m) | (m)| «a o ‘
150.2 | 159.3 | —2.142 [ —2.201
150.3 | 137.6 | —2.143 | —1.949
150.3 | 155.8 | —2.142 | —2.305 l

L bl B

Table 4.2: Design and measured (primed) beta and alpha functions at three adjacent beam position
monitors. The treatment of errors is given in section 4.4 and the values are presented in table 4.6.

The beta function #'(s) and the phase function ¢'(s) between monitor 1 and 3 are cal-
culated using eqs. (4.11) and (4.10) in which the measured values ¢}, and ¢), are used.
The B'(s) and ¢'(s) obtained are plotted together with the theoretical 3(s) and #(s) in
fig. 4.3. The origin of the phase function is taken at the beam position monitor 1, so

¢ (s1) = ¢(s1) = 0.
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Figure 4.3: The measured vertical phase and beta functions using eqs. (4.10) and (4.11) are shown
with dashed lines along the transport line between three beam position monitors. The measurement
errors are shown in fig. 4.18. The results from MAD simulation with optics k05p46v3 are shown
with full line.
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4.4 Error analysis of phase measurements

Dependence of the phase on the harmonic analysis frequency

A precise determination of the oscillation frequency is needed for the calculation of the
phase. The oscillation frequency of the beam is imposed by the excitation frequency of
the dipole magnet. However, the frequency generated by the power supply of the shaker
magnet may differ from the selection made by the user due to the truncation of the data
sent to the microprocessor which controls the shaker magnet. This difference can be up to
2.5-107* x f,., and has not yet been understood. In order to obtain the real frequency, we
search for the value of w corresponding to the maximum amplitude A(w) of the function of
F(w). Results of the harmonic analysis versus frequency applied to a horizontal oscillation
are shown in fig. 4.4. For this example, the maximum amplitude A is found at the oscillation
frequency of f = 0.26708 X f,.,, giving a phase ¢ = 104.45° rad. At this point, the value of
¢ changes by about 2° for a frequency shift of Af = 107% x f,,, and errors in the {requency
determination could lead to significant systematic phase errors.
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Figure 4.4: Harmonic analysis amplitude A (upper plot) and phase ¢ (lower plot) as function of
the frequency for a horizontal oscillation measured at the beam position moniter PU.QL15.R1 on
Sept. Jrd 1994,

1 s 1

It has been observed that the change of ¢ due to a frequency deviation in the harmonic
analysis is almost equal for all beam position monitors in a single measurement. The relative
change in phase between monitors for the same frequency shift is about 100 times smaller
than the absolute phase change at each monitor. For the previous example, the change of
the phase ¢ for a frequency shift of Af = 107° x f,., is 2°, while the phase difference between
two monitors changes by less than 0.03°. The relative phase changes between beam position
monitors due to a certain frequency shift are smaller for oscillations with high amplitude. An
example is given in fig. 4.5, where the histograms of the phase change for all beam position
monitors caused by a frequency shift of Af = 1075 x f,.. of the harmonic analysis are shown.



4.4 Error analysis of phase measurements 59

The first histogram corresponds to a measurement with a vertical oscillation amplitude of
1.9 mm and the second histogram is for a measurement with a vertical amplitude of 3.7 maa.
To compare both measurements, the range of the scales in both plots is the same. The r.ms.
deviation of the phase change for the measurement with 1.9 mm amplitude is ¢y = 0.0029°
and for the measurement with 3.7 mm is oy = 0.0024°.

In order to keep systematic phase errors one order of magnitud lower than 0.1°, a fre-
quency determination of about 107° is needed.
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Figure 4.5: Histograms of the phase change at about 500 beam position monitors for frequency
shift of Af = 107% x f,., in a measurement with average vertical amplitude 1.9 mum (left) and in
a measurement with average vertical amplitude 3.7 mm (right) taken on Sept. 3rd 1994.

Frequency analysis

The frequency used for harmonic analysis is the average of the frequencies where the maxi-
mum amplitude A(w) is found at each beam position monitor. The precision in the deter-
mination of the oscillation frequency depends on the amplitude of the oscillations. As an
example, three vertical oscillations with amplitudes of 0.41, 1.9 and 3.7 mm are taken. The
histograms of the frequencies found at all monitors for these three measurements are shown
in fig. 4.6.
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Figure 4.6: Histograms of frequencies measured from all beam position monitors {centered at the
mean frequency) for three measurements of average vertical amplitudes (.41 mm (right), 1.9 mm

(middle) and 3.7 mm (left) taken on Sept. 3rd 1994. The mean frequency values are given in
table 4.3.

The oscillation amplitude A, the mean frequency and the frequency r.m.s. from all
monitors, for these three measurements are given in table 4.3. The mean phase shift and the
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relative phase r.m.s. deviation due to a frequency shift of Af = 107° x f,., are also included
in this table.

time A mean frequency | r.m.s. freq. | for Af = 107° X frep
[mm] I/ freo offFrew | AP [°) oas [°]
7:48 | 0.41 0.1840876 6.5-10°° -2.3 0.020
7:52 1.9 0.1858083 2.2-107° -2.0 0.005
| 8:04 | 3.7 0.1880224 L1-107° | —~19 0.002

Table 4.3: Oscillation amplitude 4, mean frequency and frequency r.m.s. obtained from all mon-
itors. The three measurements were taken on Sept. 3rd 1994. The frequency dependence of the
phase is given as the mean phase shift A¢ and the relative phase r.m.s. deviation o4 for a
frequency change of a Af = 107° X fre.

In fig. 4.7, the r.m.s. spread of the frequencies found at all beam position monitors is
ploited against the average oscillation amplitude.
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Figure 4.7: Frequency r.m.s versus oscillation amplitude for 29 vertical measurements taken in
1994. Error bars are calculated using o/(2n)*/2) where n is 250, the number of monitors in the
bending sections.

It is possible to obtain the frequency with an accuracy of 3-107% x f,., when the oscillation
amplitude is about 2 mm or higher.

Position error contribution to the phase

Beam position measurement errors affect the analysis of the amplitude A and the phase ¢
of the oscillations. Most beam position monitors are equipped with narrow band electronics
which have two uncorrelated sources of noise:

o Numerical noise from the analog digital conversion, which has a standard deviation of

1/4/12 LSB (Least Significant Bit)

¢ Electronic noise with a measured r.m.s. of ¢ = 1/2 LSB.

The LSB is equivalent to 0.15 mm in the vertical plane (0.21 mm in the horizontal plane)
for narrow band beam position monitors. The total standard deviation is

~ 2 2 —
T \/G'Num.Error T Rlectr.Noise — 0.09 mm
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The estimated error on A and ¢ due to position errors of the monitors can be calculated by
error- propagation (see appendix E)

2 1 /2
T4 = N—G’ UQSZZ ﬁo’ . (4.14)

Both quantities are proportional to /1/N where N is the number of samples or turns.
Moreover, the error of the phase oy is inversely proportional to the oscillation amplitude.
The measurement error of the phase advance between two monitors with same oscillation
amplitude A4 is:

2 /1

Tas = NN T (4.15)

Results

The error of phase measurements has been obtained by comparing two measurements car-
ried out with a very short delay between them, while the parameters of the machine, like
tunes and currents, remained unchanged. As an example, the difference between two phase
measurements made with oscillation amplitudes of about 4 mm is shown in fig. 4.8, which
gives a phase difference r.m.s. of 0.17°. The theoretical r.m.s. error on the phase difference
is given by eq. (4.15) for A = 4 mm and o = 0.09 mm, which gives 0.08°, two times smaller
than the phase difference r.m.s. from the measurements.
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Figure 4.8: Difference monitor by monitor between two measurements of the vertical phase taken
on June 4th 1994 at 11:12 and 11:20. The oscillations amplitude was about 4 mm for both mea-
surements.

Some phase measurements give different results as for example the comparison shown in
fig. 4.9. between measurements of vertical oscillation amplitudes of 1.8 mm. The difference
r.m.s. between these two phase measurements with 1.8 mm vertical amplitude is 0.7° (where
the effect seen in fig. 4.9 is included) and the expected r.m.s. is 0.18°, a factor of 4 smaller.

This phase perturbation in the measurements is not a problem for the measurement of
the phase advance between consecutive beam position monitors. In the previous case of
two measurements with vertical amplitudes of 1.8 mm, the comparison between the phase
advance measurements gives an r.m.s. of 0.4° and the expected one is given by:

Tape = V2 oag = 0.25°
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Figure 4.9: Difference monitor by monitor between two vertical phase measurements with oscilla-
tions amplitude of 1.8 mm taken on Sept. 3rd 1994 at 5:43 and 5:48.

The theoretical difference between phase advance measurements with different amplitude
is:

Vohe + 7hs
i Iy 1
2 |l 1 —)=
(A% Aa) N7
where (1) indicates the first measurement with amplitude A; and (2) indicates the second
measurement with amplitude A,.
To check the expression of the phase error oy given in eq. (4.14), the difference between

phase advance measurements for six pairs of measurements are shown in fig. 4.10 and the
results are presented in table 4.4. Results of the comparison between phase advance mea-

T A2

T Ay (4.16)
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Figure 4.10: Histograms of the phase advance difference between pairs of measurements. The
oscillation amplitudes and phase errors are shown in table 4.4
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date | time | optics | plane | bunch | ampl. | o4 [°] | dagy, (0] | Adra(r.m.s) [°]
[mm] | eq.(4.14) | eq.(4.16) | (measured)

4/26 | 20:24 | k21p20v2 | Ver. | 2 e~ 5.6 0.04 0.08 0.36

4/26 | 20:27 | k21p20v2 | Ver. | 2 ¢~ 6.5 0.04

4/27 | 13:39 | k21p20v2 | Ver. | 2 et 2.3 0.10 0.99 0.34

4/27 | 13:53 | k21p20v2 | Ver. | 2 et 1.9 0.12 ) '

4/28 | 0:55 | k05p46v2 | Hor. | 2 e* 0.7 0.33 0.50 1.6

4/28 | 1:03 | k05p46v2 | Hor. | 2 e* 1.7 0.13 ' '

4/28 | 1:15 | kO5p46v2 | Ver. | 2 et 2.6 0.09 0.17 0.96

4/28 | 1:33 | k05p46v2 | Ver. | 2 et 2.8 0.08

5/6 | 19:58 | k05p46v3 | Ver. | 1e* 3.4 0.07 0.13 0.36

5/6 | 20:01 | k05p46v3 | Ver. | 1e* 3.5 0.07 ' ]

5/6 | 20:07 | k05p46v3 | Hor. | 1 e 0.7 0.33 0.50 0.83

5/6 | 20:11 | k05p46v3 | Hor. | 1 et 1.6 0.14 ' )

Table 4.4: Amplitude and expected phase error from eq. (4.14) for ¢ = 0.09 mm for measurements
taken in April and May 1994.

surements show phase errors between 1.5 and 5 times the estimated ones using eq. (4.16).
This result is compared to results obtained by analyzing the phase of more than 30 mea-
surements using the two following methods:

1. An estimate of the phase error at each beam position monitor is obtained by analyzing
the phase of short segments of N/2 points from a measurement of N=1024 points. Let
¢; be the phase obtained by harmonic analysis from the array of data {z;}X;" (a

segment of 512 points which begins at point 7). The phases ¢;, with 7 = 0,...,512 ,
are delayed by 2mqj with respect to ¢. If the array {z;};! is a sample from a pure
sine oscillation, all values ¢} = ¢; — 27gj are equal to ¢ or ¢,. If the position z; has
a statistical error r.m.s. of o, the spread between the phases ¢’ should correspond to
the phase error estimated by eq. (4.14) for N = 512. However, the spread found at the
measurements can be up to 10 times more than expected. Otherwise, if the phases ¢, of
monitor 1 are compared to the set of phases in another adjacent monitor 2, the spread
of phase advances Ap; = (¢;)2 — (¢;)1 agrees much better with the theoretical phase
advance error of eq. (4.15) for N = 512. This leads to the conclusion that whatever
effect introduces a change in the oscillations (e.g. 50 Hz noise, etc) is systematic for
all monitors and the phase difference A¢ = ¢, — ¢, between two monitors is not very
sensitive to these perturbations.

