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ABSTRACT

A new 8 GeV beam transport system between the Booster and
Main Ring synchrotrons at the Fermi National Accelerator
Laboratory is presented. The system was developed in an effort
to improve the transverse phase space area occupied by the proten
beam upon injection into the Main Ring accelerator. Problems
with the original system are described and general! methods of
beamline design are formulated. Errors in the transverse
properties of a beamline at the injection point of the second
synchrotron and their effects on the region in transverse phase
space occupied by a beam of particles are discussed. Results
from the commissioning phase of the project are presented as well
as measurements of the degree of phase space dilution generated
by the transfer of 8 GeV protons from the Booster synchrotron to

the Main Ring synchrotron.
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I. Introduction

The Synchrotron

The primary instrument used in High Energy Physics (HEP)
research today is the alternating gradient synchrotron. The
beams of high energy particles (generally electrons or protons)
produced by synchrotrons may be used to study sub-nuclear
structure in one of two modes. In one mode (the "fixed target"
mode) particles are extracted from the synchrotron and
transported to a stationary target. The energy available to
create new particles is proportional to the square root of the
energy of the incident beam. In many instances the particles
created from these primary collisions will be used to form
secondary beams.

In the other mode of operation (the "colliding beams" mode),
two separate beams of particles in the synchrotron are directed
toward one another and are made to collide. Some synchrotrons
accelerate and store the two beams in separate intersecting
rings. Others have one beam of particles and a beam of
antiparticles occupying the same ring. These two beams are
accelerated to the desired energy simultanecusly and then made to
collide at a specific point in the synchrotron. As opposed to
the fixed target mode, the energy available to create new
particle states in the colliding beams mode is proportional to
the beam energy. For example, in an electron colliding beams
accelerator the available energy is twice the beam energy; in =2

proton collider the available energy typically is a fraction of



twice the beam energy. This is because hadrons are composed of
more fundamental particles. The type of HEP interactions studied
using colliding beams is much more |imited compared with those of
a fixed target experiment. In a collider, the particles must be
stable (such as protons, antiprotons, electrons, or positrons) as
they must live long encugh to be stored for extended periods of
time {(typically several hours).

Just as important a parameter as the beam energy in HEP
experiments is the reaction rate. The rate at which a particular
event can be observed is a product of the probability that the
event can occur and a collection of other parameters which
describe the particle beam and its environment. Collectively
these parameters define the luminosity, the product of the number
of target particles and the number of incident particles per
second divided by the cross sectional area(s) of the beam(s).

For fixed target mode the |uminosity depends upon the rate at
which particles from the accelerator reach the target and the
density and length of the target. For colliding beams mode the
iluminosity is proportional to the number of particles in each
beam, the frequency at which the beams interact, and also is
inversely proportional to the cross sectional area of the two
colliding beams. Although the colliding beams accelerators can
acquire much higher center of mass energies, the luminosities
achieved so far in these machines are typically orders of
magnitude below those of fixed target experiments.

In addition to its effect on the luminosity of a colliding

beams accelerator, there are other reasons why small! transverse



beam size is beneficial in a synchrotron. The size of the
magnets which make up the accelerator and therefore the cost of
the machine depend very naturally on the beam diameter. In
addition, the process of extracting the beam from the accelerator
during fixed target operation is made much more efficient if the
beam size is small. The transverse size of the particle beam at
a specific point in the synchrotron depends upon the focusing
properties of the synchrotron at that point as well as the area
in transverse phase space occupied by the beam. This phase space
area is referred to as the beam emittance. The preservation of
the emittance throughout the entire acceleration process is a
major concern of accelerator physics.

The particular concern of this thesis is the contro! of the
transverse emittance of the beam during transfer from one
synchrotron to another. If the beam transport system connecting
the two synchrotrons does not provide a proper match of the
focusing properties, beam trajectory, or dispersive properties of
the two machines, the result will be an increase in the beam
emittance, ultimately resulting in a degradation of the
luminosity of the accelerator. The transport system between the
output of the 8 GeV Booster proton synchrotron and the input of
the 150 GeV Main Ring synchrotron at the Fermi National
Accelerator Laboratory is investigated. Before discussing this
investigation and its results, a brief overview of the Fermilab

accelerator system is in order.



The Fermilab Accelerator System

The dynamical ranges of accelerators are |imited due to
technological reasons. Therefore, several machines operating in
series are required to accelerate particles to a kinetic energy
of several hundred GeV. Figure I-1 shows the layout of the
Fermilab accelerator system. The process begins in a Cockcroft—
Waltonl style accelerator. Negative hydrogen ions are extracted
from a plasma inside the dome of the accelerator. The ions then
travel through an evacuated cy!inder connecting the charged dome
to one of the metal walls of the room containing the accelerator.
With the dome being charged to a potential of 750,000 volts, the
kinetic energy of the ions l|leaving the accelerator is 750 keV.

The beam immediately enters the second accelerator, a 145 m
linear accelerator, or Linac. This device consists of resonant
radio-frequency cavities which operate at a frequency of 200 MHz.
By using a resonant cavity just at the entrance of the Linac, the
continuous beam of particles arriving from the Cockcroft-Walton
are formed into small groups of particles called "bunches."
Within the cavities, quadrupole magnets of alternating gradient
focus the beam. The kinetic energy of the particles leaving the
Linac is 200 MeV. Once the beam exits the Linac, another
resonant cavity is used to initialize a debunching of the beam.

Next in line is the first of three synchrotrons, the 8 GeV
Booster. At the injection point of the Booster, the negative
hydrogen ions pass through a thin carbon foil which strips the
ions of their electrons, creating a beam of positively charged

protons. (The use of a negative ion injection scheme provides a
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higher injection efficiency for the Booster accelerator when
higher intensity beams are requested.) Once the beam is
injected, 18 radio-frequency (RF) cavities located around the
474 m circumference of the Booster group the particles into
bunches again. The operating frequency of a synchrotron RF
system is a multiple of the the revolution frequency. This
"multiple" is referred to as the harmonic number of the
synchrotron. For the Booster accelerator, the harmonic number
was chosen to be 84, hence 84 bunches are formed in the Booster.
Due to the increase in speed of the particles during the
acceleration process, the RF frequency changes from 30.2 MHz at
injection to roughly 52.8 MHz at extraction.

The major magnetic elements of the Booster synchrotron are
gradient magnets, combining a radially inward bending force and a
focusing force. The magnets are arranged such that elements
which focus in the vertical plane and defocus in the horizontal
plane alternate with elements which focus in the horizontal plane
and defocus in the vertical plane, thus the name "alternating
gradient synchrotron." The gradient magnets are part of a
resonant circuit which allows the Booster to accelerate particles
from .200 GeV to 8 GeV kinetic energy at a 15 Hz rate.

Once extracted from the Booster, the beam is transported to
the Main Ring synchrotron. This is the original Fermilab 400 QeV
accelerator which is currently used as a 150 GeV injector for the
Tevatron accelerator. The mean radius of the Main Ring is 1000
meters, exactly 13.25 times the mean radius of the Booster

accelerator, so that up to 13 batches of Booster beam may be



injected into the Main Ring. The RF systems of the Booster and
Main Ring are phase-locked during the transfer so that debunching
and rebunching of the particles are not required. The RF
frequency of the Main Ring is 84 x 13.25 = 1113 times the
revolution frequency and changes by less than one percent during
the acceleration process.

Focusing and steering of the particlie beam is provided by
separate magnetic elements in the Main Ring synchrotron. Most of
the four-mile circumference is occupied by dipole magnets and
guadrupole magnets. At six equally spaced intervals around the
ring, long (50 meters) straight sections break the normal lattice
to allow room for such necessary equipment as RF cavities,
injection and extraction devices, and a beam abort system.

The Main Ring accelerator is also used for the production of
antiprotons for use in the colliding beams program. Protons may
be extracted from the Main Ring at an energy of 120 GeV and sent
toward the antiproton storage rings. (See Figure I-1.) Upon
striking a tungsten target, 8 GeV antiprotons are produced which
are subsequently gathered and stored in the antiproton
accumulator ring. This process is repeated many times until the
accumulator ring has acquired a high density of antiprotons. A
beam of antiprotons may then be reverse injected into the Main
Ring, accelerated to an energy of 150 GeV, and then reverse
injected into the Tevatron for colliding beams experiments.

Located 25.5 inches directly below the Main Ring is the
Tevatron, the world’s first superconducting proton synchrotron.

The Tevatron accepts 150 GeV protons and/or antiprotons from the



Main Ring and accelerates them to 900 GeV. In many respects,
this machine is very similar to the Main Ring synchrotron., The
arrangement of bending and focusing magnets that comprise the
Tevatron is essentially the same as that in the Main Ring. The
RF frequency of the Tevatron’s accelerating cavities is locked to
the Main Ring frequency during transfer and the RF harmonic
number is the same for both of these systems. However, the
cryogenics system, which cools the Tevatron magnets to 4.50K, and
the accelerator physics issues inherent in large storage rings
consisting of superconducting magnets greatly add to the
complexity of the Tevatron.

To finish the overview of the Fermilab accelerators, one
detail needs to be mentioned which will be of importance in later
discussions. Two of the long straight sections of the Tevatron
are dedicated to large multipurpose particle detectors for use in
the ceolliding beams program. To help prevent possible
interference from Main Ring antiproton production during
colliding beams experiments, modifications were made to the Main
Ring synchrotron geometry to guide the beam up and over the
detectors. These "overpasses," produce a significant effect on
the characteristics of the circulating Main Ring beam. As will
be seen in the next section, the old injection system could not
provide a proper match to these new characteristics, leading to

inefficiencies in the beam transfer.
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II. Original Booster to Main Ring Beam Transport System

General Description

The original Booster to Main Ring transport line, (8 GeV
Line) was developed using preproduction Main Ring quadrupole
magnets, short versions of Main Ring dipole magnets with modified
coil packages, and a minimum number of power supplies. The
resulting designl consisted of 18 quadrupole magnets powered in
series and seven dipole magnets powered by three separate
supplies. The geometry of the beamline is shown in Figure II-1.
The beam was extracted vertically from the Booster synchrotron
and injected vertically into the Main Ring. The horizontal kink
in the beamline provided a change in the dispersive properties of
the line necessary to match the horizontal trajectories of
particles with various momenta to their desired trajectories in
the Main Ring.

Vertical extraction from the Booster is accomplished using
four 1 meter transmission-line kicker magnets with rise times of
roughly 25-30 nsec, almost fast enough to achieve full current
during the time between successive bunches. (One Booster bunch
is sacrificed during the extraction process.) These kickers,
located 20 meters in front of the extraction point, provide the
beam with a 1 milliradian vertical kick which transiates to about
a 20 mm vertical displacement at the extraction point. There,
the beam enters another pulsed magnetic device, the first of a
pair of pulsed septum magnets.2 The first septum magnet is

located at the beginning of a Booster long straight section. The
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actual "septum" of this magnet separates a strong field region
from a relatively "field-free" region. Normally, the circulating
Booster beam passes through the field-free region. At
extraction, the "kicked" beam enters the field region of the
septum magnet. This magnet delivers an upward 44 mrad kick to
the displaced beam, enough to send it over the next Booster
gradient magnet at the end of the long straight section. (See
Figure 1I-2.) The second of the septum magnets bends the beam
down by 44 mrad, the beam being 45.7 cm above the Booster closed
orbit at this point. The beam was then steered toward the Main
Ring injection point roughly 170 m away, eventuaily being aligned
horizontally with the Main Ring closed orbit and displaced
vertically by 50 em. (The plane of the Main Ring lies 30.5 cm
below the plane of the Booster. Thus, the old beamline contained
a net 1.6 mrad downward pitch for about 140 m.)

To inject onto the closed orbit of the Main Ring
accelerator, the old 8 GeV Line employed two vertically bending
dipole magnets (to bring the beam to within a few centimeters of
the orbit), another pulsed septum magnet, and two pulsed vertical
kicker magnets. (See Figure II-3.) The beam left the two
dipoles with about an 11 mrad downward angle with respect to the
Main Ring closed orbit and the pulsed septum reduced this pitch
to just under 1 mrad. The kickers, located just downstream of
the first set of Main Ring quadrupcles, completed the injection
process with a total upward kick of 0.7 mrad.

To understand the focusing properties of a synchrotron or

beamline, the equation of motion for a particle in one transverse
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degree of freedom may be written in the form of Hill’s Equation,3
x’?’(s) + K(s)x =0 ,

where s = the particle’s longitudinal position within the

machine, x(s) is the transverse displacement of the particle from

the ideal closed orbit, and x?? = d2x/ds2, The modified "spring

constant," K(s) = (e/p) (8By/8x) where p is the particle momentum,

is determined by the focusing elements within the machine. The

solution to Hill’s Equation may be written as4

x(s) = AJp(s) sin(¥(s) + &)
where A and & are constants. The parameter f(s) is referred to
as the betatron amplitude function, or beta function, and the
betatron phase advance ¢ is given by dy¢/ds = 1/8(s). For a beam
of particles, the beam size varies with g1/2(s).

Since x(s) represents the horizontal displacement of a
particle of design momentum p from the design trajectory along
the path length s, the ideal closed orbit for this particle is
simply given by x(s) = 0. However, a particle of momentum p+Ap

will have a different ideal closed orbit defined by

xpp(8) = D, (s,bp/p)E-

The quantity Dx is referred to as the horizontal dispersion
function of the accelerator. For most large synchrotrons such as
the Booster, Main Ring, and Tevatron, the dispersion functions
themselves are essentially independent of Ap/p. (Dispersion is
discussed in more detail in Chapter III.)

The arrangement of quadrupoles in the old line shown in

Figure II-1 provided focusing of the beam as well as additional
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steering for the off-momentum particles. The beamline contained
2 dispersion-free region in the middle, the purpose of which was
to allow for the adjustment of the betatron amplitude functions
(by tuning quadrupole currents) without fear of changing the
dispersion functions.b Figures II-4 and II-5 show the amplitude
and dispersion functions for the cold beamline. Indeed the
horizontal dispersion is approximately zero in the middle region
(although the vertical dispersion function is not). However, to
obtain this condition using a |imited number of power supplies
the maximum values of the amplitude functions had to approcach
300-400 meters. (For comparison, the maximum values in the
Booster and Main Ring accelerators are 34 meters and 120 meters,
respectively.) Since there were no aperture restrictions in
these regions of high beta, performance was not expected to be
hindered.

Problems With the Original Design

In an effeort to improve the quality and reliability of the
beam being delivered to the experimental areas and in preparation
for the luminosity demands of the Tevatron I colliding beams
program, an accelerator emittance improvement program was
initiated within the FNAL Accelerator Division during the spring
of 1985. Discussions began which were concerned with possible
upgrades to existing accelerator systems. Many systems which
were installed in the laboratory’s infancy were built to meet
much lesser demands than are required to meet today’s goals. One
such system which received attention was the 15-year-old 8 GeV

Line.
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Figure II-5
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In late June, 1985 some effort was put into understanding
the present conditions of the beam being transported through the
8 GeV Line. At that time, the beaml|line’s diagnostic equipment
consisted solely of 12 beam profile monitors placed throughout
the line. These monitors were horizontal and vertical planes of
wires (or, in many instances, foils) which could be inserted into
the path of the beam using the control system. As the foil
planes generated an appreciable amount of multiple scattering,
only one monitor could be placed in the beam at a time to obtain
useful results. A serious study of the beam arriving from
Booster required a significant block of time dedicated to this
task. The signals from these wires were processed by an
applications program run from the Fermilab Main Control Room and
provided the operator with beam position and distribution
information. Using data gathered by these monitors, an analysis
of the beam characteristics through the line was performed.6 ,7
The results of the study are shown in Figure II-6, The maximum
beam sizes observed corresponded to maximum amplitude functions

with values on the order of 600 meters in the vertical plane.