As an example, three measurements with oscillation amplitudes of 1.5, 2.8 and 4.6 mm
are analyzed by segments of 512 points, and the phase spread of Ap; for every two
pairs of monitors are plotted in histograms in fig. 4.11. Both axes are the same for the
three plots. As the oscillation amplitude is increased, the distribution of phase spread
is narrower and its mean position decreases.

The results of 30 measurements of vertical oscillations are shown in fig. 4.12, where
each point is the mean phase spread of Ag; of one measurement plotted against the
oscillation amplitude. These results are compared to eq. (4.15) where N = 512 and
o = 0.09 mm, where 4, = A, = A since the selected monitors have the same amplitude.
A fit of this equation on the results gives ¢ = 0.106 4 0.003 mm position error.
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Figure 4.11: Histograms of the r.m.s. spread of the phase advances Ap; = (;)2 — (¥;)1 between
pairs of monitors where ¢; are the phases obtained from a sliding window of 512 points. The
histograms correspond to three measurements with amplitudes of 1.5 mm (left), 2.8 mm (middle)
and 4.6 mm (right) taken on Sept. 3rd 1994. The vertical dashed line indicates the theoretical
phase advance error of eq. (4.15) for N = 512.
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Figure 4.12: Average phase advance error of 250 monitors from sliding a window of 512 points
versus the oscillation amplitude. The etror bars are the r.m.s. spread of 250 monitors. The
dashed line is given by eq. (4.15) for ¢ = 0.09 mm position error. A fit of ¢ to the data gives
o = 0.106 £ 0.003 mm (dotted line).
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2. The second method used to test eq. (4.14) compares the phase advance between two
monitors by taking ¢, from the first segment of N/2 points and g5 from the second
segment. The difference between the phase advances A, and Ayps;3 at every pair
from 250 monitors gives an r.m.s. which is compared to eq. (4.15) for N = 512 in
fig. 4.13. The error bars are calculated by o/v2n, where n = 250 the number of
monitors selected. A fit of eq. (4.15) for N = 512 on the results gives ¢ = 0.111 mm.
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Figure 4.13: Phase advance r.m.s. between the two sets of 512 points versus the oscillation
amplitude. The error bars are given by o/(2n)*/?, where n = 250. The dashed line is given by
eq. (4.15) for ¢ = 0.09 mm position error and the dotted line is for ¢ = 0.11 mm.

The estimations of the phase error given by both methods correspond approximately to
eq. {(4.15) for o = 0.11 mm. These results indicate that an oscillation amplitude of at least
2 mm (in an acquisition of 1024 points) is needed 1n order to reach a precision in the order
of 0.14° on the phase obtained by harmonic analysis and about 0.2° on the phase advance
between two monitors.

4.5 DBeta function measurement error

Beta function measurement error at beam position monitors

The relative error g of 3] from eq. (4.5) due to the error of the measured phase at the three
beam position monitors is given by

R RERE)
E"fﬁiJ(aéa% T\9g,7%) T\Bg)

$p=¢) ~ ¢ and iy =4, &

Since

and i
cot x) 1
dz  sin’z =—(eot?z +1)
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the partial derivatives are

aﬁ; _ a12C12 1 B 1
8dy by, sin @, sin® i,/

aﬁ{ _ adi2C12
895’2 bz sin’ Piq ’
aﬁ{ a12C12

6(;5’3 b2 sin® ¢"13 '

Dividing the expression of 83;/8¢; by B] we obtain

188 1 1 1
BLO¢  cot iy — cot iy \sin® ¢1,  sin® i,
which can be simplified using the trigonometric relation of eq. (4.9) to get

168 singl,sindy, ( 1 1 )
B 04} sin ¢hog sin® ¢,  sin® ¢

sin ¢, sI @),
sin ¢, sin ¢hq  sin P 5 sin @y
= (cot @}, -+ cot ¢hy) — (cot ¢y — cot ¢i,)
cot ¢, + cot @iy -

I

Applying similar operations to the partial derivates of 3] with respect to ¢, and ¢5, we
obtain

1 9p ;

— = cot @], +cotdl, ,

ﬁ]_ aqsl ¢12 13

1 aﬁf ! f

E{aCﬁ; = —cot gy —cot gy, (4.17)
1 aﬁ! I /

ﬁ—{é?é = cot ¢y — cot ¢4

Thus, the relative error of 3; is

€p; = \ﬂ?Ot o + cot ¢5)Pa 4 (cot iy -+ cot ¢hg)ay, + (cot ¢hy — cot dig)?0f, . (4.18)

Similarly, we deduce the relative error of 3, from eq. (4.6)

egr = \/(cot ¢, — cot qb’lg)zcri; + (cot ¢, — cot qé;s)za"i; + (cot ¢, — cot gr.’>’13)2¢:r:§’,3 (4.19)

and the relative error of 33 from eq. (4.7)

g = \/(cot $l, — cot <,'p5’13)2or;‘;i + {cot ¢}, + cot ¢5’23)2a§; + (cot @h; + cot ‘35’13)2‘7;3 . (4.20)

Measurement errors of the beta function depend on the phase measurement errors as well
as on the phase advance between the monitors.
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Dependence of the beta measurement error on the phase advance

The phase advance between beam position monitors changes around the ring and for different
optics. We will now study the contribution of the phase advance between monitors to the
measurement error of the beta function.

The dependence of the relative errors e5, €5, and €g on ¢}, and ¢5; is shown in 3
dimensional plots in fig. 4.14, assuming equal phase error at the three beam position monitors
oy = oy = og = 0.14°.
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Figure 4.14: Top: 3D plots of the theoretical relative error of ' at monitor 1 (using eq. 4.18) on
the left, at monitor 2 (using eq. 4.19) on the middle and at monitor 3 (using eq. 4.20) on the right
as a function of the phase advances between them for phase error of (.14°. Bottom: The contour
plots corresponding to the 3D plots indicating the minimum with crosses.

When the measured phase has the same error at the three beam position monitors,

eqs. (4.18), (4.19) and (4.20) have a minimum value for different phase advance values
between the three monitors:

¢ The relative error eg has its minimum value for ¢}, = 45° and ¢}; = 90°.
» The relative error g4 has its minimum value for ¢}, = 45° and ¢}, = 45°.

¢ The relative error £5; has its minimum value for ¢}, = 90° and ¢}, = 45°.

In the first case when ¢}, = 45° and ¢} = 90°, cot ¢}, = 1, cot ¢}, = 0 and cot ¢, = —1 so

eq. (4.18) gives
€pr = 1/02; + 023 = \/§ oy ~ 1.41 o4

However, for the same values of ¢{, and ¢); the relative errors of 3, and S are higher

gp, = gy = ,/4(72; +O’2; +0‘2; = \/6_0'(3«,1 ~ 2.45 ey
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A similar situation is found when the minimum relative error of 3; (or 33) is considered.
The relative errors of the beta function at the three beam position monitors are shown in
table 4.5, where all the optimum phase advance scenarios are considered.

min(eg) 12 | $as Ep: g, €p1
- o o 2 2 2 2 2 2 ) 2
at monitor 1 | 45° | 90 1/0'% + T4 4%’1 + Ty + 5 \/40¢; + 0'05,2 + Ty

at monitor 2 | 45° | 45° \/oii + 40‘3% + ai; ,/crii 4 Ji; ',o;‘ii+ 403,,; - G;S
. ° o ) 2 2 3 2 2 2 2
at monitor 3 | 90° | 45 \ZU¢; =+ U¢,L+ 40'% \/EEL+ Oi'z + 40#‘ \ !afg6r1 + Ty

at all three | 60° } 60° 2,/(«:!";‘?5,2 + 0'3,3)/3 21/(035,1 + 03;)/3 2,/(0’31_-1— aié)/S

Table 4.5: Theoretical phase advance between beam position monitors to minimize the error of
for the same phase errors.

The relative beta measurement errors are shown in fig. 4.15 as functions of ¢}, = ¢}, =

Ag¢’. To minimize the error of the measured beta function at the three beam position
monitors at the same time, the measured phase advance must be ¢, = ¢,; = 60°. In this
case, if the phase errors are the same, the relative error of 31, A; and 3; are the same

8
E.B; = 6;3; = 6“8; = \/;O'qgl ~ 1.63 T

£(8). £(8)

0.75

05 i

0.255‘* -----------------------------------

N T S T R S SO S
20 30 40 50 50 70

&80

Ad' 7]

Figure 4.15: Theoretical relative error of 3" at monitors 1,3 [eqgs. (4.18) and (4.20)] (full line) and
2 [eq. (4.19)] (dashed line) as a function of the phase advances A¢’ = ¢}, = ¢4, for a phase error
of 0.14°.

On the other hand, one must avoid getting close to either ¢, = 0,180°,... , ¢\y =
0,180°,... or ¢}, + ¢y = 180°,360°,... (lines indicated in fig. 4.16), where the relative error
of 81, B; and S} diverges to infinity.

Measurement error of the beta function

The error of the beta function §'(s) between three beam position monitors given by eq. (4.11)
can be calculated from the error contribution of measured phases at the three monitors:

ap T : (o :
Tpi(s) = \K gqff)%;) +( g;:)%;) +( g;:)%;) (4.21)
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Figure 4.16: Black lines indicate the places where ¢}, = 0,180° ¢5; = 0,180° and ¢}, + ¢}, =
180°,360°. Shadowed areas indicate schematically where the relative beta error is too large.

where
08() _ oy [_ L1081 2cotd(s) acoté’(s)} -
5 = B'(s) [_ﬁ{ 54 + [ Yoot pi(s) 0@ t=1,2,3
R O SN IR T SN wac°f¢‘(s)} i -
oy, = PL) {"ﬁi og, T e dle)cos le) 5 mhnI

where the partial derivatives of 3] are given in eq. (4.17) and the partial derivatives of
cot ¢'(s) (eq. 4.10) are

dcot ¢'(s) cot ¢(s) — cot 3 _ cot ¢(s) — cot ¢y,
¢, (cot iz — cot ) sin® ¢, (cot d1z — cot gya)sin® By
doot ¢(s) — cot ¢(s) + cot ¢z 4.22
3(}5’2 N (COt ¢‘12 — cot (}513) SiI'L:a QS’]Q ’ ( ' )
dcot ¢'(s) cot ¢(s) — cot ¢y
Oy h (cot ¢12 — cot ¢y3) sin® ¢,

If s is replaced by sy, s2 or 3, then eq. (4.21) corresponds to eqs. (4.18), (4.19) and (4.20),
respectively.

When ¢, = ¢35, = 60° and the errors of the measured phase at the three beam position
monitors are equal 04 = oy = 0y = 04, the relative error of the beta function is constant
between monitor 1 and 3

Tpails 8
Epifs) = B-% = \/g Tt =2 1.63 Tt s & [31,53] . (423)

For instance, for phase errors of 0.14°, eq. (4.23) gives a relative beta function error of 0.4%.
Using eqs. (4.24) and (4.21), we can estimate the precision of the beta function measure-
ments for a given setup of beam position monitors and magnetic lattice, as it is shown in

fig. 4.17.
Error contribution from quadrupole fields

The method to obtain the beta and the phase functions from the phase measurement at three
beam position monitors is based on the hypothesis that the magnetic fields of quadrupoles
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and the layout of the magnets between the three beam position monitors are known with
very good precision.

The relative gradient error of quadrupoles magnets has been measured to be about
Akfk = 5-107* r.m.s. [1]. The error contribution of a gradient error of Ak/k at the
quadrupole magnets between three beam position monitors in the arc on the measurement
of the beta function at these monitors has been calculated using the expression:

Akfk | [ 88 )2 ( 8B, ) ( 88, ) ( 88, )
= k | =k + k + k ,
gl 3 J(Bka QD1 ko QF1 5ka QD2 Dkor QF2

where (3] is the expression given in eq. (4.5), @Dl and @F1 are the quadrupole magnets
between monitor 1 and monitor 2 and QD2 and Q@ F2 are the quadrupole magnets between
monitor 2 and monitor 3. The derivatives terms have been calculated numerically, The
relative error introduced by quadrupole gradient errors of Ak/k = 5-107* r.m.s is 0.2% on
the measurement of the beta function at the three momnitors. It is interesting to remark that
the strongest contribution in the above expression is from 93{/8kgp, at the three 37, A, and
B;. The smallest contribution is from 951 /0kop:.

Measurement error of the phase function

The phase function p'(s) in the area between three beam position monitors is obtained with
w(s) = p + &(s)

where p} is equal to ¢] plus a constant and the cotangent of ¢'(s) is calculated in eq. (4.10):

#'(8) = g} + arctan (—1,——)
cot ¢'(s)

The error of the measured phase function p'(s) can be calculated from the error contribution
of the phases at the three beam position monitors

_ 8¢(s)\" 5 , (08(s) \" . (9%(s) \
U“'(’“\K” E) e (Tgtes) + (e (424

where

o0¢'(s) -1 dcot ¢'(s)] s dcot ¢'(s) .
od. 1+cot2qb’(s)[ EYY l_ . "5(3)[ o) } r= 123

in which the partial derivatives of cot ¢'(s) are given in eq. (4.22). If 5 is replaced by s, i.e.
the longitudinal position of monitor 2, in the above expressions, then o,u(,,) = o4 which
corresponds to the error of the measured phase at monitor 2. And if s is replaced by sz,
then o,y = 0y . Finally, if s is replaced by 51, then sin® ¢(s) is zero and o,.(,,) = Ty

In the case that oy = 0y = oy, = op and ¢}, = ¢4y = 60°, the error of the phase
function is constant:

Tui(sy = To 5 € [s1,53]
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Minimum measurement error of the phase function at LEP

The phase advance between beam position monitors determines the ratio between the mea-
surement error of the phase of the oscillations o4 and the relative error of the values of
the beta function £5:. As result of the previous sections, we conclude that the most precise
results of this method are obtained in the following conditions:

e When the beam position monitors are located at a local maximum of 8(s). Then the
oscillation amplitude is high and therefore the signal to noise ratio is high, which leads
to a small oy (see eq. 4.14).

¢ When the phase advance between the beam position monitors is 60°, so the ratio eg/ /oy
18 minimum.

At LEP, both conditions are fulfilled at the beam position meoenitors in the arcs for the
vertical plane, where the vertical phase advance per FODO cell is 60°. Since the beam
position monitors are located near the defocusing (QD) quadrupoles, the phase advance
between beam position monitors is also 60° and the beta function is maximum. The vertical
beta function in the arcs can be obtained with a precision of less than 1% for oscillation
amplitudes between 1 and 2 mm.

In the optics introduced in 1992, the horizontal phase advance per FODO cell was changed
from 60° to 90° in order to reduce the horizontal beam emittance. This makes the measure-
ment of the horizontal beta function in the arcs impossible with this method, because the
error is too large (see previous section).

In the straight sections, the phase advance between beam position monitors has not a
regular structure. Beta function measurement errors are calculated and presented in fig. 4.17
around interaction point 2. The relative error of § is calculated using eq. (4.21) and the
phase function error is calculated using eq. (4.24), where the initial phase error at each beam
position monitor is taken from eq. (4.14) assuming N = 1024 and an oscillation of maximum
amplitude 3 mm, which corresponds to amplitudes of 2 mm (vertical) at the beam position
monitors in the arcs.

Example

In the example of measured beta function given in section 4.3, the amplitude of the oscilla-
tions is about 4 mimn (see table 4.1) and the estimated error for the phase is o4 = 0.07°. The
values given in table 4.2 are presented together with their errors in table 4.6. The errors of
the beta function at monitors 1, 2 and 3 are obtained using eq. (4.18), (4.19) and (4.20) and
the errors of the measured phase function are calculated using eq. (D.5), (D.6) and (D.7).

monitor ' (°) B’ (m) o ]
I 148.05 + 0.05 | 159.3 + 0.3 | —2.201 £ 0.005
2 209.59 £ 0.07 | 137.6 £ 0.3 | —1.949 + 0.005
3 272.32 £ 0.07 { 155.8 £ 0.3 | —2.305 4+ 6.005

Table 4.6: Measured phase, beta and alpha functions at three beam position monitors.

The difference between measured and calculated phase functions and the ratio between

measured and calculated beta functions are plotted in fig. 4.18. Errors are calculated using
eqs. (4.24) and {4.21).
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Figure 4.17: Vertical beta function around interaction point 2 of optics k05p46+v3 (top). The dots
indicate the location of the beam position monitors. The theoretical phase function measurement
errors (middle) and relative beta function measurement errors (bottom) are calculated for an oscil-
lation of 2 mm amplitude at the beam position monitors in the arc. As explained later, the average
of the measurements gives an error sialler by a factor square root of two.
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Figure 4.18: The difference between the measured and calculated phase function ( top) and the ratio

of measured over calculated beta function (bottom) in the interval between three beam position
monitors are shown with full lines. The dashed lines indicate 41¢ error of the measured value.
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When all beam position monitors around the storage ring are considered, the beta and the
phase function measurement method described above provides values between three beam
position monitors which overlap with the functions obtained from the set of three beam
position monitors on the right and on the left. The reason is that the beta function §'(s)is
measured from the phases of, e.g. monitors 1, 2 and 3, overlaps between monitors 2 and 3
the beta function §'(s)s4 obtained from the phases of monitors 2, 3 and 4 and so on:

1 2 : : 5
S (9 1 () = —
B'(shs B'(5)z4 g’gz%zz

As a result of this, we have two values of the beta function for each point in the storage
ring and three values at each beam position monitor.

An example is shown in fig. 4.19, where the beta and the phase functions calculated from
the phase between monitors 1, 2, and 3 of the previous example and other contiguous sets
of three monitors on the left and on the right are plotted together.
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Figure 4.19: The difference g’ — i (top) and the ratio 3’/ (bottom) obtained from the phase at
a series of three beam position monitors are shown. Vertical dashed lines mark the location of the
beam position monitors.
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The results of beta and phase functions shown in the following are the weighted average
between the two measurements, and the errors are the weighting of each measurement errors.

Experimental check of the beta and phase function measurement errors

To test the rebability and precision of the beta function measurement, two measurements
of the vertical phase function carried out consecutively are selected. Betatron oscillations of
about 3 mm amplitude were excited on the positron beam at 20 GeV. The optics functions
B, « and p are taken from the results of a simulation using MAD with the optics file
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k21p20hv3. The measured phase function from both measurements are plotted in fig. 4.20
between interaction points 1 and 2. The difference between the measured vertical phase
functions at each interval between two monitors gives between 0.04 and 0.07° r.m.s., which
is twice less than the predicted sigma of 0.13° calculated as o = /204 where o4 is given by
eq. (4.14) for N = 1024, A = 3 mm and ¢ = (.11 mm.
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Figure 4.20: Measured vertical phase function in the arc between interaction points 1 and 2 from
measurements done at 10:40 (full Iine) and at 10:45 (dashed line) on June 4th 1994. The lines
represent the measured phase function using eq. (4.10} minus the phase function calculated with
MAD. It is assumed z/(s;) = p{s1) at the first beam position monitor.

The measured beta functions from both measurements are shown in fig. 4.21. The differ-
ence (3] — 33)/8 at each interval between two monitors is about 0.15-0.25% r.m.s. , which
is smaller than the predicted r.m.s. of 0.37% using eq. (4.23) for o4 = 0.09°.
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Figure 4.21: Measured vertical beta function from a measurement taken at 10:40 (full line) and
another at 10:45 (dashed line} on June 4th 1994. The lines are the ratios of measured beta over
calculated beta with MAD. The oscillation amplitude of the positron bunch was about 3 mm and
the optics was k21p20hv3 with pretzel separators off.