Although the overall| character of the beamline optics resembled
the original design, large deviations from the design were
apparent,

Meanwhile, one of the quadrupole magnets in the beamline
developed a mechanical problem and had to be replaced. When the
magnet was removed from the beamline, it was transported to the
FNALL Magnet Test Facility where a number of measurements were

performed.8 This was the first (and only) magnet in the 8 GeV
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Figure 1I-6
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Line ever to have been magnetically measured. The quadrupole
magnets used in the line, being Main Ring style magnets, were
designed to run at currents of over 4000 Amperes. The gradient
provided by these magnets at this current is 220 kG/m. For use
in the 8 GeV Line, the quadrupocles operated at a typical current
of 700 Amperes, or 40 kG/m. The remnant field gradients in the
quadrupole, as determined from the measurements, were significant
(0.2 kG/m) and the effects of hysteresis were quite large.
Depending upon the exact method used to bring the quadrupole up
to nominal current, the final field gradient in the magnet could
differ by as much as 0.2-1.0 kG/m. Changes of this magnitude
were enough to alter the values of the amplitude function
throughout the beamline significantly, especially when its values
were large initially.

Large betatron amplitude functions correspond to large beam
size at those locations, but more importantly they increase the
sensitivity of the match of the beamline to the downstream
accelerator. A gradient error AB’ at a location of high beta
will affect the values of the amplitude function at locations
downstream of the error. Using the techniques discussed in
Chapter III, if Aq = AB’L/(Bp), where L is the length of the
magnet producing the error and Bp is the magnetic rigidity, then

AB/B = -(Bqfo)sin2¢e + (Agfo)2(1 - cos2y¥s) /2
where Af/f is the relative change in the amplitude function
downstream of the gradient error, Bg is the amplitude function at
the location of the error and ¢$o is the original phase advance

measured from the location of the error to the downstream
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location. If the amplitude function delivered by the beaml|ine is
not well| matched to the natural amplitude functicon of the
synchrotron at the injection point, then the beam will undergo
larger than necessary betatron oscillations once in the new
machine. Thus, the particles will occupy more area in transverse
phase space and the beam size will grow. This process is known
as phase space dilution, or emittance dilution. The details of
the analysis of dilution are found in Chapter V.

Figure II-7 shows how an increase in transverse emittance
can be caused by errors in the fields of the quadrupoles in the
old 8 GeV Line. (The details of this calculation are presented
in Chapter V.) As can be seen, due to the large amplitude
function at the locations of certain quadrupcles, errors in the
gradients of those magnets can produce significant dilution.

As well as affecting the beam size, large amplitude
functions in the beamline also increase the beam’s sensitivity to
steering errors. These steering errors may be due to a
misal ignment of a quadrupole magnet, for instance. The
displacement of a particle downstream of a steering error of

magnitude 8 is given by

Ax(s) = 01F(aIB(s) sin[$(=) - $(so)]

Hence, larger values of the amplitude function f will necessitate
more sensitive position correction schemes. If the injection
positions are too far from the closed orbit of the synchrotron,
the particles will undergo |larger than normal betatron
oscillations and will occupy more phase space than necessary.

Again, a form of dilution will take place.
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Figure II-7

Transverse Emittance Dilution
Due to Gradient Error of AB’/B’ = 4%
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An additional problem separate from those described above
existed. It really was not the "fault" of the beamline, but
needed to be corrected by the beaml|line system. The problem
involved the Main Ring overpasses. In most circular machines the
ideal trajectory of the particles is confined to the horizontal
plane. However, once the overpass at the DO experimental region
(see Figure I-1) was installed, the new closed trajectories for
off-momentum particles in the Main Ring included motion in the
vertical degree of freedom. The vertical dispersion at the Main
Ring injection point became significantly large after this
modification. As shown in Figure II-8, beam |osses were observed
at regions of large vertical dispersion in the Main Ring due to
the momentum spread of the beam coming from the Booster.® Since
the vertical dispersion function at the injection point in the
Main Ring no longer matched the vertical dispersion function of
the 8 GeV Line, the trajectories of off-momentum particles
arriving from the Booster would not lie on their desired orbits
once in the Main Ring. The result would be larger than necessary
betatron oscillations during successive revolutions around the
Main Ring for these particles. This motion would have
contributed to the dilution of the transverse emittance. A lack
of flexibility of the 8 GeV Line power supply system prevented
any correction of this problem short of redesigning the end of
the beamline —— either its magnetic elements, its power supply
circuits, or both.

Another improvement which could have been made to the 8 GeV

LLine was to the pulsed injection system. Because the
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circumference of the Booster synchrotron is roughly one
thirteenth the circumference of the Main Ring, the Booster can be
filled 13 times and each "batch' of Booster beam.can be delivered
to the Main Ring one batch directly behind another., During the
66.6 msec between Booster cycles, the previously injected batches
will circulate the Main Ring 3000 times. Due to the finite rise
time (~200 usec) of the pulsed septum magnet at the injection
point (see Figure II-3), the circulating beam would be subjected
to a vertical orbit distortion created by this device whenever
another batch was about to be transfered between the two rings.
Although the circulating beam passed through the "field-free-
region" of the septum, the true fields in this region were strong
enough to displace the vertical closed orbit by as much as 5 mm.
It became apparent that major improvements could be made to
the 8 GeV beam transport system. The vertical dispersion was
mismatched and was blamed for causing beam loss throughout the
Main Ring accelerator. The sensitivity of the amplitude function
match to gradient errors had been evident for some time as is
shown in Figure II-9.10 The diagnostics system needed improvement
and expansion. At the same time, improvements could be made to
the injection system, power supply system, and to the magnetic
elements. By July of 1985 a new |line was being designed by the

author.
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Criteria for a New System

To aid in the design of a new 8 GeV transport system, the
following set of criteria was developed:

Firstly, the charged particle beam was to be steered
from the extraction point of the Booster to the injection
point of the Main Ring. The system needed to be able to
accept various Booster extraction trajectories and, at the
other end of the line, be able to make proper adjustments to
the position and direction of the beam leading into the Main
Ring. Correction elements were needed to provide additional
steering capabilities of the beam through the middle of the
line.

Secondly, focusing elements were needed to transport
the transverse amplitude functions and dispersion functions
delivered by the Booster synchrotron to the Main Ring
synchrotron and produce a proper match of these functions to
the Main Ring lattice. The beam size should be small
throughout the line to reduce its sensitivity to magnet
errors. Also, the power supply system should be flexible
enough to allow adjustments for changes in the
characteristics of the Booster beam.

Thirdly, the optical properties of the beamline should
easily accommodate useful measurements of transverse
emittances and momentum spread as well as beam positions.
The diagnostics system must be upgraded to allow
simultaneous collection of profile and position data from

all monitors without generating significant beam loss.
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Fourthly, if possible, a new injection scheme should be
developed using magnetic elements which would have less
effect on the already circulating beam (or at least affect
it in a way which may be easily compensated by other means).

Fifthly, all elements (in particular, guadrupoles and
devices which will reside within the Main Ring beampipe)

should be magnetically measured.
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III. Transportation of Charged Particle Beam

From Dne Synchrotron to Another

Reduction of the Problem

To describe the trajectory of a single particle in a
synchrotron, the motion may be referenced to an ideal closed
path, the design orbit of the synchrotron. In transporting
particles from one synchrotron to another, the primary function
of the interconnecting beamline is to provide a path from the
extraction point of the first synchrotron toc the injection point
of the second synchrotron. Not only must the extraction and
injection points be connected, but the slopes of the trajectory
at each point must be correct. This amounts to 12 constraints
which must be satisfied by the bending elements of the beamline.

The motion of a group of particles about the ideal
trajectory is now considered. The longitudinal behavior of the
particles may be treated independently from their transverse
motion. Usually, no longitudinal acceleration takes place in the
beamline connecting the two accelerators; such is the case for
the 8 GeV Line. The matching of the longitudinal phase space is
performed by the separate RF systems of the two synchrotrons by
making proper adjustments to the RF accelerating voltage output
and the relative phase between the two systems. Hence, during
the design of the beamline, longitudinal behavior of the
particles may be ignored.

As mentioned previously, the particles in a synchrotron

circulate the machine in groups, or "bunches." Typically the
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length of a bunch of particles is many times the transverse size
of the bunch. For instance, the bunch length of the Booster beam
is roughly 1 meter while its diameter is on the order of a
centimeter. For many purposes the bunch may be treated as an
infinitely long distribution of charge. As an example, the
Coulomb force on a particle in a bunch due to the other particles
will be examined.

Given a l|line charge of length L containing N protons with a
cylindrically symmetric Gaussian distribution of variance g2 in
the transverse plane traveling with a speed fc, the total force

on a proton a distance r from the axis of symmetry is

2 2 2
F(r) = —2— (1.7 /%]
27¢ 7L r
o
For r<<o, the motion in the transverse plane reduces to
N e
x'? = m——— = K x
73ﬁ2L 02

where re is the classical radius of the proton. To obtain an
estimate of K, typical numbers for the output of the Booster are
used: N =1010, =1, y=9.5, L=1m, and ¢ = .005 m. Then K
=86 x 10-7/m2. The effect of the space charge defocusing is to
be compared with the focusing brought about by the elements of
the beamline. The effective focal length of a focusing element
is given by 1/(KIl) where | is the length of the element. Within
a focusing element with a typical length of 1 meter and foca!
length of 10 meters, K=.1/m2. Even over a typical spacing
between focusing elements of ten meters, the space charge effect

certainly may be neglected when designing the beamline.
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Similarly, the size of other self-interactions, such as intrabeam
scattering, are also negligible. Hence, the particles are
considered to be noninteracting and, along with the fact that
longitudinal behavior may be ignored, the number of degrees of
freedom important to the problem is reduced from 3N to two.

The two degrees of freedom remaining are those transverse to
the ideal particle trajectory which are usually chosen to be the
horizontal (x) and vertical (y) directions. This nomenclature
can become confusing when the entire synchrotron or beamline does
not reside entirely in one plane. However, the beamline geometry
will be assumed simple enough that this confusion may be easily
overcome,

For each degree of freedom the particle trajectories obey
the homogeneous Hill’s Equation

x’? + K(s)x = 0
with solutions which may be written in terms of an amplitude
function, f(s):
x(s) = ABL/2sin(¢(s)+8).
The constant A may be solved for in terms of x and x’ = dx/ds:
A2 = (x2+ (Bx’ + ax)2 )/p

= x2 + 2axx’ + Px’2

HE

where a -(df/ds)/2 and 7 = (1 + a2)/B. Thus, the particle
traverses an elliptical path in x-x’ phase space. Though the
values of a,f, and 7 vary with s, the quantity A2 is independent

of s and is referred to as the Courant-Snyder invariant. The

area of the phase space ellipse is equal to 7wAZ2,
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If the particle distribution in one degree of freedom is
assumed to be Gaussian in form with variance 02 and stationary in
time, then the density of particles in x-x’ phase space at a
particular longitudinal location s may be written as

N 8(s) dx_dx’ "[ x4 (Bx’ + ax)2 ]/202

2n 02

n{x,x’) dx dx’ =

If € = area of the region in phase space containing 95% of the
particles (1 - e-3 = .9502, to be more precise), then € = 6702/8.
Thus 02 = €f/67, or the beam size varies with (¢f)1/2. As f is a
parameter characteristic of the machine, the quantity €, referred
to as the transverse emittance, contains much of the notion of
the quality of the beam in the synchrotron. To avoid an increase
of the beam emittance during beam transfer between two
synchrotrons, the horizontal and vertical amplitude functions Bx
and fy must be properly matched at the injection point.

A Gaussian particle distribution was used in the above
discussion. Transverse particle distributions in electron
synchrotrons are inherently Gaussian due to the interplay between
synchrotron radiation excitation and damping. There is no reason
to believe that the distributions should be Gaussian in a proton
synchrotron where synchrotron radiation is insignificant, but
from experience with these machines the normal distribution
provides a reasonably accurate description of actual beams.l

The notion that the homogenecus Hill’s Equation is obeyed in
each degree of freedom separately throughout the beamline is

based upon the assumption that linear coupling between the two
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degrees of freedom and nonlinear magnetic fields may be ignored.
Linear coupling may be introduced by dipole or quadrupcle fields
rotated about the longitudinal axis. The field of a dipole
magnet used for steering of the beam through an angle 8o in the
horizontal plane has components Byx=0, By=B. If the magnet is
rotated about the longitudinal axis by an angle ¢ the field
components relative to x and y become Bx=Bsing, By=Bcos¢. Thus =z
vertical deflection of the beam through an angle fgsing is
introduced. A typical alignment error of a magnet may result in
a rotation of .5 mrad. A typical dipole magnet in a beam l|ine
may bend the beam by as much as 50mrad. Thus, steering errors on
the order of 25 urad are easily introduced. These errors will be
of significance during the operation of the beamline. Downstream

of the steering error, the displacement of the beam is given by

Ax = ABJﬁoﬁ ~ (25urad) (30m) ~ 1 mm

max

This is one reason why a beam position correction system must be
included as part of the beam!ine design. However, the placement
of correction elements may be left until after the general design
of the beamline has been decided. During the first pass through
the design, these effects may be ignored.

For a quadrupcle magnet, the field components are of the
form Bx = B’y, By = B’x, where B’ is called the quadrupole
gradient. If the magnet is rotated through an angle ¢, the
components in the original coordinate system become

Bx

B’(y cos2¢ - x sin2¢) ,

By B’ (x cos2¢ + y sin2¢)



36

For x @ y, this implies a change in both the horizontal and
vertical quadrupole strengths of roughly AB’/B’ = 2¢. For the
typical alignment error of .0005 rad used above, this amounts to
a gradient error of 0.1%. This would produce a maximum amplitude
function error downstream of the gradient error on the order of

Ap/p ~ (AB’/B’) (fAq) = (.001) (30m/10m) = 0.3%. So, an error in

q

Srin Mriw S WS FA ]

the downstream beam size on the order of Ac/o ~ (AB/0)/2 = 0.15

f i

4

would be produced which would go easily unnoticed.
Magnetic elements used in the beamline are assumed to have
fields which depend upon transverse position in at most a linear

fashion, such as dipoles and quadrupoles. However, in real

magnets higher order multipoles will exist due to the finite size
of the magnets. In a circular accelerator these imperfections
must be compensated to avoid resonant behavior near rational

values of the betatron oscillation frequency. 1In a "single pass"
beamline the imperfections may be ignored as long as they are
indeed small, as will be assumed in this discussion.

To summarize, the problem of transporting a charged particle
beam from the output of one synchrotron to the input of a second
synchrotron has been reduced to a problem of matching the
trajectory of the beam at the extraction and injection points as
wel| as matching several independent parameters associated with
the focusing properties of the second synchrotron in the two
transverse degrees of freedom. To be more specific, the ideal
trajectory must be matched, requiring 12 parameters (X,Y,Z, and

slopes at each end of the line). The trajectories of off-

momentum particles must be matched as well. This amounts to
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matching the momentum dispersion functions Dyx(s), Dy(s) =and their
slopes. Finally, the betatron amplitude functions fx, fy and
their slopes given by ax, ay must be matched. This yields a
total of 20 constraints which must be satisfied by the strengths
and locations of magnetic elements in the beamline. Naturally
the final product will depend upon other, less fundamental
constraints as well such as physical space limitations,

engineering |imitations, and funding and deadlines.