The (8’ —3)/8 ratio observed at LEP oscillates between +5% and +15% and is measured
consistently on both measurements with small statistical error.
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4.6 Experimental observation of beta-beating at LEP

As it is mentioned in section 2.1.2 the mismatch of the optics functions g, S and « due to
a quadrupole field error propagates along the storage ring as a wave whose phase is twice
the phase function. The perturbation observed on the beta function is called beta-beating,
and the perturbation of the phase function is also called phase-beating. If p' — p and 8'/83
are plotted against the unperturbed phase function (instead of the longitudinal coordinate
s), the perturbation on the phase and the beta functions can be observed as a sine function
oscillation in a region where quadrupole gradient errors are negligible.

In this section, results of the beta and the phase functions obtained from phase mea-
surements at beam position monitors are shown with respect to results of the beta and the
phase functions from simulations using MAD in order to observe the optics mismatch as a
beating oscillation around the storage ring.

4.6.1 Measurement of beta-beating due to a quadrupole field error

The effect of a single quadrupole gradient error on the vertical beta-beating has been mea-
sured from beta function measurements and compared to results of a simulation with MAD.
The measurements were done on Sept. 4th 1994 [52] with the electron beam (4 bunches of
about 100 pA each) at 45.6 GeV with the optics k05p46v3 (8; = 5 cm). The field strength of
the superconducting quadrupole QS0.R4 located at 4.7 m on the right of interaction point 4
was changed by Ak = +0.0003 m~? and vertical betatron oscillations were measured with an
amplitude of 2 mm. Then, the field strength was changed by Ak = —0.0006 m™? (~ 3.7°/,)
and the phase was measured again. The measured vertical tune shift is 0.034 £ 0.001 and
the expected tune shift using eq. (2.13) for the nominal 3,(Q) = 370 m is 0.035 . The
differences between both measured phase and beta functions around interaction point 4 are
shown in fig. 4.22 against the phase function calculated with MAD for the nominal field
strengths. These differences show a phase-beating with an amplitude of 15° peak-to-peak
and a beta-beating with an amplitude between +25%.

The change of the beta and of the phase functions due to a change of Ak = —0.0006 m~2
of the superconducting quadrupole QS0.R4 field has been computed using MAD. The results
Ap and AB/3 are shown in fig. 4.23 together with the difference in measured phase and beta
functions, and the agreement is good.

4.6.2 Effect of QS0 calibration on vertical beta-beating

Most of the beta-beating observed with (non-colliding) beams at 20 or 45.6 GeV at LEP
can be explained by the optics mismatch created from gradient errors in quadrupoles. Sim-
ulations on the eflect of random quadrupole field errors on the beta function [53, 54, 55]
show that calibration errors of superconducting quadrupoles have the strongest effect on the
vertical beta-beating.

Results of a simulation of the effect of random errors on quadrupole gradients using MAD
are given in table 4.7 for each group of quadrupoles: the MQC group (8 superconducting
quadrupoles), the MQA group (288 quadrupoles located in the straight sections) and the
MQ group (520 quadrupoles in the bending sections forming the FODO structure).

The simulations indicate that the superconducting quadrupoles give the strongest per-
turbation on the vertical beta function, because their magnetic strengths (around k =
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Figure 4.22: Difference in phase function (top) and beta function (bottom) between two measure-
ments showing the effect of a field strength change of Ak = —0.0006 m~2 (~ 3.7%,,) applied to
the quadrupole QS0.R4 located 4.7 m on the right of interaction point 4. The difference in beta
function shown in the bottom plot is divided by the {unperturbed) beta function calculated with
MAD. The values of the phase and beta functions at the beam position monitors are indicated with
dots. Phase and beta function measurement errors (+¢) are indicated with a dotted line. Note
that except near the interaction point, the error lines are very small and are drawn together with
the measurements.

magnet group | AB, /8,
MQC 15-30%
MQA 3-6%

MQ 4-7%

Table 4.7: Vertical beta function perturbation as a result of random quadrupole error (Ak/k =
1073 r.m.s.) simulation with MAD.
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Figure 4.23: Difference in measured vertical phase function (top) and in measured vertical beta
function (bottom) {divided by the nominal beta function) after a field strength change of Ak =
—0.0006 m™2 (~ 3.7%,) at the quadrupole Q50.R4 was applied. The results of a simulation with
MAD are plotted with a full line and the measurements corresponding to fig. 4.22 are drawn with
a dashed line.
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—0.16 m~?) are five times larger than the ones of other quadrupoles (of the order of 0.03-
0.02 m~?). In addition, the vertical beta function has its maximum value (about 400 m)
inside these magnets.

To show the effect of gradient errors of superconducting quadrupoles, the beta-beating
was observed before and after the re-calibration of the superconducting quadrupoles at the
start-up of LEP in 1994 after the winter shutdown. The measured vertical beta function be-
fore the calibration of superconducting quadrupoles on April 28th 1994 is plotted in fig. 4.24
together with the beta function resulting from a simulation with MAD with the file k05p46v2.
The measurement indicates a vertical beta-beating (AS8/8) with a maximum amplitude be-
tween 90 and 120%.

The values of the vertical beta function at the interaction point 8 were measured before
the calibration of superconducting quadrupoles. The method consisted in measuring the
tune shift created by changes on the superconducting quadrupole field strength as described
in section 2.1.2. The measurements were carried out at various optics at 45.6 GeV with
different nominal values of 8 and are shown in table 4.8. Parallel measurements of the
vertical phase show that phase and beta-beating increases as the B, was reduced.

optics By (cm) amplitude
nominal | IP 2 |IP4|IP 6 IP 8, AB,/8,
k21p46v2 21 204 | 20.3 | 18.8 | 20.1 10-20%

k09pd6v2 9 79 {70 | 7.1 | 74 40-60%
k07pd6v2 7 5.6 | 4.5 ; 4.2 | 47 60-80%
k05p46v2 bt 4.1 | 28 | 25 | 3.9 | 90-120%

Table 4.8: Correlation between beta-beating and 8~ mismatch at various 45.6 GeV optics (data
from April 28th 1994).
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Figure 4.24: Measured vertical beta function (dashed line) at the LEP start-up in 1994 before the
calibration of superconducting quadrupoles compared to the beta function calculated with MAD
for the optics k05p46v2 (full line) in the arc between interaction points 1 and 2.

The values of B observed with the optics k05p46v2 were corrected by the re-calibration
of the superconducting quadrupoles in interaction points 2, 4 and 8:

Ak Ak Ak
] =3.0-107° =| =24.107* —/! =25.10"°
k & k

2 4 8

while in interaction point 6 the gradient of both quadrupoles remained unchanged. After
correction, the [3; results were:

B,(IP 2) =48 cm Bi(IP4)=46cm [ (IP6)=46cm F;(IP8) =4Tcm .

The vertical beta function calculated from the phase measurement carried out on May 2nd

1994 after re-calibration of the superconducting quadrupoles gives a maximum AB/8 am-
plitude between 15 and 30%.

A fine adjustment of the superconducting quadrupole calibration was made on Sept. 3rd
1994 [52] with the k05p46v3 optics to correct the 37 values

B(IP2)=54cm BUIP4)=49cm B;(IP6)=53cm B;(IP8)=54cm
to the nominal 87 = 5.0 + 0.1 cm by the field strength changes:

Ak
=21 107° =76-10"°% = =-22-107° —Ak—k =0.3.107°

2 4 ] 8

Ak
k

Ak

which reduced the maximum beta-beating ratio AZ/8 by a factor of 2 (from 20-30% down
to 10-15%).

4.6.3 Sources of opposite beta-beating for et and e~ beams

Random quadrupole field errors, calibration errors and longitudinal positioning errors create
in first order the same beta-beating for e* and e~ beams. Closed orbit deviations could
produce some beta-beating which is equal for e* and e~ beams if their closed orbits are
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the same. However, pretzel orbit separation and energy sawtooth create beta-beating with
opposite sign for the positron and the electron beams [55].

When 8 x 8 equidistant bunches are injected in the so-called pretzel scheme (see sec-
tion 1.2), electrostatic fields are applied to electron and positron beams to separate the
closed orbits of the two beams in order to avoid collisions in the arcs. The electrostatic
separators used for the pretzel scheme modify the closed orbits of e* and e~ beams and
create a long bump which closes before the next even interaction point (see fig. 1.2). The
amplitude of the closed orbit separation and the beta-beating depend on the optics and on
the electrostatic field of the separators as listed in table 4.9.

optics sep. fleld | orbit amp. | beta-beating amp.

g05p46h 120 4.4 20-30% | 8-10%
k05p46v3 100 4.2 18-26% 6-8%

Table 4.9: Closed orbit amplitude and beta-beating amplitude for two pretzel separations and
. optics at 45.6 GeV. (sep.: separator, amp.: amplitude.)

The effect of pretzel bumps on the beta-beating is opposite for the electron and the
positron beams. The beta-beating is due to the large excursions of the beam off-center of
the sextupole magnets which act on the beam as an extra quadrupole gradient. The effect
is opposite for each beam because the beams have opposite amplitudes at the sextupoles.

For a separator field of 120 kV the effect of pretzel bumps on the vertical beta and phase
functions was measured the first time on Aug. 5th 1993 with a positron beam at 45.6 GeV
and for optics g05p46h. In this experiment, the betatron oscillation phase of the 2nd positron
bunch was measured at the beam position monitors with pretzel separators set at an electric
field of 120 kV and then when their voltage were set to zero. The ratios of the measured
over calculated beta functions for both situations are shown in fig. 4.25.
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Figure 4.25: Ratio between measured and calculated vertical beta function in the arc between

interaction points 1 and 2 when pretzel separators were off (full line) and on at 120 kV (dotted
line).

The difference pgn ti. g between the phase function obtained at each measurement and
the difference (Bon — B;ﬂ)/ﬁ’{ are shown in fig. 4.26. The beta and the phase functions
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have been obtained by a simulation with MAD in which the electrostatic field of 120 kV was
applied to the pretzel separators ES.QS11 located at 240 m both sides of *he even interaction
points. The results of this simulation for the positron beam is included in fig. 4.26.
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Figure 4.26: Difference of measured phase and beta functions with positron beam (dashed lines)
in the arc between interaction points 1 and 2 due to pretzel orbit separation (120 kV) at 45.6 GeV
and optics g05p46h. Results from a simulation with MAD are shown with full lines.

The vertical phase-beating Ap(s) and the vertical beta-beating A3{s)/8(s) of the positron
and the electron beams resulting from a simulation with MAD including pretzel separation of
120 kV for beams of 45.6 GeV and optics g05p46h are presented in fig. 4.27 from interaction

point 1 to 3. In the horizontal plane the beta-beating created by the pretzel separation is
about +10%.

Beta-beating caused by the energy sawtooth at 45.6 GeV.

At LEP, electron and positron beams lose a small part of their energy in the dipole magnets
due to synchrotron radiation. The energy loss at 45.6 GeV is around 125 MeV per revolution
and it increases with the fourth power of the energy of the beam (see eq. 1.1), so for beams at
90 GeV the energy loss per revolution will be about 2 GeV. This energy is lost in the bending
sections and 1t is recovered in the radio-frequency (RF) cavities installed symmetrically
around the interaction points 2 and 6. Consequently, the energy of the beam is not constant
but follows a so-called sawfooth function as shown schematically in fig. 4.28.

A small but measurable effect on the beta-beating is due to the energy loss by electron
and positron beams at 45.6 GeV. This opposite beta-beating is caused by two effects:

o The effect of quadrupole fields is stronger for a particle with lower energy and weaker
for a particle with higher energy. This effect is more significant at quadrupoles located
before and after the RF cavities in the straight sections 2 and 6, where the energy of
electrons and positrons are about +25 MeV different from the average energy.

® The trajectory of particles with lower energy is bent by the dipole magnets more than
the trajectory of particles with nominal energy. Consequently, the trajectories of the
beams are different and the offset in the sextupoles changes the optics functions.
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Figure 4.27

Figure 4.28: Energy change of electron and positron beams along the longitudinal coordinate

representing the energy sawtooth. Acceleration cavities are

and 6.

located around interaction points 2
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The energy sawtooth effect on the horizontal beam orbit is clearly visible from the difference
between the electron and the positron orbits measured by the Beam Orbit Measurement

system (BOM) (fig. 4.29).
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Figure 4.29: Horizontal orbit difference between electron and positron beams measured at 45.6 GeV
with beam position monitors.

The effect of the energy sawtooth on the vertical beta-beating is observed in the difference
between the measured beta function for the positron and electron beams. This difference
is maximum in the straight sections of interaction points 2 and 6, where the amplitude of
(Bey —B:-)/B is up to 12%. The measured beta functions are shown in fig. 4.30, divided by
the beta function calculated using MAD.
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Figure 4.30: Measured vertical beta function divided by calculated beta function with MAD in
the arc between interaction points 1 and 2 with the positron beam (full line) and the electron beam
(dotted line). The measurements were done on Aug. 5th 1993 at 45.6 GeV with optics g05p46h.

The difference in the phase and the beta functions between positrons and electrons are
plotted in fig. 4.31. The data is compared with the results of a simulation with MAD in
which the effect of energy radiation loss was included.

The vertical phase-beating Ap(s) and the vertical beta-beating AB(s)/B(s) of the positron
and electron beams have been simulated with MAD including synchrotron radiation for
beams of 45.6 GeV with optics g05p46h and are presented in fig. 4.32 from interaction point
I to 2. The vertical phase-beating and beta-beating of electron and positron beams are
maximum where the energy difference is the largest (at interaction points 2 and 6). In the
horizontal plane the beta-beating created by energy sawtooth is about 2%,
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Figure 4.31: The vertical phase function difference p,, — p,_ (top) and the vertical beta-beating
difference (3., — B._)/B (bottom) between electron and positron beams in the arc between inter-
action point 1 and 2. Results from measurements done on Aug. 5th 1993 are shown with dashed
lines. Results from a simulation with MAD are shown with full lines. The beam energy is 45.6
GeV and the optics file is g05p46h.
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Figure 4.32: Opposite vertical phase-beating (top) and beta-beating (bottom) between interaction
points 1 and 2 for positrons (full line) and electrons (dashed line) beams. The data is obtained from
a simulation using MAD which takes into account the energy loss due to synchrotron radiation.
The beating is symmetric around the interaction point 2 and the same pattern appears around
interaction point 6.
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4.7 Measurement of the chromaticity distribution at
LEP

The measurement of the phase of betatron oscillations has been used to check the chromatic-
ity correction of the magnetic lattice of LEP in an experiment reported in [3].

Definition of chromaticity

The chromaticity @’ is defined as the change of betatron tunes due to a change of the
momentum (or energy since £ 2 pc) of the beam. It is given by the expressions

Q' = dQ. , dQy
* dp/p v dp/p

To describe locally the chromaticity, we use the chromatic phase function defined as the
phase function dependence on the momentum deviation

d d /2 di, /2
He , By ¢ normalized dpi=/2m , ty/ 2
dp/p " dp/p dp/p ~ dp/p

The integral of the normalized chromatic phase functions over the ring circumference are @,
and @}, respectively.

Quadrupole magnets introduce negative chromaticity since they increase the betatron
phase of particles with smaller momentum (Ap < 0) and decrease the betatron phase of
particles with larger momentum {(Ap > 0). Stable beams are obtained when Q" > 0. The
negative chromaticity created by the quadrupoles is compensated using higher order mag-
netic elements. At LEP, sextupole magnets are installed in the arcs where the horizontal
position z of a particle is a function of its momentum. A particle with a momentum devia-
tion Ap has an offset with respect to the closed orbit given by z = D, Ap/p, where D, is the
dispersion function. The magnetic field of a sextupole is proportional to the square of the
distance from its center. A particle will be focused or defocused depending on the polarity
of the sextupole field. This will also lead to a change of the phase of its betatron oscillation.
Applying the correct polarity to sextupole magnets, the negative chromaticity created by
quadrupole magnets can be compensated to obtain stable beams at Q' > 0.

and @

(4.25)

The experiment

The horizontal and the vertical chromatic phase functions are obtained from the difference
between phase measurements taken with beams of different momenta. The beam momen-
tum is changed by shifting the frequency frr of the accelerating RF cavities. For highly
relativistic particles (y o~ 9 - 10° for electrons at 45.6 GeV) the particle velocity does not
change (since 8 = v/c = 1), therefore

Afpr  AC

fre  C
where C is the length of the beam orbit. The change in momentum Ap is related to the
change of orbit length by the momentum compaction factor a.:
Afre AC Ap

= — = — (X,

frr C P
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At LEP, o, is approximately 1.86 - 107%.

In the experiment carried out on June 4th 1994 (reported in [3]), the RF-frequency
was changed by Afrr = —100 Hz, which corresponds to a momentum deviation of Ap =
70 MeV/c (1.53%,,). The difference Ap(s) between the vertical phase functions measured
at Afgr = —100 Hz and A frr = 0 is shown in fig. 4.33 between interaction point 1 and 3.
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Figure 4.33: Vertical phase function difference around interaction point 2 due to beam momentum
change of Ap = 70 MeV/c (1.53%,). Dots indicate the phase at beam position monitors.

-0.015

The vertical chromatic phase function as defined in eq. (4.25) is obtained from the dif-
ference Apu(s) between the measured vertical phase functions at Afpr = ~100 Hz and
Afrp = 0 divided by the relative momentum change Ap/p =1.53%,.

The results shown in fig. 4.34 are discussed in more detail in [3]. They agree well with
MAD calculations, showing that there is no strong error in the chromatic correction of the
magnetic lattice of LEP.

4.8 Measurement of the impedance distribution at LEP

The distribution of the impedance of the vacuum chamber around the storage ring has been
measured from the phase advance dependence on the bunch current [4]. The electromagnetic
field created by a bunch of particles induces currents on the walls of the vacuum chamber.
The electromagnetic field created by these currents acts on the particles of the bunch modify-
ing their dynamical behavior and therefore the optics functions which determine the betatron
oscillations. This effect depends on the intensity of the bunch and on the reactive transverse
unpedance of the walls of the vacuum chamber. The most important contribution to this
impedance comes from the RF cavities and the vacuum chamber bellows.

The phase function is measured with positron bunches of intensities ranging from 50 pA
to 500 pA. The betatron tune dependence or the bunch current

dQ. d
Q. = —~0.071 + 0.002 mA~! 9y = —0.128 + 0.002 mA !
dr, df,

is calculated from the fit to the betatron tunes measured with the Q-meter shown in fig. 4.35.




86 Chapter 4 Phase and beta function measurement

o~ 15
\O‘\ . stroight sections Au<0 bending sections Apx>0
12.
Q
=
< 10
E 75
o
~
3 5
<]
~ 25 :
'. |
o : ; "
2 j
-5 ; :
7o P 4 P 6 P 8
_10 1 11 l 1 i N . l 1 i 1 i I ) i 1 I 1 1 Il 1 ] i L Il 1 I 1 L3 1
0 10 20 30 40 50 60 70
o/ 2m

Figure 4.34: Measured vertical chromatic phase function. The dots indicate the chromatic phase
function at the beam position monitors.
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Figure 4.35: Vertical and horizontal tunes versus bunch current measured with positrons at 20 GeV
{optics k21p20v3) on June 4th 1994.
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To describe locally the dependence of the phase function on the bunch intensity, we define

dps  dpy : dps /27 dpy /2m
TT; or normalized S TR,
The integral of the normalized qu ntities over the ring circumference is Q. /dl, and d@Q, /d1;.
The analysis has been done wiii. phase measurements taken on June 4th and on Sept. 3rd
1994. The measured phase change due to an increase of the bunch current of Al;=0.275 mA
is shown in fig. 4.36 between interaction points 1 and 3.
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Figure 4.36: Difference of the measured vertical phase function around interaction point 2 due to
a change in bunch current of Aly=0.275 mA, obtained with a positron bunch at 20 GeV (optics

k21p20v3) on Sept. 3rd 1994. The dots indicate the measurements at the beam position monitors.

The effect of impedance on the vertical phase function is shown in fig. 4.37, where the
fraction (du,/27)/dI is plotted against the phase function.

o
o
&

,lPZ AP 4 AP B P8

—0.025

o
o
~J
o

Q
(o]
N
< n
'l-wx*i‘!*l‘igl
g

Wm&ﬂ MWWWW% '

(A,u/Zﬁ}/Ai [mA™']

—0.1

-0.125 WW

-0.15

-0.175

B, %/ J AT S SN S ST S B! IS T NS O SO U SN WA AN R W TN S A S S N
0 10 20 30 40 50 80

0
p/2m
Figure 4.37: Effect of the impedance on the vertical phase function measured with positrons at 20

GeV (optics k21p20v3) on Sept. 3rd 1994. The quantity (Ap,)/2r/AI is calculated from phase
measurements with positron bunches of 0.420 and 0.145 mA.