Method of Solution

Now that the problem has been defined, the general rules for
computing ideal trajectories, betatron amplitude functions, and
dispersion functions will be described. First, the propagation
of the ideal particle trajectory through beamline elements is
considered. Cartesian coordinates X, Y, and Z will be used in
this discussion, where the X-Y plane is taken to be the
horizontal plane and Z is take to be the vertical direction. The
beamline is assumed to be made up of dipole magnets and
quadrupole magnets. The ideal trajectory is assumed to pass
through the centers of the quadrupole magnets where the field is
zero and hence the quadrupoles do not enter into the calculation
of the trajectory at all.

The angle X’ is defined to be the angle between the Y-axis
and the projection of the trajectory onto the X-Y plane as shown
in Figure III-1. The angle Z’ is the vertical pitch of the
trajectory. A vertical deflection by a bending magnet is defined

as a deflection through an angle 0=L/p where the circle of radius
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p lies entirely in a plane perpendicular to the X-Y plane. The
path length through the magnet is L. A horizontal deflection by
a bending magnet implies the circle of radius p lies entirely in
a plane parallel to the X-Y plane. Now, the coordinates (X,Y,Z)
of the ideal trajectory at the output of a horizontal bending
element, a vertical bending element, or a drift region may be
written in terms of the coordinates (Xo,Yo,Zo) of the trajectory
at the input of the element, the radius of curvature p, and the
angle of deflection 8. The results are presented below.

Horizonta! Bending Element:

X =Xo + p(sinfsinX’ + (l-cosf)cosX’)
v

Yo + p(sinfBcosX’ (1-cosf)sinX’)cosl’

Z Zo + p(sinfBcosX’

(1-cos@)sinX’)sinZ’
X =X’ + 8
2’ =2

Vertical Bending Element:

X =Xo + p(sinfcosZ’ - (l-cosf)siniZ’)sinX’

Y =Yoo + p(sinfcos?’

(1-cos@)sinZ’)cosX’
Z =12o + p{(sinfsinZ’ + (l-cos@)cosi’)

X? = X’g

2’ = I’ + 6

Drift Region:

= Xo + LsinX’cosZ’

LcosX’cosZ’

N < X
]
<
o
+

=7 + LsinZ?

-
Y
-
4
y
-

N
il
N

o]



40

From the above equations it appears that only five parameters are
necessary to specify the trajectory. The sixth parameter is the
angle of rotation of the transverse coordinate system about the
trajectory. By requiring that the dipole elements bend only in a
vertical plane or a horizontal plane the transverse coordinate
system will never become rotated along the ideal trajectory.
Though this requirement is not absolutely necessary, it does help
keep the computation of the beamline geometry simple and easy to
understand.

To study the transverse degrees of freedom a right-handed
coordinate system (x,y,s) will be adopted. Here, s is the path
length along the ideal trajectory, y is the transverse "vertical™
displacement from the ideal trajectory, and x is the transverse
"horizontal" displacement. The y-s plane is everywhere
perpendicular to the X-Y plane from the above discussion. (This
is the sixth constraint.) The x-s plane is everywhere
perpendicular to the y-s plane. Hill’s Equation may now be
applied to either transverse plane to determine the motion of a
particle in that degree of freedom.

The solution to Hill’s Equation may be written in terms of
the initial conditions xg=x(0), x’'o=Zx?(0):

x (s)
x’(s)

or in matrix form,

a(s)xpg + b(s)x’p

c(s)xo + d(s)x’o ,

X(s) = [:] = [2 f;] [:&36] = M(s/s0)Xo
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A piecewise method of solution may be employed to determine the
motion of a particle throughout an accelerator or beamline when a
set of initial conditions are known. For example, the matrix
corresponding to a particle traveling through a region of length

L in which K=0 would be

1 L
MB =
0 1

For a region in which K>0,

cos (K1/2L) K-1/2sin(K1/20)
vEo= [~K1/2sin(K1/2L) cos (K1/2L) ]
and for KO,
cosh (1KI11/20) IKI-1/2sinh (IKI1/2L)
o= [IKI1/2sinh(IKE1/2L) cosh (IKI1/2L) ]

The matrix describing the motion of a particle after traversing a
series of magnetic elements is simply the product of the
corresponding matrices of the individual elements. Because
Hill’s Equation contains no first derivatives (i.e., the system
is nondissipative) the matrices M(s/sg) are unimodular,

The matrix corresponding to the motion between points s and
So in the beamline or accelerator may be expressed in terms of
the amplitude function f (and its slope) evaluated at the two
points. If the general solution

x = ABLl/2sin(¥(s) + 6)

is rewritten as

pl/2(Acosy + Bsing)

x
H
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then by differentiating and evaluating x and x’ at sg to find A

and B in terms of xo, x’0, Po, and ao (and defining $¥o = 0) the

matrix M(s/so) is found to be

5 1/2
—— ]| (cosy + asiny) (ﬂpo)1/2sin¢
Bo
l+aa (ao_a) A 1/2
- =5 siny + —————_cosy —] (cosy - a _siny)

(ﬁﬁo)l/Q (ppo)1/2 o

s _d
As previously, a w.-(df/ds)/2 and ¢ = . —ﬁ%gy

o

When M corresponds to a complete revolution about a cyclic
accelerator, f(s) = f(so), a(s) = a(sg), and
s + C
o ds =
¢ = I p(s) = 27,

S
<

Here, C is the circumference of the machine and v, the number of
oscillations undergone during a complete revolution, is referred
to as the "betatron frequency" or the "tune." The resulting

matrix for a complete revolution is thus

cos27v + a(s)sin2nv B(s)sin2nv
M(s+C/s) =

-7(s)sin2ry cos27v -~ a(s)sin2wv
where 7(s) = (1 + a2)/B. In compact form, the matrix for one
revolution may be written as

M(s+C/s) = Icos2mv + Jsin27v-

where I is the identity matrix and

o

o
][]
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The quantities a, f, and 94 are known as the Courant-Snyder
parameters.2 By computing the single-turn matrix for a particular
location s using the piecewise method and equating the result
with the form of the matrix M(s+C/s) above, values of the
Courant-Snyder parameters may be tabulated. The trace of the
single-turn matrix, Tr[M(s+C/s)] = 2cos27V provides a criterion
for stable oscillations about the synchrotron:
ITr[M]I S 2.

Values of the Courant-Snyder parameters at l[ocation s may be

computed given the values of the parameters at location sg and

the matrix M(s/sg). By noting that

M(s+C/s) = Icos2nv + J(s)sin27v,
M(soc+C/so) = Icos2av + J(sp)sin27wy,
and M(so+C/so) = M-1(s/so)M(s+C/s)M(s/so),
then J(so) = M-1l(s/so) J(s) M(s/so),
or

J(s) = M(s/so) J(so) M-1(s/so).

The points sg and s may correspond to two different points
within a particular cyclic accelerator. They may also correspond
to the extraction point of an accelerator and a point in the
beamline which transports the extracted beam. Since the
amplitude functions of the beamline must match those of the
injection point of the second accelerator, the matrix M for the
entire beamline must satisfy the equation

J(inj. pt.) = M J(extr., pt.)M-1
This condition must be met for both transverse degrees of

freedom.



44

As mentioned in Chapter II, particles of momentum p+Ap,
where p is the design momentum, will follow closed trajectories
about a synchrotron given by x(s) = D(s) (Ap/p). The motion of an
of f—momentum particle about the design trajectory may be written

as

x (s) a(s)xo + b(s)x’c + e(s)dp/p ,

x'(s) = c(8)xo + d(s)x’c + T(s)Ap/p
The coefficients a, b, ¢, and d are the same coefficients of the
corresponding 2x2 matrices described above. As an example, at
the exit point of a rectangular bending magnet of length L and

bend angle 8 = L/p (p = radius of curvature) the trajectory would
be

x (L) Xg + Lx’eg + (LO)Ap/p

x’(L) = x'o - 6 Ap/p.
Each of the quantities a, b, e, ¢, d, and f may be thought of as
a coefficient in a Taylor Series expansion in Ap/p about zero.
As long as terms of order (Ap/p)2 or higher may be neglected, as

is certainly the case for the Booster and Main Ring synchrotrons,

this representation is quite valid,

The piecewise method may once again be applied by writing

G -
x’ = c d f x’o
Ap/p 0 O 1) lAp/p

If M3x3 is the matrix for one complete revolution, then by
definition, the closed orbit of an off-momentum particle must

satisfy

X’co = C d T X,CO
Ap/p 0 0 1) lp/p

or, from the definition of the dispersion function, DExco/ (Ap/p),
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D

c(s+C/s) d(s+C/s) f(s+(/s) D’ (s) 353D

D(s) a(s+C/s) b{(s+C/s) e(s+(C/s) D(s)
.D_=[D’(s)]=[ ][ ]=M
0 0 1 1

1

Solving for D and D’,

o(e) = —S5CR—
' (2) = 5t EeE

Since D represents a trajectory, the dispersion function at
a point s "downstream" of a point s¢ is found by
D(s) = M3x3(s/so) D(so).
For the beamline joining two synchrotrons, the 3x3 matrix for
each transverse degree of freedom must satisfy
D(inj. pt.) = M3x3(beamline) D(extr. pt.)

in order to provide a proper match of the off-momentum orbits.

Using the above methods for computing the ideal trajectory,
the betatron amplitude functions, and the trajectories of off-
momentum particles about the ideal trajectory, a beamline system
which transports a particle beam from one synchrotron to another
may be designed which adheres to the 20 constraints menticned

earlier in this chapter. As a review, the constraints are

1)-12) X,Y,Z, and respective slopes must be matched at

the extraction and injection points

13)-16) - The horizontal and vertical 2x2 transport matrices

must satisfy:

Jx (1) = Mx(i/e) Ix(e)Mx=1(i/e)
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Jy (i) = My(i/e)Jdy(e)My-1(i/e)
where e = extraction point of first synchrotron
i = injection point of second synchrotron
(J matrices contain f’s and a’s)
17)-20) The horizontal and vertical 3x3 transport matrices
must satisfy:
Dx (i) = Mx(i/e) Dx(e)

Dy (i) = My(i/e) Dy(e)
(D contains D and D’)

Several computer codes are available to accelerator designers
which perform the calculations mentioned above. Some examples of
codes commonly used are TRANSPORT,3 SYNCH,4 and MAD.5 Most of
the design codes (including the three mentioned above) provide

routines which vary parameters of beamline elements to produce a

least squares fit of lattice functions to desired values.
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IV. The New 8 GeV Line

General Description

During a nine month period from October, 1985 to July, 1986
the Booster, Main Ring, and Tevatron accelerators were shut down
to allow for the construction of the Main Ring overpass at the
Col lider Detector Facility and the detector building at the DO
straight section. By the end of that period, 12 meonths after the
redesign had been initiated, a new 8 GeV beam transport system
between the Booster and Main Ring accelerators had been develop-
ed, constructed, installed and was ready for commissioning. The
author was in charge of all aspects of the project. A layout of
the final design is shown in Figure IV-1. No changes were made
to the Booster extraction system, which was described in Chapter
II. Rather than having a 1.6 mrad downward slope throughout most
of the beam|ine, the ideal trajectory leaving the second pulsed
septum magnet of the Booster extraction system remains parallel
to the floor. The first horizontal bend point in the beamline
(HB1) remained in its original position. (Beam may be steered
toward an already existing beam dump by switching on a set of
vertical bending magnets placed immediately upstream of HB1.)

Two vertical bending magnets (VB1 and VB2 in Figure IV-1) midway
through the beam!line direct the trajectory down to roughly the
Main Ring level and the beam is then injected horizontally., A
5.5 m thick cement wall was installed in the |ine to allow access
to either the Booster accelerator enclosure or the Main Ring

accelerator enclosure during the operation of the other machine.
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Figure IV-1

New 8 GeV Beamline Layout
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20

40 60 80 100 120 140 160 180
Y (meters)



50

The new focusing system contains 19 quadrupole lenses which
alternate in gradient throughout the line. The beamline may be
divided into three sections. The middle section, referred to as
the "Cells," contains 5 quadrupoles of equal but alternating
strengths and spaced equally apart. The betatron phase advance
between each of these elements is 45¢ for both the horizontal and
the vertical degrees of freedom. In front of the Cells, the
Booster Match section consists of 6 quadrupoles which are used to
match the amplitude and dispersion functions of the Booster to
those of the Cells. After the Cells, the Main Ring Match section
has 8 quadrupoles®which match the amplitude and dispersion
functions of the Cells to the Main Ring injection point.

Amplitude Functions

Figure IV-2 displays the resulting amplitude functions for
both the horizontal and vertical planes. The dramatic reduction
in the values of f§ throughout the line is immediately evident.
(c.f. Figure II-6.) Within the Cells, the value of § is the same
every other quadrupcle. This is typical of the periodic cell
structure found in synchrotrons. The value of fBpax in the cells
is roughly 30 meters. The largest value of § in the entire line
is 150 m and occurs just prior to the injection point. (The
value of Bmax within the cells of the Main Ring synchrotron is
100 m.) As expected, the sensitivity of the Main Ring match to
quadrupcle errors is reduced by the smaller values of §. Figure
IV-3 shows the dilution of the transverse emittance which would
be created by a quadrupole error of the same magnitude used in

Figure II-7.
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Dilution Factor

Figure TV-3
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Due to the requirements imposed upon them, the "matching"
quadrupoles have a variety of strengths. By having independent
control over each of these magnets, the matching of the amplitude
functions may be adjusted. Combinations of quadrupole gradients
have been developed which permit the adjustment of the values of
a particular lattice function (fy at the injection point, for
example) without disturbing the other lattice functions. An
example of one such combination is shown in Figure IV-4.

Dispersion Functions

0Of the twenty constraints discussed in Chapter II, the
matching of the vertical dispersion function at the end of the
beamline presented the most problems. Since all the elements of
the Booster synchrotron lie in the horizontal plane, the design
vertical dispersion function is zero throughout the accelerator.
A bending element which steers the trajectory of an ideal
particle of momentum p through an angle & wil! steer a particle
of momentum p+Ap through an angle 8+A8 where A8 = -6 (Ap/p).
Hence, the slope of the dispersion function will change by an
amount -6 when passing through a bending element. Thus, to
create a value of Dy = d meters in a beamline the beam trajectory
needs to be displaced by -d meters. A value of Dy = -.4 meters
at the beginning of the 8 GeV Line is generated by the vertical
extractign process. The value of the vertical dispersion
function (caused by the overpasses) of the Main Ring lattice at
the injection point is -1.4 meters. Hence, the new beamline

needed to produce ADy = -1 m,
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Figure IV-4
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This was achieved by switching the injection process into
the Main Ring from the vertical plane to the horizontal plane.
If the beam trajectory is not lowered until just before the
injection point, then the vertical bending elements would produce
AD ~ +.5 meter. Thus, the dispersion function just prior to
these vertical bends would need to be -2 meters and some type of
"dispersion creation™ section would need to be added somewhere in
the beginning of the line. By switching to horizontal injection,
the beam trajectory could be lowered .5 meters to roughly the
Main Ring level at any upstream point in the beamline. In
particular, if the beam is lowered at a point 180° in betatron
phase upstream of the injection point, then the positive
dispersion produced by this action will translate to a negative
dispersion at the end of the line. Also, since the values of the
amplitude functions through the line and at the injection point
are roughly 20 meters and 70 meters respectively, then the
resulting value of the dispersion function will be amplified by 2
factor of (70/20)1/2 ~ 2. With this scenario adopted, the
program SYNCH was used to determine the final positions for the
vertically bending magnets and the Main Ring Match quadrupole
magnets as well as the strengths for the Main Ring Match
quadrupocles which would simultaneously fit all the amp!itude
functions and dispersion functions to their desired values at the
injection point. The resulting dispersion functions are shown in
Figure IV-5.