'The phase results obtained in both vertical and horizontal planes agree well with the
impedance model of LEP. The tune shift per bunch current due to the impedance of the RF
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cavities is approximately the same in both planes, which is about 75% of the total horizontal
tune shift and about 50% of the total vertical tune shift. The measurements show a more
or less uniformly distributed impedance in the rest of the machine. This correspond fo the
expectations since the vacuum chamber is elliptic (its width is larger than its height) and
the effect of the shielded bellows is stronger on the vertical plane. A more detail discussion
of these results is reported in [4].
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Chapter 5

Luminosity and beam size
measurements at LEP

The expression for the luminosity £ as a function of beam intensities and sizes given in
eq. (1.2) can be rewritten in terms of the horizontal £, and vertical €, beam emittances
using eq. {2.5)

1 Tot I -

L =
2me? Ry frev \/ﬁ;ﬁ;(sme+ +ex, ey, tey )

(5.1)

where:
I+ and I,- are the positron and electron beam currénts,
e is the electron charge,
frew 15 the revolution frequency,
ky is the number of bunches per beam and
B and 3; are the horizontal and vertical beta functions at the interaction points.
In this chapter, the effect of beta-beating on beam emittance measurement errors is dis-
cussed. Luminosity measurements are compared to the luminosity calculated with eq. (5.1)
using the measured beam emittances, intensities and beta functions.

5.1 How does beta-beating affect beam size measure-
ments?

The beam emittance ¢ is derived from beam profile measurements (assuming dispersion zero)
using eq. (2.5):

0_2

£ = 2% 5.2

ﬁmon ( )

where o100 is the r.m.s. of the measured beam profile and Bron is the value of the beta

function at the profile measurement point. The accuracy of horizontal and vertical beam

emittances measurements depends on profile measurement errors and systematic errors up
to 20% in ¢, can be made due to beta-beating.

Transverse beam size monitors -

The transverse beam profile can be measured with good precision at LEP with two types of
instruments: wire scanners and synchrotron light telescopes.
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Wire scanners [56] measure the intensity of bremsstrahlung photons emitted by a thin
carbon wire moved transversely through the beam in the vertical or horizontal plane. The
position of the wire is measured with a high precision optical ruler. The passage of the wire
through the bear: can blow up the beam. This blow up can be measured by comparing the
results of forware and backward scans. After the forward scan the beam is blown up and
the backward scan yields an increased beam size. The measurement of the beam size can
be disturbed by beam instabilities. The electromagnetic field of the beam causes heating in
the carbon wire and limits the operation of this instrument to a maximum total intensity
of 1.7 mA. The carbon wire has been lately replaced by a quartz one which resists beam
intensities up to 7 mA.

Synchrotron light telescopes (or Beam Emittance Ultra-Violet monitors BEUV) {57} mea-
sure the image of the profile of synchrotron radiation emitted by the beam in a dipole magnet.
The light image is integrated over about 20 ms. The precision of these monitors is affected
by diffraction and depends on the optical setup of the instrument. These effects are taken
into account in the calibration curve:

2 2
T = Toffset

g = 20RO 5.3
ﬁmon ( )

where 0o is the r.m.s. of the light profile at the plane of the CCD camera, o,gset is the
correction for diffraction and Bmon is the value of the beta function at the light source. A
detailed description of the detector calibration can be found in i6].

Two other types of monitors provide information of the transverse shape of the beam
by measuring synchrotron light turn by turn: the X-ray profile monitors [58] and the streak
camera [59]. They have been extensively used to study bunch instabilities. However, their
absolute scale depends on the light optics elements and hardware setup and they have to be
calibrated with the other monitors.

Beta function at the beam profile monitors

The values of the beta function at beam profile monitors are calculated with MAD. Beta-
beating can change these values and cause systematic errors on emittance measurements.
Several factors introduce beta-beating in LEP optics:

¢ The beta-beating introduced by pretzel separation can be calculated with the MAD
program and a good agreement has been found with beta-beating measurements re-
ported in section 4.6.3.

o The beta-beating introduced by energy sawtooth can also be calculated and corre-
sponds approximately to measured values (see section 4.6.3).

The vertical and horizontal AB/g8 ratios at beam profile monitors which are shown in ta-
ble 5.1 are the result of a simulation using MAD program when pretzel separation and energy
sawtooth are included. Due to the symmetric location of electron and positron profile mon-
itors (BEUV monitors near quadrupole QS12 are at 281.5 m from both sides of interaction
point 8, the vertical wire scanners at 224.1 m and the horizontal wire scanners at 220.1 m
from both sides of interaction point 1) the ratio A3/ of the et beam at ™ profile monitors
is equal to the ratio AB/B of the e~ beam at e~ profile monitors.
Other factors which introduce beta-beating are:
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profile monitor AB./B. | €= correction | AB,/B, | &, correction
BEUV (at Q512) 9% 0.92 11% 0.90
Wire-Scanner 4% 0.96 19% 0.84

Table 5.1: Theoretical systematic error in the emittance measurements due to beta-beating at
the profile monitors caused by the energy sawtooth at 45.6 GeV and by the pretzel separation
(Voltage=100 kV and optics k05p46v3).

¢ Quadrupole gradient errors create beta-beating with an amplitude of A3/8 = +10-
20%. Furthermore, calibration errors of superconducting quadrupoles have a strong
effect on B and on beta-beating (see section 4.6.2).

o Finally, the beta function is affected by the beam-beam interaction. The electromag-
netic field generated by all particles in one bunch acts on particles of the other beam
creating the effect of a focusing quadrupole in both planes at the interaction point
where bunches collide. For a beam-beam tune shift of {¢ = 0.03, the beta-beating
simulated with MAD is about A8/S = 30% (54, 60].

5.2 Comparison between luminosity from LEP moni-
tors and from BEUV emittances

The average luminosity measured with LEP monitors at interaction points 2, 4, 6 and 8 and
the luminosity calculated using eq. (5.1} with the beam emittances measured with BEUV
monitors are plotted in fig. 5.1. Luminosities calculated from BEUV emittances are about
30% lower than measured luminosities. However, the variations of luminosity measured with
LEP monitors are correlated with beam size changes observed with BEUV monitors.

These measurements were taken during the fill 2398 on Sept. 30th 1994. The average
luminosity agrees within 5% with the average luminosity measured by the LEP experiments.

The values of the beta function at the interaction point used in eq. (5.1) are 8 = 2.00 m
and B = 5.0 cm. The values of 3} can be measured with a precision of 2% using the method
described in section 2.1.2. Beam intensities are measured with the beam current transformer
[61]. Emittances are measured with the BEUV monitors near quadrupole QS12. For a slit
width (part of the optical instrument) of 2.0 mm, the parameter oome: of eq. (5.3) is 335 pm
for the horizontal emittance and 243 pm for the vertical emittance. The beta function values
in eq. (5.3) are calculaled in a simulation using MAD with the optics file k05p46+v3, where
the effects of the pretzel separation of 100 kV and of the energy sawtooth are taken into
account.

The correction for beta-beating created by pretzel separation and energy sawtooth on the
luminosity calculated from the emitiances is important. The corrections on the horizontal
and vertical emittances (see table 5.1) are about —8% and —10%, respectively. If these
corrections are applied to eq. (5.1), the calculated luminosity increases by 10%.

More experiments are on the way in order to study the influence of dispersion and beta-
beating on the emittance measurements. In a recent experiment [62) the vertical and hori-
zontal beta functions were measured at the profile monitors using the technique described in
chapter 4. Deviations of the measured beta functions from the theoretical values up to 15%
have been found at the profile monitors. The luminosities calculated from BEUV emittances
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Figure 5.1: Luminosity measured with the LEP monitors (top) and with the BEUV emittances

(bottom). The measurements were taken during the fill 2398 on Sept. 30th 1994.
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are corrected by about 9% when the measured values of the horizontal and vertical beta
functions are used. Vertical and horizontal dispersion at the profile monitors increase the

size of the beam
AEN?
7= \/ pe+ (05)

where D is the dispersion function and AE is the energy spread of the particles in the
beam. The relative energy spread AE/E at 45.6 GeV is about 0.1%. Values of the vertical
dispersion between 0.10 and 0.15 m have been measured at BEUV monitors. Since the
vertical emittance is around 1-2 nm, the effect of dispersion at BEUV monitors has to be
considered in the emittance in order to compare the luminosity from BEUV emittances and
the one from the LEP luminosity monitors.
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Conclusions

Luminosity measurement. The goal of LEP luminosity monitors to provide the control
room with fast luminosity measurements of the four interaction points has been successfully
achieved. Their performance has been excellent, and without them the energy scan of 1995
to measure precisely the mass and the width of the Z particle could not have been done [63].

The detector acceptance N/ﬁ is 3.8 £ 0.2 pb per monitor at X = 32.7 mm, with an
efficiency of 90%. A simulation showed that the beam divergence at the interaction point
reduces the acceptance by 4-6%. It is believed that about 5-10% of Bhabha scattered e*e~
pairs that hit the detectors are not detected since they hit near the inner edge and the
electronic shower is not fully contained.

The number of Bhabha scattered ete™ pairs detected per interaction point (two monitors)
during physics data taking is in the range of 40-80 Hz for typical luminosity values between
8 and 15-10° cm™?%s7 1.

Particle background rates received at the detectors are two or three orders higher than the
Bhabha scattering rate. The protection provided by collimators at the arcs is very effective
and leads to a reduction factor of 6-7 for internal detectors and a factor of 4 for external
detectors. The longitudinal position of these collimators must be adapted to the optics, i.e.
to the phase advance between them and the detectors.

The measured Bhabha scattering rate is affected by accidental background coincidences
in the same bunch crossing. The accidental coincidence rate is calculated from internal
and external background rates. A second order probability calculation takes care of the
situation with high background rates to avoid systematic errors in the subtraction of the
accidental coincidence rate. It has been shown that this procedure is more accurate than
the measurement of delayed coincidences.

Particle background affects the luminosity measurements by increasing the statistical
error. Its contribution has been calculated and applied to the data obtaining a very good
error estimate.

The use of DSPs (Digital Signal Processor) makes the determination of signal thresholds
easier by taking the detector signal histograms to produce the Bhabha scattering rate and
its error as functions of the threshold values.

An automatic procedure has been developed to determine the electrostatic separator
voltage required to collide the electron and the positron beams head-on (procedure known
as the Vernier scan) using the LEP luminosity monitors. This procedure synchronizes the
change of voltage of the electrostatic separators and the reading of luminosity monitors in
order to obtain results within 3-5 minutes.

In the second phase of LEP, at energies of 90 GeV, the detector acceptance will decrease
by a factor of about 5 to 8 and particle background rates will increase by a factor of 2.
This affects the statistical precision of luminosity measurements and the acquisition time is

increased. Still, the monitors will provide the most accurate luminosity measurements in
short intervals of time.
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Beam size monitoring. The variations of luminosity measurements and beam size mea-
surements have been shown to be correlated. Various experiments on the cross-calibration
of the beam profile monitors, where beta function measurements were used, have provided
a better knowledge on the absolute calibration of the ultraviolet telescopes which is affected
by both residual vertical dispersion and beta-beating.

Phase and beta functions measurement. A precise method to measure the phase and
the beta functions was developed. This method uses the betatron phase of coherent beam
oscillations measured at 504 beam position monitors by sampling the beam position for 1024
turns. For beam oscillations of 2-3 mm, the phase obtained by harmonic analysis has an
accuracy of 0.14°. The expressions to extract the phase and the beta functions from phase
measurements at three beam position monitors are derived and examples are shown. The
expression of the error of measured phase and beta functions are derived from the phase
errcrs at the three monitors. The equations show that the beta function measurement error
is related to the phase advance between the beam position monitors. The minimum error
contribution from the phase error can be obtained if this phase advance is A¢ = 60°. At
LEP, vertical beta function measurements were obtained with a precision of 0.4% in the arcs.

The method allows to measure the beta mismatch between the beta function for the real
machine and the beta function of the model of the perfect machine. At LEP, for squeezed
optics at 45.6 GeV, a beta-beating amplitude about 15-25% has been found.

The method has been used to measure the effect of quadrupole gradient errors, pretzel
separation and energy sawtooth on the phase and the beta functions. The results agree well
with the simulations made with MAD program.

The method to measure the phase and the beta functions has been used at LEP to
check the optics. It also permits to check the beta function at beam position monitors for
calibration of their scaling factors, at collimators to check their distance relative to the beam
size, and at beam profile monitors to correlate their emittance measurements.

The accuracy of the phase measurements has allowed precise measurements of:

e The beam energy dependence of the phase function due to the chromaticity. The
measurements show in detail the chromaticity correction by the sextupoles in the arcs.

o The bunch current dependence of the phase function due to the impedance of the
vacuum chamber. The results were used to check the impedance model of LEP.

The application of measured beta function in order to correct quadrupole gradient errors
is under study. Some tests were carried out to match the beta measurements with MAD
and to use a modified version of the closed orbit correction program COCU [64] (with the
MICADO algorithm} adapted to this purpose {52]. More studies are under way.

An important outcome of the measurement error analysis is the dependence of beta
function measurements on the phase advance between beam position monitors. In future
accelerators where beta function measurements are required, the design of the phase advance
between monitors should be as close to 60° or 120° as possible, to obtain the best ratio beta
measurement error over phase measurement error. Phase advance between position monitors
of 90° makes beta function measurements impossible. It can also slightly deteriorate the
closed orbit correction, which could decrease the performance in a storage ring.
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Appendix A

Overlap of two Gaussian distributions

The event rate for a given process with cross section o in the collision of two beams 1s given
by .
N=L¢

If the beams have uniform particle distribution over the area A with Ny being the number
of particles, the probability that a particle from the first beam hits a particle {with cross
section o for this process) of the other beam is Nyo/A . Multiplying by N, we have the
number of events in one collision (head-on)

_ N

A
If each beam has k, bunches and the revolution frequency is fre», the event rate is given by

2

N:kbfrev'jglb_a

The luminosity 1s
= b Jrev A 2

which can be rewritten in terms of the transverse particle density p = Ny A as
L= kb frev P2 A

When the particle density distribution is not uniform, the collision area A can be divided in
elementary surfaces dz dy which contribute with a differential luminosity

dL = ky fres p'(2,y) dz dy

The luminosity of two beams colliding head-on with different particle distributions can be
written as

L: - kb freu f / Pl(may) p2(m1y) dI dy

—00 —00
where k& is the number of bunches per beam, f,., is the revolution frequency and p;,ps are
the transverse particle distribution of the first and second beam. In the case of LEP, high
relativistic electron and positron beams have Gaussian profiles and their transverse particle
distribution can be written

plx,y) = Ny g(z,02) g(y,0y)
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where

1 ( u? )
glu, o) = exp | — , U=, Y .
Ty

27 202

If beams are colliding perfectly head-on, i.e. the centers of particle distributions coincide,

the luminosity can be computed using the solution of the overlap integral of the Gaussian
distributions

&~ 1 oo 2 2
/ g(m,al) 9(3,02) dz = ‘/;wexp (—L—%) dae

—co w10y 20% 202

1 o0 z?
= [ eXp | — Sy dz
—o 2( 192

Qo0 s )

1
2n(af + o3)
Integrating over z and y the luminosity is given by

kbfrevN1N2 (A 1)
"o flor, oL )@ + )

where N; and N, are the number of particles per bunch at the first and the second beam,
respectively. When the size of both beams are identical, the luminosity is

drozoy

L=

The overlap integral of two Gaussian distributions with centers separated by a distance d is

/OO g(z,o1) gz — d,o2)dedy = = _/:D; exp (— 2’ - (2 __5)2) dz (A.2)

0 2raios 20} 203

where the expression in the exponent can be written as

z’ (= - d) I 2,2 22
N = — o2z 4+ o2z% - 20izd 24t
207 207 o707 (71" ted + o)
_ ot el , 20%d aid?
P S 5T e
20103 o + ol oy + o5
_ o? + ok . oid ? 3 oid? + oid?
20103 o} + a3 (o +03)? o +o3

_ _oit o) _(a:u oid )2_*_ olgld?

T 2 2 2 2
2070 oy + o3 (0'1 +‘72)

d? O'f + a.f, afd g
-, — e
2(of + o2) 20%a2 o? + ol

The right hand side of eq. (A.2) becomes

1 d? /00
exp | —————
2m o0, P 2002+ 02) ) J-oo °XP

ol + a2 oid 2
— T .'c—v--—z dz .
20{0% 1+‘72



Appendix A Overlap of two Gaussian distributions 97

The solution of the integral of eq. (A.2) is

o0 1 d2 )
z, z —d,o3)de = ——=exp| ~——5——=
/;oog( 0’1)9( 2) m p( 2(03,_*_0_%)

The luminosity of two beams colliding with particle distribution centers separated by a
distance d, in the horizontal plane and by a distance d, in the vertical plane is

kbfreuNlNz _ di dz
2(

L= exp
27r\/ 2 ol ol +al) ol +ol,) 2(0'2 +52)

Vertical beam separation scan
With Vernier scans the luminosity is measured as a function of the vertical beam separa-
tion d,
kbfrevNINE ( dlzl )
exp | ———1——~
27r\/(a + 02, )¢ + 02) 20l +03,) ,

which can be written as

kbfreleNZ
L= g(dy, /o2 +02) ,
\/21r(0'§1 —}—o%) (dy . yz)

which represents a Gaussian distribution of peak height equal to eq. (A.1) and width

Tscan = 0'31 + 0-32 . (A3)
If equal beam sizes are assumed
kbfrev Nl N2

L= 9(dyV35,)

2\/7?03

and the width of the Vernier scan becames \/2,. Examples of Vernier scans are shown in

figs. 3.21 and 3.22.
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Appendix B

Integral of the Bhabha scattering
cross section over a rectangular
detector

Since particle trajectories in the vertical and in the horizontal plane are independent and the
detector area is square, the horizontal and vertical imits of the double integral in eq. (3.4)
do not depend on each other and the integral can be split in two parts

!

2zl ‘
N:ﬁf"%—f d:c'fyzﬁ—éy—g . (B.1)
Bl i (o7 4y

The integral in ¥ gives

v dy’ 1 y' N 1 . 1 ¥
e ZE |t T o = arcialn —
y; (1"2 + y,z)z 2 a:fz(zfz + ,ny) 3313 ! y;

which is substituted in eq. (B.1) to give

¥y

L 40?1 e da : ' da
N=r>22 [y'/z—-—jc———— fzarctan—y——m} . (B.2)

+
z! m.'2(&,:.'2_{_er2) ! x'3 ,

L4

In the case that y' = 0 the expression between brackets in eq. (B.2) is zero. For non-zero y’
limits, the solution for the first integral in 2’ of eq. (B.2) is

fzé dz’ _ 1 /3'2 dz’ /‘-"z dz’
" $I2(xi2+y12) - yrz o n'? o $r2+y:2

1 [ 1 1 /1%

= F [—j — ;;a,rctan ;I?J . (B.3)

The second integral in z' of eq. (B.2) is solved substituting y'/z’ by v

i

dv =~ dz'
z'?
thus
5 y' dz’ 1 fv
/ arctan —— = —— varctanv dv (B.4)
;n; T ;C y v



Appendix B Integral of the Bhabha scattering cross section over a rectangular detector 99

where , ,
¥

= — and Yz = — .

The integral of the right hand-side of eq. (B.4) is solved by

vz

v

vg 1
/ varctanv dv = 3 [(v2 + 1)arctanv — v]

Then eq. (B.4) becomes

2! y'de' 1] 1 1 1 Yy’ 2
.[m' arctan;; = 5 s - ;;E -+ IF a,rctan; o

1 g;l

Finally, substituting eqs. (B.3) and (B.5) into eq. (B.2} and using

1 = .
arctan z + arctan =3 sign(z)

yield
' 32'2

11 1/1 1 y Tl ”
iy i (e - )| ]

x'? y @ v

’
1

(B.5)

where the last factor of the right hand-side —(w/4y"?) sign(z'y’) is constant for =],z > 0.

The integration of eq. {B.1) gives
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Appendix C

Transformation of § and « using the
phase advance ¢19

We are particularly interested in the expressions of 8, and a, from eq. (2.9)

and

B2 = mflﬁi — 2myymisag + mfz’h (C.1)

ay = —mymaf + (1 + 2mpama )on — mazmasm - (C.2)

Using eq. (2.7), we 1eplace mq18; by mya(cot ¢z + a;) in eq. (C.1)

B2

2
= mymia(cot 1z + 1) — 2myymien + miyn

= mumiz(COt 12 —a1) + m%ﬁl

Replacing my;, by myz(cot ¢z + @1)/B1 and 11 by (1 + of)/f; yields

B>

which is eq. (2.11).