The horizontal dispersion function through the Cells was

made to alternate from large to small values intentionally to
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Figure IV-5
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provide a method for performing useful beam measurements. The
value of the horizontal dispersion function at the extraction
point of the Booster is 1.8 meters. As shown in Figure I-1 the
Booster ring is located outside the circumference of the Main
Ring. If the x axis for the horizontal degree of freedom of the
8 GeV beamline is defined such that positive x denotes an
increased radial position at the Main Ring injection point, then
the value used for the horizontal dispersion function at the
extraction point of the Booster must be -1.8 meters. The Booster
Match quadrupcles plus the first bend center HB1 then modify Dy
so that at the entrance to the Cells, Dx = 4 meters and D’x = O
in the middie of the sixth quadrupcle. Because the phase advance
between each quadrupole is 452 throughout the Cells, Dy will
oscil late between 4 meters and O meters every other magnet while
the amplitude function remains at the same value of fpax = 27m at
every other magnet as seen in Figure IV-2 and Figure IV-5. By
obtaining measurements of horizontal beam profiles at alternating
Pmax locations through the Cells, the horizontal transverse
emittance may be determined as well as the momentum spread of the
extracted Booster beam.

As shown in Chapter III, the variance of a Gaussian shaped

beam of particles is related to the transverse emittance by

6102

A

If the distribution of momentum associated with the beam is also
assumed to be Gaussian with variance <(Ap/p)2> = 0p2, then the

total distribution of particles at location s, assuming no
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correlation between the momentum distribution and the beam
emittance, is given by

Py = —Bel L pPy) ap2
By measuring o at two locations where f and D are known, values
for € and ogp may be computed. Figure IV-8 displays curves of
constant € and constant gp for values of ¢ measured at the two
ideal locations described above. Rather than suppressing D as
was done with the old beamline, making D large through the Cells
creates an opportunity to perform more precise measurements of Op

in a very straightforward manner.

Magnets and Power Supply System

As was shown in Figure IV-1, the new 8 GeV Line contains
four primary horizontal bend centers and two primary vertical
bend centers. A Lambertson-style magnet, which has a strong
field region and a "field-free" region separated by a thin
septum, is used for the final! horizontal bend and is described in
more detail later in this chapter. The magnetic elements used
for the other five bend centers are ones used in the old
beamline. Bend centers HBl and HB2 contain two magnets each,
while bend centers VBl and VB2 have one magnet each. Each dipole
magnet is 60 in. in length, has an aperture of 5 in. x 1.4 in.
and has coils consisting of 40 turns of water cooled copper. The

bend angle 8 produced by a pure dipole field magnet is given by
8 = L/p = BL/(Bp) = poNIL/h(Bp)
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Figure IV-6

8 GeV Line Emittance Measurements
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where juo = permittivity of free space, I = current, N = number of
turns, L = length of the magnet, h = gap height (1.4 in. for the
magnets above), and Bp = magnetic rigidity = (IO/B)PGGV/C Tesla-m
= 29.63 Tesla-m for 8 GeV kinetic energy protons.

For the focusing elements of the new [ine, small aperture
quadrupole magnets originally designed for use in the Tevatron I
project antiproton storage rings were chosen.l These magnets
are 18 in. long, have a2 3.5 in. pole tip diameter, and have 132
turn coils of water cooled copper. The focal length f of a
quadrupole lens is found using

q = 1/f = B’L/(Bp) = 2ucNIL/D2(Bp)
where D is the pole tip diameter. The 19 quadrupole lenses
required for the beamline vary in strength from q = 0.05/m to a
maximum of g = 0.33/m. At about q = 0.25/m (B’ = 16 T/m) the
small| aperture quadrupoles begin to show signs of saturation.
Only one element, the fifth Main Ring Match lens, needed a
strength q 2 0.25/m and so two magnets powered in series are used
for this lens. Immediately after their construction, each of the
new quadrupoles were subjected to detailed magnetic measurements
of field vs. current, field harmonics, and hysteresis effects.

In addition to the primary bending and focusing elements,
seven position correction bending magnets also are provided.

Five of these magnets had been used in the old beamline and have
the principal parameters L = 30 in., h = 4 in.,, and N = 120. The
two additional correction dipoles again come from a Tevatron I
project design.2 These magnets, |like those used in the

antiproton debuncher ring, have L = 26 in., h = 5.6 in., and
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N = 400. As correction devices, these magnets are used to
counteract undesired steering produced by magnet misalignments
and field imperfections as well as to allow fine adjustments to
the injection trajectory leading intoe the Main Ring synchrotron.
The maximum deflections expected to be produced by these magnets
are |less than three percent of those of the major bending
elements.

Current for all elements mentioned above is produced via
standard commercially available power supplies which are
distributed among five already existing power supply galleries.
These gatleries dre located above ground roughly 100 ft from the
beamline. All devices are operated DC. The five quadrupole
magnets in the Cells are powered by a single supply. Since the
bend centers HBl and HB2 steer the trajectory through equal and
opposite angles, the magnets at these bend centers are powered by
a single bulk supply as well. The same holds true for bend
centers VBl and VB2. To provide position correction capabilities
at each of these bend centers, a trim power supply has been added
to each one. The remaining magnetic elements within the beamline
are independently powered. Table IV-1 lists each element of the

beamline, its strength, and its required current and voltage.

Injection System

The solution to the vertical dispersion function match
necessitated lowering the beam trajectory to roughly the Main
Ring level 300 ft upstream of the injection point. The beam then
had to be steered horizontally onto the the Main Ring horizontal

closed orbit. From past experience of using a pulsed septum



Element B(T)

VTl .151
HT1 .0585
QB1

B2

B3

QB4

QBS

HB1la .998
HB1lb . 998
0B6

VT2 .0684
QD

QF

QD

HT2 .0585
QF

vBl .783
QD

QM1

vB2 .783
QM2

HB2a .998
HB2b .998
QM3

QM4

VT3 .0684
QM5a

QM5b

QMme

QM7

Qms

HB3 .1105
VT3 .0795
VT4 .0585
LAMB .4545
In Main Ring :
VBMP1 .16
VBMP2 .16
VBMP3 .16
VBMP4 .16

Table IV-1

8 GeV LINE MAGNETIC ELEMENTS

B’ (T/m) I (Amps) V{(Volts-Supply)

7.5 10
25 10
-16.0000 408.055 13
15.0817 378.409 12
-2.9243 65,222 3
6.9093 160.213 5
-13.0297 319.555 10
755 145
755 145
13.6697 336.603 11
20 15

-11.7091 286.056 45 (a)

11.7081 286.056 45 (=2)

~11.7091 286.056 45 (a)
' 25 10

11.7091 286.056 45 (a)
bg2 72

-11.7091 286.0586 45 (a)
5.4217 131.6 4

592 72(b)

-5.6899 148.2 4 (b)

755 145 (c)

755 145 (c)
15.5471 396.9 12
-14.1227 348.2 11
20 15

11.0694 267.3 18 (d)

11.0694 267.3 18 (d)
-6.8355 175.2 5
10.1631 248.1 8
-5.3977 129¢.3 4
840 40
25 15
25 10
930 45

260 26 (&)

260 26 (&)

260 26 (e)

260 26 (e)

-- QD’s and QF’s are powered in series.

-- VBl and VB2 are powered in series.
HBl1a, HB1lb, HB2a, and HB2b are powered in series.

-- QM5a and QM5b are powered in series.
-~ VBMP1, VBMP2, VBMP3, VBMP4 are powered in series.
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magnet to deliver the final major bend angle, as described in
Chapter II, a Lambertson-style magnet was chosen which could
operate DC. The Lambertson magnet (See Figure IV-7.) provides a
field region of .46 Tesla to produce the 35 mrad final horizontal
bend. The ideal trajectory leaving the Lambertson then has the
proper horizontal position and slope yet is positioned 30 mm
above the Main Ring closed orbit (which passes through the
"field-free" region of the magnet). Using the last two vertical
position correction magnets immediately upstream of the
lLambertson, this displacement of 30 mm may be maintained while a
downward slope of ‘0.7 mrad is produced. The beam will then
arrive with zero vertical displacement at the same pulsed kicker
magnets which were present in the old injection system. These
pulsed magnets complete the injection process by cancelling the
downward slope, placing the beam onto the proper vertical closed
orbit.

Also included in the injection system are four dipole
magnets which reside in the Main Ring long straight section, two
on either side of the Lambertson magnet. (See Figure IV-7.)
These four magnets, powered in series, provide a local vertical
displacement of the Main Ring closed orbit of 30 mm. Without the
orbit bump the incoming beam would be 60 mm above the Main Ring
closed orbit and the kicker magnets would have to deliver twice
their present amount of kick, beyond their capabilities. The
original magnet choice for the orbit bump created severe problems
during the commissioning phase of the project. These

difficulties are discussed in Chapter VI. The final magnets
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Figure IV-7

New Main Ring Injection Region Layout
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chosen for the orbit bump are those which had been used in the
Fermilab Electron Cooling project.3 These magnets have 40
turns, apertures of 3 in. x 12 in., and lengths of 48 in.

The four bump magnets also allow for the fine adjustment of
the 8 GeV vertical closed orbit through the field-free region of
the Lambertson. The magnets are run DC and as the energy of the
beam increases, the effectiveness of the bump magnets decreases.
Thus, the beam moves away from the "notch" of the magnet’s field-
free region (See Figure IV-8.) automatically as the beam is
accelerated.

The Lambertson magnet (L = 80 in., h = 1.85 in., N = 18) has
a large 4 in. x 4 in. asymmetric field-free region as shown in
Figure IV-8. The Main Ring injection region is located directly
above the Tevatron fixed target extraction region. During
colliding beams operation, 150 GeV test beams could conceivably
be extracted from the Main Ring and sent to the fixed target
experiments. The asymmetric region allows room for the possible
trajectory of Main Ring extracted beam in case this process is
called for in the future. The actual field in the the "field-
free" region is on the order of 5 Gauss or less and produces a
measurable, but easily correctable, distortion of the Main Ring
orbit at 8 GeV. Detailed magnetic field calculations and
magnetic measurements were performed on this magnet, the results
of which are presented in the Appendix.

Diagnostics

Several improvements were made to the diagnostics system for

the 8 GeV Line. New electronics were added to the beam profile
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Figure IV-8
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monitoring equipment to allow the data to be quickly processed
and easily accessed by the accelerator controls system. New beam
position and beam loss monitors were also added to the beamline.
The separate systems are described below.

Beam Profile Monitor System

The purpose of the beam profile monitors is to allow for the
investigation of problems during the commissioning of the
beamline, to provide a method for measuring the transverse
emittances and momentum spread of the beam arriving from the
Booster synchrotron, and to provide a method for determining the
degree of mismatcH* of the amplitude functions at the injection
peoint of the Main Ring synchrotron. Six profile monitors are
located directly in front of each of the quadrupole magnets
within the Cells for emittance measurements. Eight monitors are
located within the Main Ring lattice to be used for matching
measurements. Another five monitors are located in the Booster
Match section (3) and the Main Ring Match section (2) for the
diagnosis of problems. A l|last monitor was placed in the beamline
leading to the Booster beam dump.

Each of the 20 profile monitors4 consists of two planes
(horizontal and vertical) of 24 wires which may be inserted into
the beam path one plane at a time. The wires of the monitors
within the beaml|line are one millimeter apart, the 95% beam width
being roughly 10 mm within the Cells. For the monitors located
within the Main Ring, where the 95% beam width is 20 mm, the wire
spacing is that of the original profile monitor system, 3 mm in

the horizontal plane and 1.5 mm in the vertical plane.
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All wire planes are made of .05 mm diameter nickel strands
which, when spaced 1 mm apart, yield a 5% coverage of the entire
wire plane. The rms scattering angle projected to one plane due

to multiple coulomb scattering is given by

0

rms

15 mrad thickness
(pp)GeV/c radiation length

whereas the rms beam angle is

= £
O eam = ] 670

For typical 8 GeV Line parameters f§ = 20 m and € = 1.5 # mm-mrad,

and so fbeam = .11 mrad. For nicke! wires of thickness .05 mm,
Orms = .07 mrad. Though these numbers are comparable, only a few
percent of the beam particles will pass through the wires. In

comparison, the nickel foils used in many of the profile monitors
of the old beamline were .025 mm thick (yielding frms = .03 mrad)
and 1.6 mm wide with 3.2 mm spacing. Thus, over 50% of the beam
passed through the foils of the monitor.

A new microprocessor based system® was developed for
gathering and analyzing the profile monitor data. The wire
planes may be inserted into the beam path from an applications
program on the accelerator controls system and data from all
monitors may be processed simultaneously. When in the beam path,
the microprocessor automatically computes the mean and variance
of the particle distribution as well as a goodness of fit
compared to the normal distribution. Figure IV-9 shows a typical

display of wire data from one of the wire chambers in the new
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Typical Beam Profile Meonitor Output
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line. The data may be read and the computations performed at a
15 Hz rate, which permits the analysis of beam from all Booster
synchrotron cycles. The computed values are automatically
updated in the accelerator controls system data base and may be
plotted in real time from a computer console or stored for future
analysis.

Beam Position Monitor System

Noninteracting beam position monitors (BPM’s) are also
distributed throughout the new 8 GeV Line. The BPM’s are
cylindrical stripline detectors similar to those used in the
Tevatron accelerator.6 For the 8 GeV LLine each BPM contains
four 50 ohm striplines 6 in. in length spaced 900 apart. FEach of
the striplines subtends an arc of 602 and the inside diameter of
the detector is 4.5 inches.

If the beam is treated as an infinitely long line charge
displaced x mm from the center of the detector, since the
potential along the arcs of the striplines is a constant the
negative image charge would be located a distance R2/x mm from
the center of the detector, where R is the radius of the detector
in mm. The ratio of the charge density found on one stripline
(A) to that found on the other stripl/ine (B) would then be

A/B = (R+x)2/(R-x)2
which yields, to first order in x/R,
x ~ (R/4) In(A/B)
Measurements performed on these instruments show that this is
indeed the case and the BPM’s have been calibrated to provide
position information via the accelerator controls system to

within 20.2 mm near the center of the detector.
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The output of the position detectors is processed through
standard Tevatron-style BPM electronics? with positions being
cbtainable from existing accelerator controls system software, as
displayed in Figure IV-10. Though each detector has striplines
for detecting both horizontal and vertical positions, not all
detectors are used for both planes. A total of 12 horizontal and
12 vertical sets of striplines are monitored. Throughout most of
the beamline only the striplines in the plane where the beam is
large (locations of fpax in the Cells, for instance) are used. At
the injection and extraction regions, both horizontal and
vertical signals from several BPM’s allow precise measurements of
the beam trajectories at these points.

Beam lLoss Menitors

Primarily for use during commissioning and for the diagnosis
of problems, 12 beam loss monitors (BLM’s) have been mounted on
the beampipe throughout the beamline typically near the most
narrow aperture restrictions. As with the BPM’s, the BLM
hardware and electronics has been adopted from the Tevatron
project.8 The loss monitors are cylindrical ion chambers of
radius 3 cm containing an effective volume of .11 liter of argon
gas at a pressure of about 1 atm. Given dE/dx = 1.3 keV/cm for
argon gas at 1 atm, a dose of one Rad would correspond to roughly
2 x 109 particles passing through the detector. Operated at
2.5 kV, the detector calibration is roughly 7 x 10-8 Coulombs per
Rad and is nearly |inear to 100 Rads instantaneous dose.9 The
signal from each BLM is fed into a separate integrating

logarithmic amplifier the output of which is fed into an analog
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Typical Beam Position Monitor Output
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to digital converter. The signals are then read by the
accelerator controls system and may be plotted in real time from
a console applications program.