',v',v'g,2 1+ az
= J(cot d12 + ar){cot pia — oy) + m2, 1
B B1
2
= E(cot2 b1z — 2) +m
B
2
- @(cotz ¢12 + 1)
B

2
My

431 Siﬂz ¢12

; 1+of

The product my,/3; can be replaced by mys(cot 12 + 1) in eq. (C.2) to obtain

ay = ~myigma(cot ¢12 + ay) + (1 + 2myama )y ~ myzmaegm

which gives

Gy = O — m12m21(c0t ¢12 - 051) — My2MMa271

Since the determinant of the transfer matrix is

det(M) = TIi11fgy — TilyaTrig = 1
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the equation for a can be expressed as

ay = oy — (muma; — 1)(cot dr2 — 1) — miamam
= cot ¢z — mumzz(COt bh1a — 01) — M12Ma22

Replacing again m,; by mia(cot 1z + a1 )/F1 and 711 by (1 + of)/B, yields

lya2Tisg 1 -+ a2
ay = cotgyp — ! (COt 12 + a1)(C0t P12 — Cfl) — TR12Ma2 !
B B
T12Ma2
= cotdyp — 5
61 sin® P12

Using eq. (2.11), we replace 8, sin® ¢12 by mZ,/8: to abtain

M2z
Qg = cot 4512 - ﬁg—
miy2
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Appendix D

Measured alpha function at beam
position monitors

The expressions of the function alpha corresponding to the solution of the systems of equa-
tions mentioned in section 4.2 are:

o = (c11 / crz) cot @i, — (a1 [/ a12) cot ¢4
! (0311 /G12) - (Cu / C12)
= 6152611 cot ¢, — _CLECU cot ¢, (D.1)
12 12

: (By1 [ bia) cot ¢y — (@22 / @12) cot @iy

o3 =
g (azz [ ais) + (511 / b12)
b b
. 4on cot ¢y, — G221z cot ¢y (D.2)
C12 Ci2

(baa / brz) cot ¢ — (c22 / c12) cot ¢ag

oy =
8 (bzz / 512) - (022 / C12)
_ Do cot @5 — bracar cot ¢y . (D.3)
a1z T12

Replacing ay1/a12 by (cot ¢z + a1)/B: and e11/e12 by (cot ¢13 + a1 )/B1 in eq. (D.1), we get

, (cot drz + o) cot 1y — (cot i + an) cot Py D
o) = ; (D.4)
cot ¢12 — cot 13

replacing ass/ayz by (cot ¢z — a2)/Bz and bi1/bis by (cot daz +3)/Bs in eq. (D.2), we obtain

o = (cot ¢az + az) cot @, — (cot Pz — az) cot ¢y
2 cot ¢ia + cot dos

and replacing cys/c12 by (cot g1z — @s)/Bs and bya/biz by (cot dos — as)/Bs, eq. (D.3) yields

o — (cot paz — cz) cot Py — (cot iz — az) cot ¢,
8 cot a3 — cot Pi3 '

Error of the function alpha at s;, s; and s;

The error of o] in eq. {D.1) is given by

2 2 2
a12€C11 a11C12 @12C1104! a11C120 ¢!
Tot = S T e Ui, + | — f + | — (D.5)
12 sin” @, 12 8in° @la ! b1z sin® ¢, biz sin” i3
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the error of o is

b 2 b b 2 b T 2
. 1201104 12011 022057 2 220120¢) D.6
Taj = -3 g + TENTIN 2 ) Tyt Y (D.6)
€12 SIn° ¢, crasin® @l, iz 8in® ¢, Cy2 SIN” ¢y
and the error of af is
2 2 2
baze1204 b12C2204; bazcig biscay )
Ty = Y, + Y, + 2 inZ d Tey - (D7)
@2 SI0° @4 @12 SIN” Phy @12 8I0° @dl;  @rasin” Py 3

The matrix elements in these expressions can be replaced by the optics functions of the
unperturbed machine in order to obtain the errors

1| {(cot iz + 1) (cot iz + ) 2 , . [(cot dia+ 1)y * T{cot s + a1 )oy | ?
Ja;:_ O Y - 2 4 g¢,—{- 24t + 2 4

E]\ | SiI ¢12 s1n ¢13 1 Sin ¢12 s1n 13

1 | [(cot ¢az + az)og ] 2 (cot ¢z + az)  (cot dya — z) 2 ,  [(cot g1z — a2)0¢>;. ?
o, = 7o 3 + Y Y Ot 2

Eg\ ] sin” ¢, sin” ¢, sin® ¢ps 2 Sin” ¢y,

1 [ {cot oz — Qg)O'd,; 12 (cot 13 — as)Uqb; 2 (cot oz — az)  (cot drz — az) 2 .
G‘ag _— . 2 A + -2y + 2 7 - 2 / O"#’
E3\ L sSin (?513 SIN 23 sin ¢13 S @23 3
where
El - | cot qﬁlg — cot ¢13 |
Eg = | cot ¢’12 + cot (}523 l

By = l cot g3 — cot Py |
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Appendix E

Harmonic analysis of beam
oscillations

The position of an oscillating beam observed at a single point in the storage ring is described
in eq. (4.2). The harmonic analysis (see section 4.3} of the transverse beam position u
provides the best estimates of the amplitude A and the phase ¢ of eq. (4.2). The analysis of
the harmonic w = 2xq is carried out by computing the real (cosine) and the complex (sine)
part of the value F(2rqi) of eq. (4.13)

N-1
C = Y wuicos(2mqr) (E.1)
=0
N1
S = usin(2xqi) . (E.2)
1=0
Replacing u; by eq. (4.2) in the expression of C, we get
N-1
C = [Acos(2mqi + ¢} + ueo| cos(2mq i)
1=0
~1 N-1
C =AY cos(2mgi-+ @) cos(2mgt) + Ueo Y cos(2wqi) .
1= =0

For a large number of samples N, the second sum of cosine terms with random phases
vanishes and

N-1
¢ = A cos(2mgqi + ¢) cos(2mqi)
° cos(2mqi)cos ¢ — sin(2mqi)sin é
N-1
= AS[ cos’(2mqi) cos¢— sin(27q1) cos(2mg1)sin o)
1=0 1 1 ¥ 1
5+ 5 cos dngi 5 sin{4mgz)

N 1=

= A [? cos ¢ + 7 3 {cos(4mrqi) cos ¢ — sin(4drqi)sin ]
i=0

AN N-1

[cosgz‘) + % > cos(4mqi + @)

i=0

ANcos¢
2 H

12
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since the second sum of cosine terms vanishés for a large N. Doing similarly for S, one gets

1 N-1
S = AN —sing + — Y sin(4mgi+ (;5)]
2 N =
~ —ANsing
B 2

Neglecting second order terms which vanish for large N, the amplitude A and the phase ¢
of the complex function F can be obtained by

AVACLIE T S
A:—N—w d):—arctan(a) ,

where the quadrant of the phase ¢ can be found by the signs of S and C

signS signC' quadrant of ¢

- + 0<op <3
— s<d<m
+ - 7r<qt5<?’*2’i
+ -+ %,1<qt5<27r

Statistical errors of the amplitude and the phase

The error on A and ¢ due to beam position

noise o can be calculated by error propagation

when the statistical error of § and C are uncorrelated

aA\® ,  [84\® ,
o4 = \ % a5 + 6_0— oo (E?’)
84\’ o4\ ”
oy = \ (5%) ok + (%) ol (E.4)
where
5'3,_41 _ 25 gA 2C
08  NVCTySE' 8C NJCTysEO
9¢ __=5 9 __C
4§ Cr+ 8 H8C T Cry St
The error contribution to C comes from the statistical error of the measured position ¢
L [8(us cos(2mqi))]?
= 2
o - |5
N-1
= o, > cos?(2xg1)
=0

>~ g 1/N{cos?z)

where () indicates the average value of the function cos?

1 ¢~ 1
{cos® z) = -é%/_wcosza:dm: 3

T
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Therefore
N
oc =450
Proceeding similarly with § yields
2 _ N
o5 = 50

Using this result in egs. (E.3) and (E.4) we obtain the expression of the error on the amplitude
A and the phase ¢ from the position measurement noise o

2 1 /2
o4 = —ﬁﬂ' O'qsz—A F(f
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Appendix F

Corrections of the phase measured at
beam position monitors

At LEP, the convention is that the phase and the alpha functions refer to the ones of the
positron beam. The measured phase advance between two beam position monitors has to
be calculated taking into account whether the acquisition was carried out with a positron
bunch or an electron bunch

, , _ iy — @ if measured with positrons
#(sigr) = #(si) = &; — Py if measured with electrons
in order to have the same sign as the reference phase function.
By definition, the phase function u(s) is zero at interaction point 1. The phase advance
Aprr between a point st on the left of IP 1 and a point sg on the right of IP 1 is given by

Appr = p(sy) — p(sr) +27Q

where Q = u(C)/27 is the tune and C the circumference of the ring. This correction has
to be applied as well on the measured phase advance between two specific beam position
monitors located on both sides of the start point of the acquisition. The acquisition is started
by the timing module which gives a trigger to all the BOM electronics at the moment when
the bunch 1 of both electron and positron beams are about to cross the interaction point
1. Therefore, the acquisition of the position of each bunch starts at different locations and
different monitors. The locations of the (in general) § bunches of positrons and 8 bunches
of electrons at the start of the acquisition are shown in fig. F.1.

For example, if the bunch selected is the positron bunch 1 then the first beam position
monitor which starts the acquisition is the first monitor of the L15 electronics located on
the left side of interaction point 1, and the last monitor to see this bunch is the last one of
the Al2 electronics. So the phase advance between them must be corrected by +2xg, with
g being the fractional part of the tune Q.

Due to a trigger delay, the electronics which is located at the following arc downstream
the start point reads systematically the position of the bunch one turn later. The phase
measured at the monitors controlled by this electronics have to be corrected by —2=q. In
the case of the positron bunch 1, the electronics starting one turn later is the A22 (five
electronics on the right of the start point, see fig. F.1). The locations of the start point of
the acquisition and the delayed electronics for each bunch are listed in table F.1.
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W15

Figure F.1: Location of bunches at the start of BOM acquisition and distribution of BOM elec-
tronics {AL,Ri,Wi,Li).

positrons electrons

bunch start point electronics start point electronics
1 A12-L15 (left IP 1) A22 R15-A18 (right IP 1) A88

AT2-L76 (left IP 7) A82 R33-A38 (right IP 3) A28
A52-156 (left IP 5) A62 R56-A58 (right IP 5) A48
A32-L33 (left IP 3) A42 R76-A78 (right IP 7) A68
A82-1.85 (left IP 8) Al2 R25-A28 (right IP 2) Al8
A62-165 (left IP 6) A72 R45-A48 (right IP 4) A38

) )

) )

|| | | e

A42-1.45 (left 1P 4 Ab2 R65-A68 (right IP 6 A58
8 A22-125 (left IP 2 A32 R85-A88 (right IP 8 AT8

Table F.1: Acquisition start point and delayed electronics for each specific bunch.
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