Beam Intensity Monitors

To complete the |list of diagnostics equipment, one more type
of monitor must be mentioned. At the beginning of the beam!ine
Just in front of the second pulised septum magnet and at the end
of the |line near the entrance of the injection Lambertson, an
induction toroid (current transformer) is used to detect the
total beam intensity passing through these two regions. The
toroids are placed near ceramic gaps in the beamtube which stop
the flow of image charges that would otherwise mask the signal
generated by the beam. The signals are integrated and sampled by
the accelerator controls system. The two beam intensity monitors
(BIM’s) have been simultanecusly cross-calibrated with a single
current source. Hence, beam signals may be converted to yield
the number of protons entering and leaving the beamline,
providing a measure of the overall efficiency of the beam

transfer.

Beam Position Correction System

Due to unavoidable magnet field and alignment errors, as
well as entry and exit steering errors, a beam position
correction system must be included in the design of any beamline.
Fine adjustments may be made to the bend strengths of the major
bending elements of the beamline, but usually the number of major

bends is too few or their locations are inappropriate to provide



74

proper steering for the correction of the trajectory through all
aperture restrictions. In the 8 GeV Line, the beampipe between
magnetic elements has an aperture of 4 in. (102 mm). However,
the major dipole magnets have gap heights of only 1.4 in. (35
mm). Since the width of the beam may be on the order of 10 mm,
distortions of the trajectory of greater than ~10 mm must be
avoided in these regions.

As described in Chapter III, a steering error A8 = B8osing
can result from a misaligned dipole magnet. More significant are
errors produced by the transverse misalignment of a quadrupole
magnet. Since the field in a quadrupcle magnet along one
transverse degree of freedom is inen by By = B’x, then a
quadrupole displaced a distance d from the ideal trajectory along
the transverse direction will produce a steering error given by

A6 = ByL/(Bp) = B’Ld/(Bp) = (B’L./Bp)d = d/f
where f is the focal length of the quadrupcle. 1In either case,
the resulting displacement of a particle downstream of the
steering error will be

Ax(s) = A0o(f(so)f(s))1/2 sin(P(s) - #(so))
as can be seen by letting the general transport matrix M(s/so)
described in Chapter III operate on the vector (x,x’) = (0,A8p).
With typical values of § = 20 m, and a typical quadrupole focal
length of 10 m, a single quadrupole magnet displaced by 1 mm
would generate a maximum distortion of the trajectory of 2 mm
downstream of the error. With 20 quadrupole magnets in the line,

the effects of alignment errors can add up quickly.
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To determine where to place additional position correction
dipole magnets, a program was written by the author to simulate a
misaligned 8 GeV Line. The program assigns a quadrupole
placement error for each quadrupcle in the beamline from a normal
distribution with standard deviation drpms. The equivalent
steering error is then computed for each quadrupole. An initial
trajectory (also obtained from a normal distribution) xgo, x’c is
then tracked through the elements and the displacement at the end
of each element is found. Steering elements, whose locations are
designated by the user, are then used to minimize the beam
positions through a section of the beamline. The resulting
distribution of beam positions after correction, its rms value
and its maximum value are all stored for future analysis. The
corresponding distribution of corrector strengths is also stored.
The entire process is repeated with a new set of quadrupole
errors as many times as desired by the user.

In the program, the strength of an individual corrector is
obtained using a2 least squares method to minimize the
displacements downstream of the corrector. The set of N measured
positions is designated by {xi}. The corrector is to produce a
set of displacements {Axi}, where

bxi = 8o(Pofi)l/2sinyoi
such that the quantity M = Z(xj + Axj)2 is minimized. The sum is

taken over the N locations. The resulting corrector strength is
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The distribution of maximum beam displacements generated by
misaligned quadrupoles (using drms = 1 mm for each plane) when no
correction is performed is shown in Figure IV-11. The seven trim
elements are then used in conjunction with the major bending
elements to correct the displacements in each of the 2000 trials
using the algorithm described above. Each corrector minimized
the positions at the ends of the magnetic elements between itself
and the next corrector. The resulting distribution of maximum
displacements after correction is shown in Figure IV-12.

To improve the positions through the beamline for the 2000
trials, the average correction element strength was 0.1 mrad.

The distribution of maximum corrector strengths is shown in
Figure IV-13. Less than one percent of the trials had corrector
strengths greater than 1.5 mrad. This was the number used for
specifying the correction magnets and their power supplies which
were described earlier in this chapter. Several variations of
corrector placement were studied before the satisfactory results
quoted above were produced.

Vacuum and Water Systems

The major vacuum and water systems of the Main Ring and
Booster synchrotrons are used to handle the needs of the 8 GeV
Line. The "dividing line" between the twoc synchrotrons is the 18
ft radiation shielding wall midway through the new beamline. DOn
the Booster side of the wall, magnets receive cooling water from
the Booster water system. On the Main Ring side, water is
delivered from the Main Ring system. No strain is put upon

either system from the loads of the 8 GeV Line.



Frequency

77

Figure IV-11

Distribution of Maximum Displacements
(For 2000 Trials with dws = 1.0 mm)
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Figure IV-13

Distribution of Correction Element Maxima
(For 2000 Trials with dm = 1.0 mm)
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Standard vacuum roughing stations in the two synchrotrons
near the Booster extraction and Main Ring injection points pump
down the entire line to a pressure of about 10-3 torr.
Distributed throughout the beamline, 15 ion pumps are used to
reduce the pressure to 10-6 torr. A vacuum valve is located on
the Main Ring side of the shieiding wall and can be used to
isolate the two vacuum systems. Cold cathode gauges are located
periodically through the line to monitor the pressure. All pumps
and valves may be controlled remotely.

Budget and Schedule

A final schedule for completion and cost estimate of the
entire project are presented in Tables IV-2 and IV-3. Salaries
of Fermilab employees who participated in the project are not
included., The bulk of the funds for the 8 GeV Line project was

provided by the Tevatron I Project.
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Table IV-3

8 GeV Line Project Budget

Magnets --

Tev I SQA’s 200 $20K
Dipoles

Trim Dipoles
Stands/Supports

Power Supplies --

Quads

Dipoles

Trim Dipoles
Contrels/Monitoring
Cabling, etc.

Elec. Installation

Controls/Diagnostics --

Misc.

BPM’s

Multiwires

Loss Monitors
Intensity Monitors
System Conversion

Labor --

Instal | water |ines
Instal | Magnet stands
Instal | Magnets

B LN HARL O

- R- K-

£398K

~0
$ 33K
¥ 25K

66K

12K
20K
32K
30K

10K
31K
4K

20K

25K
10K
15K

Sub-Total :

Sub-Total:

Sub-Total :

Sub-Total :

Grand-Total :

$456K

$160K

$ 65K

$ 50K

$731K
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V. Injection Mismatch and Phase Space Dilution

Introduction teo the Problem

In Chapter III, a list of 20 constraints put forth upon a
beam! ine connecting twe synchrotrons was presented. These
constraints may be grouped into three categories: matching of
the ideal beam trajectory, matching of the dispersion functions,
and matching of the amplitude functions. The degree to which
deviations from an ideal match affect the transverse phase space
emittances is the subject of this chapter,

Given a particle with an initial coordinate in phase space,
the resulting time average distribution in the transverse
coordinate may be obtained for that particle. Using this result
an expression for the final distribution of many particles, given
their initial distribution, may be found. The area in phase
space which will contain 95% of an incoming distribution after
dilution may be computed as well. Initial distributions
generated by various forms of mismatch may then be inserted into
these expressions to yield resulting time average distributions
and emittance dilution factors for the particle beam. This
process is performed for the three types of mismatch described
above and, through a set of simple statistical arguments, general
expressions for the variances of these distributions are derived.

Time Average Distribution of a Single Particle

If the transverse motion in one degree of freedom of 2
single particle is observed at a particular longitudinal location
s in a synchrotron, the solution to Hill’s Equation yields a

trajectory of the particle in transverse phase space given by
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x2 + (fx’ + ax)2 = pA?
where A is a constant determined by the initial conditions xg and
x’es. The quantities § and a = -f°/2 are characteristic functions
of the ring. If now a new phase space variable ¢ = fx’ + ax is
defined, then the trajectory may be written as
x2 + ¢2 = a2

which is the equation of a circle in x-¢ space with radius a =
(F)1/2A. The quantity a is referred to as the amplitude of the
oscillation. Both ¢ and a have units of length.

A particle enters the accelerator and upon its first passage

through point s the particle has phase space coordinates (xo,<o) .

Upon subsequent revolutions about the machine, the particle wil)

reappear at point s with phase space coordinates (x,<) which lie
on a circle of radius a = (xo2 + ¢02)1/2., The exact location on
the circle after each revolution will depend upon the phase

advance of the betatron oscillation for one complete revolution.

This phase advance may depend upon the amplitude a. (In fact, in
a real synchrotron, the phase advance undoubtedly wil! depend
upcn amplitude due to nonlinear field imperfections within the
machine.) However, over a long period of time, the probability
of finding the particle at a specific transverse displacement x
may be computed. If the quantities x and ¢ are parameterized by
the relationships

X = a coswt, ¢ = a sinwt,
then the phase space distribution of the particle will be given
by

f(x,¢,t) dx d¢ = &(x-acoswt) §(¢-asinwt) dx d¢
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where &(u) is the Dirac delta function. Integrating over ¢
yields

g(x,t) dx = &{(x - a coswt) dx
To find the time average distribution in x, g(x,t) is integrated

over a cycle of period 7 = 27/w yielding

T/2 a d
2 2 .
na(x)dx = dx T Jﬁ(x~acoswt)dt = dx p Jﬁ(x—u)

o aw[1- (u/2) %1 1/2

or,
1 dx

n_(x) dx =
@ Ta

Jl - (x/a)z‘

So, given the initial condition in transverse phase space
(xo0,x’0), over a long period of time the probability of finding
the particle between x and x+dx is na(x)dx.

Time Average Distribution Given an Initial Distribution of

Many Particles

Given an initial distribution of particles ng(x,¢)dxdg
within the synchrotron at location s, then the resulting time
average distribution of the particles may be found. By
converting x and ¢ to polar coordinates, the number of particles

which are located within a circle of radius a is given by

2 a
f(a) = j J no(r,e) r dr d@
0 0
and the number of particles between two circles of radii 2 and
a+da is

27
8tL2) 4, da J n_(a,8) a do
a [e)
0
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Thus, the contribution of a particular ring of radius a and

thickness da to the resulting time average distribution in x is

27
1 dx da
na(x) dx = = no(a,a) dg
m Il - (x/a) 0
Upon adding up all contributions due to all pertinent rings

(i.e., a 2 Ixl), the resulting time average distribution in x

will be

dx no(a,e)
n(x) dx = — dé da

n jl —(x/a)2'
x| ¢

Using the above equation, the resulting time average

distribution of particles in one transverse degree of freedom may
be computed given the initial distribution of particles delivered
by the beamline. A perfect match of the beamline to the
synchrotron would produce a resulting time average distribution
of n(x) = fno(x,¢)ds.

Emittance Dilution

The emittance € has been defined as the area in transverse

x-x’ phase space which contains 95% of the particles. The
differential element of area in x-¢ phase space is simply

dx d¢ = f dx dx’.
Thus, the area in x-¢ phase space which contains 95% of the
particles is fe.
This area may be found by determining the value of ags which

satisfies the equation
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2T

%g5
f(ags) = j J no(r,e) rdr dé8 = 0.95 N
4] 0

where N is the number of particles in the beam. If the incoming
distribution is Gaussian in x with variance 052 and is perfectly
matched to the synchrotron, the resulting distribution will also
be Gaussian with variance ¢o2. The area in x-¢ phase space which
contains 85% of the particles will be mags2 = feg = 67002. If
the incoming distribution is not perfectly matched to the
synchrotron, then the resulting time average distribution in x
will be broader than the incoming distribution and the value of

ag5 will be greater than (6002)1/2. Thus, the effective area in

phase space which the beam will occupy increases by a factor of
2 2
Fo. P L _Mes o5
B Pe éro 2 B 60 2
o o o

due to a mismatch. F is referred to as the dilution factor.

Simplifying Assumptions and Units

Different sources of mismatch will produce different initial
distributions ng and hence will result in different final
distributions and dilution factors. Before investigating three
of these sources, some simplifying assumptions are made and units
are defined which are used throughout the discussions.

All quantities associated with the beamline are denoted by a
subscript "1" and those of the synchrotron are denoted by a
subscript "2." For example, if s represents the injection point
or some other point within the synchrotron "downstream" of the
injection point, then f2(s) would be the value of the natural

amp | itude function of the machine at that point and P1(s) would
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be the value of the amplitude function at that point as delivered
by the beamline., The distribution of particles at point s is

considered to be Gaussian in x1-¢1 space and may be written as

2 2 2
N '[xl * S ]/2“1
e
n(xl,gl) dx1 dgl = dxl dgl

21012

Amplitudes of particle motion in phase space are assumed not to

vary with time so that the techniques described in the last two
sections may be applied to determine the resulting particle
distributions.1

Because the resulting trajectory of a particle in xX2-¢2
phase space is a circle, the resulting time average particle
distribution in phase space will always be symmetric about the
origin. For the cases of Gaussian beams which are studied, the
x2-¢2 axes may be rotated through an angle 6 to make the original
distribution no(x2,$2) symmetric about the x2 axis. For example,
if both the position and slope of the incoming trajectory are
mismatched by the amounts Ax and Ax’ respectively, the axes may
be rotated and the problem treated as though only the position
was mismatched by an amount Axeq. As shown in Figure V-1, the
values of F computed with the axes rotated or not rotated will be
the same. This technique reduces the number of types of mismatch
to be investigated by a factor of two.

To simplify the problem, all lengths (x, ¢, a) are written
in units of the standard deviation of the perfectly matched bean.
That is, 020 = (€0f2/67)1/2 = 05 = 1. The quantity €o is the

transverse emittance delivered by the beamline. Similarly, all



Figure V-1

Determination of Equivalent Mismatch

Through Rotation of Phase Space Axes
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amplitude functions are written in units of the natural amplitude
function of the synchrotron 82 = fo = 1. In addition, the
particle distribution is normalized to one particle, i.e., N = 1.

Injection Position Mismatch

For the case of a mismatch of the ideal trajectory, the
amplitude functions and dispersion functions delivered by the
beamline -are assumed to be matched to the synchrotron: pf1 = po,
a1 = a2, D1 = D2, and D’1 = D’2. If Ax and Ax’ are the errors in
the incoming position and slope for one transverse degree of
freedom of the beamline’s ideal trajectory, then

x2 = x1 + Ax and x’9 = x’1 + Ax?
which implies
$2 =61 + A¢ .
The x2-¢2 axes may be rotated through an angle 6 given by
tanf = A¢/Ax
so that the problem is equivalent to one in which the incoming
distribution is displaced only in position by an amount
Axeq = (Ax2 + (BAx’ + aAx)2)1/2
From now on, Ax will be used to represent Axeq.

Since the amplitude functions are assumed to be matched, o1

H

= 02 = O¢ 1 and the incoming distribution may be written as

[ 202 $,2] /2
-]
Ny (x5,$5) dxy dg, = o dx, dg,

Using nx(x)dx to denote the final time average distribution due
to a position mismatch, dropping the subscript "2" for the

moment,
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+0 2
[32+ Ax2— 2ancosB]

NI=

dx e
nx(x) dx = df da

22 11 —(x/a)2

I x| 0

or, reducing the expression to a single integral,

400
o -lalAxl|
dx ~(a=1Ax1)“/2 e Io(an)
e : da
T Jl —(X/a)2

I x|

where Is(z) is the modified Besse! function of order zero.2 The

nx(x) dx =

- dilution factor Fx.for a particular position error Ax is found

from
Fx = agg2/6
where ags satisfies
21 agg . —(P+ax®-2rAxcost) /2
fx(ag5) = on © r dr dé

0 ¢)

%95 ~(r-18x1)2/2 ( -1rhAxl
J e [e Io(rAx)] rdr = 0.95

0

As a check, notice that for Ax = 0, the expressions for ny (x)dx

and fx reduce to

1 - x°/2
nx(x) dx = ——- e dx
I 2n
and,
—a§5/2
flagg) = 1 -6 = 0.95
which implies
ags = 6 and thus Fx = 1 , as expected.
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Numerical integration of the expressions for ny and fy
yields the results displayed in Figures V-2 and V-3. If the
injected beam is displaced by more than about twice the standard
deviation of the initial particle distribution, the resulting
time average distribution exhibits a "double hump" appearance.
Up to this point, the variance of the resulting distribution is
equal to the dilution factor, to within a few percent. For Ax
greater than about 20, the variance is greater than Fx. An
explicit relationship between the variance of the distribution
and the position error Ax is derived later in this chapter.

Dispersion Function Mismatch

For this discussion the ideal trajectory and the ampiitude
functions of the beaml|ine are assumed to be matched to those of
the synchrotron: f1 = f2, a1 = a2, x2 = x1 = x, and x’9 = x’1.
For a particle of momentum p+Ap, where p is the ideal momentum,
the equilibrium orbit within the synchrotron is given by (x2,x’2)
= (DAp/p,D’Ap/p), where D is the dispersion function of the
accelerator. The distribution of momenta Ap/p is assumed to be

Gaussian with 2 mean of zero and a variance ap2. The quantity &
is defined by
Ap/p = opb.

Thus, for a particular momentum, the ideal trajectory within the
synchrotron is located at the phase space point

(x2,82) = (Dopd,Acpd) where A = gD’+aD
The displacement of the trajectory of a particle of momentum
p+dpd about its respective ideal orbit may be written in terms of

§ = x2 - Dopd  and 9 = ¢ - Aopd.
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Dilution Factor

Figure V-3
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Because a mismatch of the dispersion function may be thought of
as a steering error for off-momentum particles, the results of
the last section may be used. The dispersion function delivered
by the beamline, and its slope, may be written as

Do = D1 + AD, and D’2 = D’1 + AD’.
As before, an equivalent mismatch of the dispersion function
alone may be defined, namely

ADeq = (AD2 + (SAD’ + aAD)2)1/2
From now on, AD is used to represent ADeq. Using these
definitions, the resulting time average distribution of particles
of momentum p+opd due to a mismatch of the dispersion function by

an amount AD is

0 —laAgl
d¢ —(a-1AE1)</2 e I_(2hf)
ng(€) d§ = e — da
. l1 —(g/2)?
L€

where Af = ADopd. 1In the above equation, the distribution is

normalized to the number of particles with momentum p+opd. By
integrating over the entire momentum distribution, the resulting

time average distribution in x is found to be

+00
2
nD(x)dx = dx Jna(x)——l—~e-6 /2 dé
-0 2”
+00 400
0 o ~laADo 61
dx -5/2 -(a-lADo 51)°/2 e P I_(ahDo_5)
= e e e P__ da d5.
213 x-Do & 12
1 - _p
~» * 1x-Do 5| .

Here, D = D2 is the dispersion function of the synchrotron.
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The phase space dilution factor is given by Fp = ag52/6

where
a +0
1 9 _8%2/2 _(r-18Ds 8)2/2 | -I1rADo 5|
o e P e P I_(rADo_5) |rd&dr
{2x p
0 —00

= 0.95

Once again, for AD = 0, 2ags2 = 6 and Fp = 1. Also, for AD = O,

the distribution np becomes

1 - x2/2(14D?
nD(x) dx = e

J 21(1+D2ap2)

2
o
o )

dx

which is a Gaussian distribution with variance 02 = 1 + D20p2.
(Note that 1 = 002 = €cf0/67.) As mentioned in Chapter IV, the
variance of the beam distribution at a location in the beamline
or synchrotron where the dispersion function is nonzero is given
by 02 = ot2 + D20p2 where ot is due to the transverse emittance
alone. The result of a dispersion function mismatch is to
increase the transverse emittance and hence increase ot. By
studying the resulting time average distribution at a location in
the accelerator where D = 0, the variance of the distribution at
a location where D is nonzero will be given by D20p2 + the
variance of np(D=0).

Figure V-4 shows the distribution np(D=0) for severa! values
of dispersion mismatch. The dilution factor due to a dispersion
mismatch is displayed in Figure V-5. The severity of the
emittance dilution depends upon both AD and Op as it must. If

all of the particles are of the exact same momentum, the beam
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Figure V-5
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size would not increase no matter how large a value for AD is
obtained. Likewise, any small deviation from the ideal
dispersion function significantly affects the emittance of a beam
which has a large enough momentum spread. Even for values of
ADop as large as 1.5, the variance of the resulting time average
distribution provides a good estimate of the dilution factor Fp.
To remind the reader, the quantities Ax and ADop used in
these discussions are in units of 0o = (€0fo/6m)1/2 of the
ideally matched beam. Thus, for a beam that is inherently large
upon entrance to the synchrotron, the effects of mismatches due
to steering and dispersion function errors actually may be small.

Amplitude Function Mismatch

For this case, the ideal trajectory as well as the
dispersion functions of the beamline are assumed to be matched to
the synchrotron: x1 = x2 = x, x’1 = x’2 = x>, D1 = D2, and D’1 =
D’2. Since ¢1 = a1x + fx’ and ¢2 = a2x + x> (§ = P1 in units of
Po, and P2 = fo = 1), then x1 and ¢1 may be written in terms of
x2 and <o:

X1 = x2 ;

S1 = (a1 - fa2)x2 + fg2
The equation of a particle trajectory in terms of the beamline
phase space coordinates is

x12 + ¢12 = pA2
which, in terms of the synchrotron system, will be

x22 + [ (a1 - Pa2)x2 + Pgo ]2 = pA2

[ 1+ (a1 - Pa2)2 Jx22 + 2f(a1 - Pa2)x2so + 2602 = pA2
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which is the equation of an ellipse. Thus, the incoming particle
distribution resulting from a mismatch of the amplitude function
and its slope will have the appearance depicted in Figure V-6.

To make the distribution symmetric about the x-axis, the xo-

¢2 coordinate system may be rotated through an angle 8 given by
Zﬁ(al - ﬁa2)

1 + (a1 - ﬂa2)2 - ﬁ2

Using w = a1 - Pa2, the axes of the ellipse are of lengths

tan28 =

1/2 1/2

p A® p A?

m1=

] l'ﬂ2=

cos?0(1 + (w+prans)?) sin®0(1 + (w-peot)?)

If the beamline and synchrotron are perfectly matched, then § + 1
and a1 * a2 which implies mp1 = m2 = A, (6 cannot be determined.)
The special case where 8 # 1 and a1 = a2 = 0 corresponds to 8 = 0
and m1 = (PA2)1/2, mo = (A2/8)1/2. Therefore the calculation of
the dilution factor and time average particle distribution
resulting from a mismatch of the amplitude function and its slope
can be reduced to the problem of a mismatch of an "equivalent"
amplitude function at a point where its slope is zero. The

equivalent amplitude function may thus be defined by

g
peq = 2 2
cos 9[1 + [(al—ﬂa2) + Ptand] ]
For the remainder of this discussion, f is used to represent feq.

The initial distribution of particles delivered by the

beamline due to a mismatch of the equivalent amplitude function
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Figure V-6

Example of Initial Particle Distribution

Resulting From Amplitude Function Mismatch
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may now be obtained. Since the particle distribution in x1-~-<1

phase space is

2 2 2
N ”[xl *t Sy ]/201
e

n(xl,gl) dxl dgl = ; dx1 dgl ,

Qﬂal

then using the fact that dxid¢i = fdxodge along with
€o = 6w012/ﬁ = 6102 ,
and ¢1 = g2 (because a1 = a2 = 0 in the "equivalent" mismatch
case), the particle distribution in x2-¢2 phase space is
2 2.2
_[x2 +ﬁ§2 ]/2p

e

no(x2’§2) dx, dg, = B dx, dg,
2np

or, rewritten with subscripts suppressed,

[ .- x2/2ﬂ][ -~ 55272
J27p {2n/6

Upon transforming to polar coordinates, the integral!l for the

no(x,g) dx d¢ = ] dx dg .

resulting time average distribution due to an amplitude function

mismatch becomes

2
% 2 - ; [00529 + p2sin29]
dx e
np(x) dx = . df da
212 Jl —(x/a)2
Ix| 0
or,
+ _[_af _Ef:l] o o
dx o e - 4 B/ [_au _E_:;]
- 20 ol 4 B
np(x)dx = e o / - da
” 11 —(x/2)2
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To obtain the dilution factor, Fﬁ = ags?/6, ag5 must satisfy

a5 2 2 2
r g -1
- [ 4 TP ] I [ 2 g%
ol 4 B

] rdr = 0.95

Figures V-7 and V-8 show the dilution factor Fp and the resulting
distribution ng respectively. To more closely resemble the
corresponding figures for position and dispersion mismatches,
Figures V-7 and V-8 plot AS/f = (P1-P2)/P2 = (-Po)/Po = f-1
along the horizental axis. As can be seen from the second
figure, the amplitude function must be greatly mismatched to
produce a significant increase in the variance of the
distribution.

The expression for feq contained the angle of rotation 6
which may be found in terms of the values of § and a of the
beamline and the synchrotron. By combining these results, a
simple expression for feq in terms of f1, a1, f2, and a2 may be

obtained. Since the value tan2f is given by
2p(a1 - ﬁQQ)

1+ (al "pa2)2 - p

then sin28 and cos28 may be written as

tan28 =

2

sin26 = Y/R and cos260 = X/R ,

where

<
I

2f (a1 - PBa2)
X= 1+ (a1 - Pag)2 - p2
and

R2

[28(a1 ~ fa2)12 + [1 + (a1 - fa2)2 - 212,
= [1 + (a1 - fa2)2 + p2]2 - 452

Since the equation of the particle trajectory in x2-¢2 space is
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Probability Density

Figure V-8

Particle Distribution Resulting From Beta Mismatch
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given by
[ 1+ (a1 ~ fa2)2 Ix22 + 2P(a1 - fa2)x252 + f2522 = [A2
or,
a x22 + 2b x2¢2 + ¢ <22 = BAZ2,
then upon rotating through the angle 8, the new coordinates £,n
will satisfy
(acos20 + 2bcosfsind + csin28)¢2 +
(asin20 - 2bcosfsind + ccos20)n2 = A’E2 + B’n2 = BA2.
By inserting the expressions for sin28 and cos28 into the above
equation along with the expressions for a, b, and ¢, the
quantities A’ and B’ reduce to
(1 + (a1 - fa2)2 + 2 + R)/2 ,
B’ = (1 + (a1 - fa2)2 + p2 - R)/2 .

A’

By noting that
1 + (a1 - fa2)2 + p2 1 + 02 + 12 + f2a92 - 2aj1a9p8
= pB + 1/f + a12/f + fa22 - 2a1a2)
= PIA(L + a22) + (1 + @12)/f - 2aia2)
= pP1y2 + f2m1 - 2ai1a2)
= p@0) ,

+

and hence
R2 = 4202 - 42 = 462(02 - 1) ,
the expression for A’ reduces to
A’ = B[D + (D2 - 1)1/2]
(D is not to be confused with the dispersion function.)
Because A’ is of the form u + v and B’ is of the form u - v,

then

A’B’ = u2 - v2 = §2D2 - F2(D2 -1) = f2

which implies (A’/8) = (8/B’).
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So, finally, the equation of the particle trajectory in the
rotated coordinate system becomes

A’€2 + B'n2 = A'€2 + (B2/A°)n2 = PA2

(A’/B)E§2 + (B/A’)n2 = A2
which is an ellipse with axes of lengths
m1 = (A28/A°)1/2 (A2/Peq)1/2
and mo = (A2A°/B)1/2 (BeqA2)1/2 .

This suggests a new definition of feq in terms of the values of «a
and f delivered by the beamline and the natural values of a and §
of the synchrotron, namely,
Peq = D + (D2 - 1)1/2
where
D = (f271 + f172 - 2a102)/2.

The significance of the quantity D may be seen by computing
the determinant of the matrix AJ where J contains the Courant-
Snyder parameters as defined in Chapter III:

det(8J) = -(a2 - a1)2 + (72 - 71) (B2 - f1)

= -[e2? - 2a102 + @12 - 9202 + 7162 + 7261 - T1P1]

= -[ -1 -2a1a2 -1 + 7102 + 72P1]

= -2D +2 ,
or,

D=1~ det(Ad)/2 .

The quantity -det(AJ) is positive definite and may be reduced to
the form
2

()« (e - "

—det(AJ) = L > 0.
1 +

wlS
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This quantity is also an invariant. Suppose M is the 2 x 2
transport matrix from point sz to point sp. Then, as shown in
Chapter III, Jp = MJagM-1 . If now Ja is altered by an amount
Alda, then

J'b M(Ja + AJa)M-1 = MJaM-1 + MAJgM-1

which implies
Ay = J’p - Jp = MAJM-1
and so det(AJp)

det (M) det(AJa) det(M-1)

= det (AJa) .
Thus det(AJ) is invariant with s. This implies that the degree
of mismatch due to amplitude functions may be measured at any

point within the synchrotron, not -just at the "injection point."

General Expressions for the Variances of Particle Distributions

After Dilution

Using a simple statistical argument the resulting variance
after dilution of an initially mismatched particle beam may be
derived. The variances obtained with this method agree with the
variances of the distributions arrived at by the straightforward
method of the previous sections and allows one to write down
simple formulas for the variances of the resulting time average
distributions.

Given a particle with phase space amplitude a determined by
the initial phase space coordinates xo,$o, the subsequent motion
in phase space is defined by the circle x2 + ¢2 = a2, A
distribution of particles of the form g(x,¢) = f(x)f (<) will have

<x2> = <¢2>. Since <x2> + <¢2> = a2, then <x2> = <¢2> = a2/2.
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Therefore, a single particle with initial coordinates
corresponding to amplitude a will provide a contribution of a2/2
to the variance of the resulting time average distribution in x.

An initial distribution having a variance of o2 and which
has rotational symmetry about the point (Ax,0) is of the form

no(p,$) = f(p)/2n
where the distance from the point (Ax,0) is denoted by p and the
angle ¢ is the angle between the x axis and the l|line segment of
length p, as shown in Figure V-9. The distance a from the origin
of a particle with coordinates p and ¢ is thus given by
a2 = p2 + Ax2 - 2pAxcos¢ .

The final variance of the distribution in x averaged over a long
period of time will then be
02 = <x2> = [(a2/2)nodL = [(p2/2)nedL + [(Ax2/2)nodL- [pAxcos¢dE
where dL is the differential element of area in x-¢ phase space.
Therefore,

02 = (2062)/2 + Ax2/2 —- (bx/27) [p2f (p) dp[cospdd
002 + Ax2/2

c2 =1 + Ax2/2 ,
where ¢ and Ax are in units of 0g. This is the expression for
the variance of the distribution resulting from a position
mismatch of the ideal trajectory and is in agreement with the
distributions displayed in Figure V-2,
In exact analogy the resulting variance due to a mismatch of
the dispersion function may be obtained. Since AD corresponds to

an initial position error of ADopd& for a particle of momentum
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p+opd, <£2> = 1 + (ADopd)2/2, using the expression from the
preceding paragraph. The position relative to the origin for 2
particle of momentum p+opd is given by x§ = £ + Dopd and thus

x§2 = €2 + 2D0p6€ + D20p252,
which yields

{x§2> = <€2> + D20p262 =1 + (ADop)2862/2 + D20p262

since <£> = 0. Therefore, upon averaging over momentum,

<x2> = 02 = 1 + (ADgp)2/2 + D20p2
Again, ¢ and Dop are in units of 0o. This expression again
agrees with the distributions obtained earlier and shown in
Figure V-4,

For an amplitude function mismatch the initial distribution

was written as

2 2
- X2/2p ][ o P72

] dx d¢ .
{278 I2n/B

n_(x,5) dx dg = [

from which the variances <x2> = f and <¢2> = 1/8 are immediately
evident. Given this initial distribution, the variance of the
resulting time average distribution in x will be
J(a2/2)nodL = [(x2/2)nodL + [($2/2)nodE

<x2>/2 + <¢2>/2 = /2 +1/28 = (B2+1) /28
([0+(D2-1)1/2]2 + 1) /2([D+(D2-1)1/2] = D

o2

it

where here, D = (f271 + P172 - 2 a1a2)/2. Written in terms of
AB/B = p-1, the form of this final variance more closely
resembles the form of the two variances found for position and

dispersion mismatches, namely

0 L [ 8B/B ]2
oo = 1 <+ >
Jl + A/
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The variance 62 is in units of the variance of the matched beam,
0o2. Once again, this formula for the resulting variance agrees
with the resulfts of the earlier distribution calculations.

As the originail definition of the phase space emittance was
€ = 6702/ for a Gaussian distribution, a dilution factor could
naively be defined as

€/€o = 02/002
so long as the resulting distribution after dilution resembles a
Gaussian. Therefore, the expressions for the variances presented
above are compared with the functions Fyx, FD, and Fﬁ derived
earlier for small degrees of mismatch, as shown in Figure V-10.
As can be seen, 02/0o52 agrees with F reasonably well for the
values of Ax, AD, and AG/B (all typically less than 1) which
would normalily be encountered in the 8 GeV beam transfer process
examined in this thesis. Thus, the results of this section may
be used to describe the emittance dilution generated by
mismatches on the order of those generated by the 8 GeV Line.

Normalized Emittance and Adiabatic Shrinking

As two of the dilution factors derived in this chapter
depend upon the original beam size, the variation in beam size
with energy should be mentioned. According to classical
mechanics, the action variable J = fpdq of periodic motion, where
the integral is carried out over a complete period of libraticn,
is an adiabatic invariant under slow changes to the system.3
Because the energy of the particle beam is varied slowly, the
action variable for the motion in one transverse degree of

freedom may be written as

Jexdx = mc [98x dx = mecyf [x’dx = mecyfe = constant,



115

Figure V-10

Comparison of Variances with Dilution Factors
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Figure V-10 (Continued)

(b) Dispersion Function Mismatch
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Figure V-10 (Continued)

(¢) Amplitude Function Mismatch
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For the ideal accelerator, the quantity en = (78)e would be
constant throughout the entire acceleration process. €p is
referred to as the normalized emittance.

The beam size is related to the emittance by

eﬁo' enﬁo
[e) = = —
°© i 6 ‘ 67 (15)

where fo is the amplitude function and the guantity (78) is the

kinematic factor. Therefore the beam size varies inversely with
the square root of the momentum. This process is sometimes
referred to as adiabatic shrinking. Because the variances of the
distributions resulting from position and dispersion mismatches
depend upon the size of the incoming beam 0o, the effects of

these mismatches become much more important for higher beam

energies.

Summary
The important results of this chapter are gathered on the

following page for quick reference.
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The transverse phase space dilution factors due to injection

ampl itude function, position, and dispersion function errors are

given by
2 A 2
. ) (BB/B) o
Fpr—"=2 = 1+ 3 = D
o, [T+ @,
where A5 = D + J D2 -1 - 1
p
eq
1
and D = —§~lﬁ172+ Bovq- 2a1a2 ;
2
N 1| _%%eq
X 2 - M 2
0-0 JO
where Axeq = JAxQ + [ﬂﬂx’ + an]2
2 a0 o |?
F.ow 2 - 1 + 1l __"egp
D 2 2
a o
o o
where AD = JA02 + [ﬂAD’ + aAD]z
eq
o = |Snfo_
o =

6 (18)
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VI. Operational Experience with the New 8 GeV Line

Problems Encountered During Commissioning

By the end of July, 1986 beam was being extracted from the
Booster accelerator and being transported to the 8 GeV beam dump
using the upstream elements of the new beamline. 0On August 2,
1986 beam was first transported through the entire beamline to
the Main Ring synchrotron. To study the new 8 GeV Line and the
injection process, the Main Ring beam abort system was set up to
dispose of the beam on its first passage through the synchrotron.
The abort is situated one third of the ring circumference away
from the injection point. A Main Ring dipole magnet which had
been electrically connected with the wrong polarity prevented
beam from reaching the abort. Once this problem was fixed, beam
was successfully transported to the abort on August 4, 1986 and
detailed studies of the new transport system could begin.

Several minor problems were encountered which are typical of
many accelerator start-up periods. A number of contrels problems
(database entries, remote control and proper readback of power
supplies, proper readback of profile monitor data) took time to
track down and correct due to the new instrumentation. In
addition to the new 8 GeV Line requirements imposed upon it, the
entire Booster accelerator controls system had been modified over
the nine month shutdown, sometimes adding to the confusion.

Also, a few power supply problems needed to be resclved. The
Lambertson magnet power supply had a large amount of ripple,

causing the horizontal trajectory of the injected beam to wander.
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A persistent problem with the AC power being delivered to the
fourth Main Ring Match quadrupole required some extra attention,.
The third and fourth vertical orbit bump magnets needed to be
realigned to provide more aperture for the injected beam. At one
time, the beam profiles through the downstream end of the line
did not have the appearance expected. The vacuum valve midway
between the Booster and Main Ring synchrotrons was later
discovered to be partially closed, but not closed enough to
trigger the remocte status microswitch.

Three problems with the new system did require hardware
modifications. The first two have to do with beam losses which
were occurring on the third horizontal bend magnet and on the
Lambertson magnet. The value of the vertical amp!itude function
at the location of the third horizontal bend magnet is roughly
150 m. The normalized vertical beam emittance coming from the
Booster was expected to be roughly 10 # - 15 # mm-mrad. This
would indicate the beam size at this bending magnet should be
roughly ¢ = 5-6 mm. For a total beam width of about 60, the
minimum aperture required at this location would be about 35 mm.
The 1.4 in. gap of the magnet just barely meets this requirement.
According to the beam intensity monitors (BIMs) about four
percent of the particles were being lost during the transfer
through the beamline. The highest beam loss was occurring at the
third horizontal bend, even after the beam was centered through
this aperture to minimize the loss there. This magnet was
replaced by a magnet of similar size but which has a 2.3 in. gap.

The new magnet is discussed in Chapter IV. Since this
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replacement, the BIMs indicate 100 percent efficiency for the
beam transport through the beamline up to the Lambertson magnet.

The beam loss monitors on the Lambertson magnet also showed
appreciable signals as the beam passed through the field region.
The original magnet used for the injection Lambertson is one
which had been built for a previous project that was never
completed. Because the field-free region of this magnet was
centered below the field region (See Figure IV-8) the beam upon
entrance to the field region was at a horizontal displacement of
Ax = p(1 - cosf) = (2.286m/35mrad) (1 - cos(.035)) = 40 mm with
respect to the center of the aperture. The beam loss is due to
the edge of the beam scraping the beam tube at the upstream end
of the magnet. The position of the beam through the field region
was varied until|l the beam loss was minimized (though it could not
be completely eliminated) and the Main Ring closed orbit was
altered through the field-free region accordingly.

As a new Lambertson magnet of similar design was being built
as a spare, some changes were made to the design of the new
magnet in an attempt to correct the beam loss problem. The
field-free region of the new magnet is displaced horizontally by
roughly 20 mm with respect to its position in the older magnet to
provide more room for the incoming beam in the field region. In
addition, the field-free region |laminations were extended in the
longitudinal direction at both ends of the new magnet to reduce
the values of the end fields seen by the circulating beam. These
design changes are discussed in more detail in the Appendix. The

new magnet fabrication was completed in February, 1987 and the
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device is scheduled to be installed in May, 1987 during a two
week shutdown. The original Lambertson magnet will be kept as a
spare.

The third and most serious problem requiring a hardware
change was caused by the magnets used for the vertical orbit bump
in the Main Ring. The original magnets chosen for the orbit bump
were small trim magnets previously used for the Main Ring
extraction system when the Main Ring synchrotron was used as a
400 GeV fixed target accelerator. These particular magnets have
4 in. x 5 in. apertures., The bend field vs. vertical position
through the magnets was later calculated using a relaxation code,
the results of which are shown in Figure VI-1.1  For the
extraction of 400 GeV beam where the beam size is on the order of
.02 in., the field nonuniformity is tolerable. However, at 8 GeV
where the beam size is on the order of 1 in., the sextupole
component of these bending magnets generated significant beam
distortions. The distribution of the incoming beam essentially
saw a large quadrupole error, the strength of which varied with
position through the dipoles. This error affected the matching of
the amplitude functions to those of the Main Ring. Also, since
these magnets reside within the Main Ring synchrotron, the
distortions altered the betatron oscillation frequencies as well
as the sextupole components of the ring. Both of these problems
could be corrected by standard Main Ring correction element
quadrupoles and sextupcles. However, as the acceleration process
began, the effects of the orbit bump magnets would decrease and

hence the tunes and sextupole components would change. Once the
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Figure VI-1
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problem with the orbit bump magnets was identified and
understood, they were replaced with dipoles of much higher
quality. These new magnets were described in Chapter IV and
their calculated bend field is shown in Figure VI-2. A more
detailed account of the effects which the original magnets had on
the circulating Main Ring beam is provided in the Appendix.

Correction of Beam Trajectory

Originally, the position of the beam as seen on the beam
position monitors (BPMs) was tuned manually using the correction
elements discussed in Chapter IV. Although the BPMs were
carefully aligned®during the installation of the beamline, small
offsets in the readbacks from these devices were expected. By
adjusting the beam position through the quadrupole magnets until
a |large change in a quadrupole magnet current brought about
little or no change in the downstream positions, the ideal
trajectory was sought. Since that experiment, an automatic
beam!{ine position correction program has been developed which
runs on the accelerator controls system from the Main Control
Room. 2 The program utilizes the algorithm presented in Chapter
IV to calculate corrector strengths necessary to minimize beam
displacements from desired positions. The program may then send
these changes to the appropriate devices automatically and
iterate through this procedure until the positions are within a
designated tolerance.

As a result of the beam trajectory correction, the maximum
position errors throughout the line are less than 3 mm for each

plane. The average corrector strength is approximately 0.2 mrad
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and the maximum corrector strength is 0.6 mrad, far below the
design maximum correction of 1.5 mrad.

The injection positions have been adjusted to within Axeq =
1.0 mm of the Main Ring closed orbit for both the horizontal and
vertical planes. To check this condition, the BPM system is used
to cobtain 8 GeV closed orbit positions as well as the first-turn
positions around the ring. (To determine the closed orbit at a
particular location, the average position as seen by the BPM over
several turns is computed.) Because the amplitude function has
roughly the same value at each detector (~100 m), the difference
between the two sets of data will have a maximum value roughly
equal to Axeq. Figure VI-3 shows BPM difference data of this
sort obtained during Main Ring operation. For Axgq = 1 mm and a
typical beam size of 05 = 5 mm, the dilution factor due to
position mismatch would be 1.02.

Emittance Measurements

Since the beginning of the new 8 GeV Line operation,
emittance measurements have become rather routine. With the new
microprocessor-based system and associated applications programs,
profile data may be obtained and analyzed with ease. Figure VI-4
shows typical profile data from three of the horizontal monitors
in the Cells region of the beamline, All|l three monitors are at
locations of fx = 24.5 m. However, the monitors labeled WC1 and
WC5 are at locations where IDxl = 3.7 m while the monitor labeled
WC3 is at a location where IDxl = 0.5 m. Using the variances
computed by the microprocessors, the beam sizes may be plotted in

real time on a color graphics display in the Main Control rcom.
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Figure VI-4

Typical Data from Cells Profile Monitors
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One such plot is shown in Figure VI-5. From this particular
graph, the horizontal normalized emittance and the variance of
the momentum distribution may be read. By allowing the plot to
update over an extended period of time, the uncertainties in
these two quantities may be obtained easily. (For Figure VI-5,
roughly 200 points were obtained.)

Since all of the profile data may be stored in the controls
system database, other types of analyses may be performed. For
instance, Figure VI-8 shows the beam sizes as seen on wires WC1
and WC3 correlated with the efficiency of the Main Ring injection
process. The variation of WC1 wire size indicates that the
Booster efficiency was intimately tied to the momentum
distribution on this particular date. This type of plot has been
used to diagnose problems with the Booster RF system.

Dispersion Measurements

On December 9, 1986 an attempt was made to measure the
dispersion functions through the 8 GeV Line and determine the
amount of mismatch of these functions to those of the Main Ring.
To perform the measurements, BPM signals were recorded as the
Booster RF frequency at extraction was varied. An automatic
radial position feedback signal of the Booster RF system had to
be disconnected to ensure that the Booster position at extraction
would change as the frequency was varied. To obtain the values
of the dispersion functions at the locations of the BPMs, the

value of Ap/p was found from the relationship

Af/f = (1/72 - ap) (Ap/P)
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where f is the revolution frequency or the RF frequency, 7 is the
Lorentz factor, and ap is the so-called momentum compaction
factor,
ap = (AC/C)/(Ap/p)
with € = machine circumference. The value of ap is roughly equal
to <Dx>/R, where the average is carried out over the bending
magnets of the accelerator which have radius of curvature R, A
more precise value may be computed by most accelerator design
codes, |ike those described in Chapter III. For the Booster
accelerator, ap = .0337 and 7 = 9.528 at extraction so that
1/42 - ap = -0.0227

Therefore, a value for Ap/p may be obtained for each increment of
the RF frequency Af/f. The dispersion function is then given by
D = Ax/(Ap/p) where Ax is the change in position created by Af.

The 8 GeV Line horizéntal and vertical dispersion functions
obtained from the measurements described above are displayed in
Figure VI-7 and Figure VI-8 along with their design values.
Within the accuracy of the measurement the values are in good
agreement. The real test is the degree to which these functions
conform to the Main Ring dispersion functions past the injection
point. Figure VI-9 and Figure VI-10 show the measured dispersion
functions delivered by the beamline along with the corresponding
Main Ring design dispersion functions. The region of large
vertical dispersion is caused by the overpass at the Collider
Detector Facility. The beam was being aborted on the first turn
and hence beam was not observed past the position labeled "CO"

where the abort system is located.
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Figure VI-8
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Figure VI-9
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Figure VI-10
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The vertical dispersion function delivered by the beamline
appears to be well matched to the synchrotron. The horizontal
function appears to be grossly mismatched. However, the pattern
observed in the horizontal data is not what would be expected of
a pure dispersion function mismatch. One would expect the
difference between the delivered function and the design function
to oscillate about zero. Clearly this is not the case with the
data shown in Figure VI-9. After the study session was over, the
horizontal pesition through the Lambertson magnet was noticed to
be several millimeters to the radial outside from the nominal
position. As discussed earlier, this can result in significant
beam loss at the upstream end of this magnet. The changes in the
RF frequency were also forcing the beam further to the radial
outside, compounding the problem. A significant portion of the
beam is thought to have been scraped off during the measurements,
affecting the detected centroid of the beam in an unpredictable
manner. Horizontal profile monitor data which were taken during
this study period appear to support the hypothesis. Further
study time has been requested to repeat the measurement.

To obtain a value for ADeq for each plane, the method
employed for position mismatch may be used again. Subtracting
the two curves in each of Figures VI-9 and VI-10 and finding the
maximum values of these differences yields the desired values.
For the vertical plane, ADeq = .5 m whereas for the horizontal
data, if it is taken at face value, ADeq = 1.5 m (one half of the
- peak~to-peak variation). Taking 0o = 5 mm and op = 0.8 x 10-3 in

agreement with profile monitor data taken during the same study
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pericd, the dilution factors due to dispersion function mismatch
are 1.003 in the vertical plane and 1.03 in the horizeontal plane.

Amp | itude Function Measurements

By aborting the beam during its first revolution, the
signals obtained from the profile monitors located within the
Main Ring accelerator reflect the initial distribution of
particles being delivered by the 8 GeV beamline. The emittance
of this beam may be obtained by profile measurements using the
monitors within the Cells region of the beam!ine as described
earlier. Hence, the amplitude functions at the locations of the
“‘Main Ring profileimonitors being delivered by the beam!line may be
obtained and compared with design.

Eight profile monitors reside within the Main Ring at the
locations of the first eight quadrupole lenses past the injection
straight section. If the matrix M(sj/sc) which transports the
transverse beam trajectory (x,x’) from location so to location sj
is known, then using the methods of Chapter III the value of the
ampl itude function at sj will be

Bi = 2i2fo - 2ajbjac + bi270
where a; and bj are the 1-1 and 1-2 elements of the matrix
M(si/so) and 70 = (1 + ao2)/fo. By obtaining measurements of Bi
at various profile monitor locations, an estimate of fo and ao at
a particular reference point may be determined.

A program has been written which runs on the accelerator
controls system that analyzes profile monitor data to obtain
estimates for fo and ag.3 . ‘The effects of momentum dispersion on

the beam size are subtracted and a grid search is performed which
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varies the values of fo and ap in an attempt to find the minimum
of L(Bi - 2ai2fo - 2ajbjac + bi290)2, where here, fB; is the
measured value of § at the ith monitor. The point sg typically
used in the calculation corresponds to the middle of the
injection long straight section. The design values of the
parameters [ and a at this point are fx = 72.6 m, fy = 73.3 m,

ax = -0.723, and ay = 0.729 . Results of vertical profile
measurements taken December 9, 1986 are shown in Table VI-1. The
estimated values ay = 0.763 and fy = 63.3 m in conjunction with
the design values yield the number feq = 1.23. Thus, the
vertical dilution factor is 1.02. From horizontal profile data
taken the same evening, Beq = 1.90 and the horizontal dilution
factor due to amplitude function mismatch is thus 1.21. It is
believed that most of this horizontal emittance blow-up is caused
by the problem of beam loss on the Lambertson magnet.

The resulting variance due to all three sources of mismatch
working simultaneocus!y may be estimated for each plane using the
same statistical arguments developed in Chapter V. The variance
of the distribution resulting from a combination of amplitude
function errors, dispersion function errors, and position errors
is given simply by

02 = (feq2+1)/2feq + (Axeq)2/2 + (ADeqop)2/2
Hence, the total dilution factors would become

Fx = 1.26 and Fy = 1.04



Results of Profile Measurements of December 9, 1987

Normalized Emittance:

O'p = .82 x 10-3

Monitor o

WAl11l 3.75 mm
WA12 4.65 mm
WA13 3.15 mm
WAl4 5.25 mm
WA1S 3.00 mm
WA16 4.65 mm
WA17 3.00 mm
WA18 4.95 mm

Bo, ao minimize L[ - B(fit)]2:

P (design)

a(design)

ﬁo =63.3 m
ao = 0.763
" Peq

Fp

Table VI-1

€y = 15 © mm-mr
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37.

104,

32.
76.
33.
92.
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1.
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89
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02

B(fit)
39.36 m
84.13 m
29.70 m

104.7 m
28.22 m
81.35 m
24.40 m

84.36 m

73.3 m

0.729

ag(fit)
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.33
.68
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CONCLUDING REMARKS

Several improvements were made to the 8 GeV beam transport
system. The sensitivity of the transverse emittance growth due
to errors in the gradients of the quadrupole magnets was
significantly reduced. The mismatch of the vertical dispersion
function was resolved. A new injection scheme aided in the
vertical dispersion matching process. In addition, upgrades to
the profile monitor system as well as an optical design more
congenial to beam measurements have improved the diagnostic
“capabilities of the line. The quality of the magnetic elements
in the |ine was also improved through the use of Tevatron I
project quadrupole magnets and the new injection Lambertson
magnet. Detailed magnetic measurements have been performed on
all of these devices. There is no evidence of significant
emittance dilution or hindrance of Main Ring performance due to
the injection process.

From the results of Chapter V, the consequences of the three
forms of mismatch, position errors, amplitude function errors,
and dispersion function errors, have been put into proper
perspective. For the errors produced by the new FNAL 8 GeV Line
all three sources of mismatch are of roughly the same degree,
each contributing a few percent to the total dilution factor.

The results of Chapter V are completely general and may be
applied to other accelerator injection systems. For example, the
transport tine between the Main Ring and Tevatron accelerators

may be considered. Since the amplitude functions of these two
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machines are essentially identical, the effects of beta mismatch
are negligible. The design vertical dispersion function in the

- Tevatron is zero everywhere. The value delivered by the short
beaml|line connecting the Main Ring to the Tevatron injection point
is roughly 1.5 m, generated by both the Main Ring DO overpass and
the fact that the beam is displaced vertically when delivered
from one machine to the other. The beam size at 150 GeV is
reduced from ¢ = 5 mm to ¢ = 1 mm due to adiabatic shrinking.
With a momentum spread of op ~ 1 x 10-3, typical of coalesced
bunches used for colliding beams operation, the dilution of the
vertical phase space emittance would be approximately 2.1.
Coupled with the effect of a 1 mm position error upon entrance to
the Tevatron the tota! dilution factor would be roughly 2.5. The
results of the 8 GeV Line study have helped to emphasize the
importance of these sources of emittance dilution within the FNAL

accelerator system and other accelerator systems as well.
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APPENDIX

AI. Lambertson Magnet Measurements

Several calculations and measurements were performed on the
Lambertson-style magnet used in the injection region of the new 8
GeV beamline. The results presented in this section are those
associated with the new magnet which was discussed in Chapter VI.
The same measurements were performed on the old magnet but only
the most significant result, the end field measurement, is
presented at the end of this section. An end view and a side
view of the magnet' are shown in Figure AI-1 and Figure AI-2
respectively. The coordinate system used throughout the
following discussions is indicated in the figures. The field
region of the magnet (y > 0) is 90 in. long, whereas the field-
free region (y < 0) is extended an additional 8 in. on each end
of the magnet. The calculations and measurements were performed
with the magnet operating at a nominal current of 920 Amp. As
stated in Chapter IV, the gap height of the field region is 1.85
in., and the number of turns in the magnet is 18.

A commercially available software program, POISSON,1 was
used to mode! the fields expected to be observed within the
magnet. The results of the calculations are displayed in Figures
AI-3 through AI-6. The point x = 0, y = -1.5 cm corresponds to
the position of the circulating beam with the vertical orbit bump
magnets operating at their nominal current. At high energy, the
beam will pass through the point x=0, y =-—4.4 cm. By fitting

the central regions of the curves to polynomial functions,
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estimates of the quadrupole and sextupocle components of the
magnetic field may be obtained as well as the resulting effects
of these fields on the behavior of the circulating Main Ring
beam.

The more important results at y = -1.5 cm yield By ¥ 3.4 G
and Bx 2 1.6 G. Hence, the steering errors introduced by the
"field-free" region in the two transverse planes would be

86x = ByL/(Bp)

A8y = BxL/(Bp)

These errors would introduce a maximum distortion of the Main

(.0034) (2.286)/(296.5) = .026 mr,

(.0015) (2.286) /(296.5) = .012 mr.

Ring closed orbit ‘on the order of 1 mm. The quadrupole component
is determined to be B’ = dBy/dx = .095 G/cm from Figure AI-4.
This would alter the frequencies of betatron oscillations (the

tunes) by the amounts

Avx = B(s)B’L/(47Bp) = (60) (.0095) (2.286) /(47) (296.5) = .0003,
Avy = B(s)B’L/(47Bp) = (90) (.0095) (2.286)/ (47) (296.5) = .0005.
The sextupole component B’’ = 82By,/8x2 = 1.06 kg/m2 obtained from

the calculations alters the chromaticity of the machine by the
amount

A§ = f(s)D(s)B’’L/(47Bp) = (60) (1.08) (2.288) /(47) (296.5) = .04,
that is, the change in the horizontal tune for a particle of
momentum p+Ap would be Av = A{(Ap/p).

The measurements of the fields within the actual magnet were

performed on a test stand at the Fermilab Magnet Test Facility.
A Hall probe was placed within the magnet body supported by a Gl10
rod which could be moved in any of three directions (x; y, and z)

independently. The vertical field component By in the field
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region was measured as a function of current. Both transverse
field components were then measured as a function of transverse
position in the field-free region in the vicinity of the two
circulating beam positions x = 0, y = -1.5 cm (injection) and

x =0, y = -4.4 cm (extraction). The results of these measure-
ments are displayed in Figures AI-7 through AI-13. As can be -
seen, the measurements are in good agreement, at |east
qualitatively, with the POISSON calculations.

The last set of measurements performed were those of the
vertical field component in the field-free region as a function
of longitudinal p&sition z. The point z = 0 is defined as the
end of the laminations of the field region (y > 0) as seen in
Figure AI-2. The field-free region of the original Lambertson-
style magnet used in the 8 GeV Line was extended out to z = 3.5
in. Measurements of By as a function of z indicated that the end
fields were enormous in this magnet. The results of the
measurement are shown in Figure AI-14. As can be seen, the peak
field strength is roughly 150 G. By integrating the fie!ld
strength over z, the total amount of bend provided by the end
region is found to be

A0y = (fBydz)/(Bp) ~ (.0058 kG m)/(296.5 kG m) = .020 mrad.
For the two ends, the total bending would be roughly .040 mrad,
to be compared to the bending brought about by the body of the
magnet of A6 = .026 mrad. Thus, the orbit displacement due to
the entire magnet is likely to be more on the order of 2.5 mm.
(This orbit:displacement was actually measured while the original
magnet resided in the Main Ring and was indeed 2-3 mm in

amplitude.)
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Before the original magnet was installed in the Main Ring
tunnel, a simple test was performed whereby a thin (.25 in.)
piece of stee! 4.75 in. wide and 6 in. long was placed at the end
of the magnet in the septum plane and a rough measurement of By
versus z was obtained. The maximum field strength observed was
roughly 30 G. When the new magnet was being designed, the
decision was made to lengthen the bottom (y < 0) half of the
magnet so that the |laminations of the field-free region extended
a full 8 in. past the field region laminations.

Once the new magnet was built, the end field measurements
were performed and: the peak fie!d was dramatically smaller than
in the original magnet, the peak field observed being 17 G.
Figure AI-15 shows the results from both the old and the new
magnet measurements together. The integrated field strength for
the ends of the new magnet is down by a factor of about 16 from
that of the original magnet. This new magnet is scheduled to be

installed in early May, 1987.
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Figure AI-1
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Figure AI-2
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Figure AI-4
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Figure AI-5
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Figure AI-6
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Field Strength (kG)

Figure AI-7

Vertical Field Strength vs. Current
(Field Region)
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Field Strength (G)

Vertical Field Strength vs. Horizontal Position

5.8

Figure AI-B

(Field—free Region; y = —1.5 cm)
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Field Strength (G)

Horizontal Field Strength vs. Horizontal Position

Figure AI-9

(Field—free Region; y = —1.5 cm)
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Vertical Field Strength vs. Horizontal Position

Figure AI-10

(Field—free Region; y = —4.4 cm)
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Field Strength (G)

Figure AI-11

Horizontal Field Strength vs. Horizontal Position

(Field—free Region; y = —4.4 cm)
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Field Strength (G)

Figure AI-12

Vertical Field Strength vs. Vertical Position

(Field—free Region; x = 0.0 cm)
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Field Strength (G)

Figure AI-13

Horizontal Field Strength vs. Vertical Position

(Field—free Region; x = 0.0 cm)
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Field Strength (Gauss)

200

Figure AI-14

Vertical Component of End Field

for Main Ring Injection Lambertson
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Field Strength (Gauss)

Figure AI-15

Vertical Component of End Field

for Main Ring Injection Lambertson
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AIlI. Effects on Circulating Beam of a Ramped Bending Magnet with

Large Sextupocle Error

This section will discuss the effects of the original
vertical orbit bump magnets on the Main Ring circulating beam
observed during the commissioning of the new 8 GeV Line. The
original magnets were discussed in Chapter VI and Figure VI-1
shows the horizontal field strength as a function of vertical
position through the gap of these magnets. This figure is
reproduced in Figure AII-1. As can be seen, the field is
strongly quadratic in appearance and so may be expressed in the
form

Bx = Bo(1 - ky2)
where Bo = 2940 G and k = .0057 em—2. These original magnets
were not water cooled and were ramped up to nominal excitation
just prior to the transfer of beam to the Main Ring from the
Booster then ramped down to zero current roughly .5 sec after the
transfer took place when acceleration began. Once the fields in
these magnets had been computed, the center two magnets of the
four-bump were displaced vertically by 2.5 cm (the height of the
orbit bump) sc that the beam would pass through the center of
each magnet during injection. (See Figure AII-2.) However,
during the period of time when the magnets would ramp down, the
beam would pass through the highly nonlinear regions of the
magnets, although these fields were simultaneously decreasing,
and a tune shift would develop.

The amount of tune shift expected during this process is

given by

Av = fq/4n = pB’1/(47Bp)
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H

(B/4m) B°/B) (1/p) = (B/4m) (AB°/B)&

| e [

where L is the distance between the first two vertical bend

centers (and the last two vertical bend centers) as depicted in
Figure AII-2, h is the amount by which the middle two magnets are
displaced vertically with respect to the outer two, and y is the
absolute vertical displacement of the beam from the centers of
the middle magnets. When the magnets are at nominal current, y =
0 and Ay = 0. When the magnets are off, y = h and again Av = O.
While the maghets ramp down, Av will reach a maximum given by

dAv/dy = 0. This maximum occurs at y

T

kh
which, for small kh2 reduces to ymax = (h/2) (1 - kh2/8)

Ymax where

ymax =

The maximum tune shift which should be observed during the time
the magnets are ramping down is thus
Avpax ~ (B/L) (kh2) /8% (for small kh2),
Inserting numbers into the above expression, specifically
L =4.57 m, k = .00657 cm~2, h = 2.5 cm, and at the second magnet
Bx = Bl m, Py

84 m, the expected maximum tune shifts are

110 m while at the third magnet fx = 64 m and Sy

Avy = -.03, Avy = +.06
By firing a fast kicker magnet while beam is circulating
within the Main Ring a coherent betatron oscillation may be
induced, the oscillation may be recorded with the beam position

monitors, and the data may be fast Fourier analyzed to provide
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betatron oscillation frequencies. Such a study was performed on
September 25, 1986 during which the beam was kicked at various
times during the ramp of the orbit bump magnets. The tunes which
were observed as a function of orbit bump magnet current are
shown in Figure AII-3. As can be seen the observations of Avy =
-.02 and Avy = .03 are in reasonable agreement with the predicted
values. As mentioned in Chapter VI, these four magnets have
since been replaced by magnets with much more uniform fields.

The change in tune with magnet current is unobservable.
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Horizontal Field Component vs. Vertical Position

3000

Figure AII-1

Original Vertical Orbit Bump Magnet

2800

e AN

2600

/

N

AN

2400

2200

2000

-2 0 2 4

Vertical Position (cm)

169



Figure AII-2

Displacements of Original

Vertical Orbit Bump Magnets
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Figure AII-3

Measured Variation of Tune with Orbit Displacement

(I = Magnet Current)
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