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The characterization of the transverse phase spfaoceams is a fundamental
requirement for particle accelerators. As accebesashift toward higher intensity
beam regimes, the transverse dynamics of beamsmiescanore influenced by
interparticle forces known as the space chargeefor@herefore, it is increasingly
important to take space charge into account inystgdthe beam dynamics. In this
thesis, two novel approaches are presented forureraent of transverse emittance
for beams with space charge, an important qualdycator of transverse phase space.
It is also discussed the experimental work on azhéracterization and control done
for space charge dominated beams of the UniverditiMaryland Electron Ring
(UMER).

The first method developed for measuring the emotta utilizes a lens-drift-

screen setup similar to that of a conventional quaale scan emittance



measurement. Measurements of radius and divergératecan be obtained from
beam produced radiation, e.g. optical transitioa, wsed to calculate the beam cross
correlation term and therefore the rms emittancBnéar space charge model is used
in the envelope equations; hence the errors innteasurement relate to the non-
uniformity of the beam distribution. The emittara&ained with our method shows
small deviation from those obtained by WARP simala for beams with high space
charge, in contrast to other techniques.

In addition, a second method is presented for deteng emittance that
works for beams with intense space charge andrdheally, does not require an
priori assumption about the beam distribution. In thisho#, the same lens-drift-
screen setup as the previous method is used, etk@pghe beam size and divergence
are scanned to find the minimum of product of theasured quantities. Such
minimum is shown to be equal to the rms emittaneéeu specific conditions that
usually can be satisfied by adjusting the experingarameters such as the drift
length. The result of numerical analysis of thehndtdone for a realistic accelerator
confirms the applicability of method for intenseabes with nonuniform distribution.

Finally, the experimental work for characterizatiand control of beam
centroid motions in UMER are discussed. Such werkriportant because at high
space charge intensities, the nonlinearities ofeéhses impose stricter constraints on
the swing of beam centroid in the pipe. On the att@rization side, we show new
methods for more accurate measurements of the geverdit of particles, including
inside the quadrupoles where there is no monitased on this more precise orbit

information, the beam orbit is corrected and ituteis presented.
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Chapter 1: Introduction

It is important to measure, characterize, and obmive transverse dynamics of beams to
guantify the beam quality and match the opticsnraecelerator beam line. The transverse beam
emittance and beam trajectories are the main tesss\properties of the beam that directly affect
the beam sustainability in a circular acceleratod alemand precise characterizations and
control. Most beams of interest are space-chargeirtdied near the source and low energy
transport section, where the beam dynamics arelymstermined by interparticle forces rather
than the beam pressure represented by emittanceéhidnwork, we present methods for
measuring emittance that take space charge intuatcWe also discuss the experimental work
on orbit characterization and control done for gpatarge dominated beams of UMER.

Measuring emittance for high intensity beams pakesnost challenges as space charge
usually modifies and degrades the performance dftame measurement methods such as
guadrupole scan technique [1-5]. The quadrupole $oa“quad-scan”) is one of the simplest
and most common methods used to measure emittaneequad-scan, the emittance can be
deduced from measurements of beam radius as aidonef the strength of a quadrupole
upstream. Since space charge forces are a funatitire beam radius, space charge confounds
the analysis because an initial beam distributias o be assumepriori in order to calculate
the space charge term. In the case of extreme gbacge, quad-scans become ineffective since
the beam radius is determined largely by spacegehand wide variations in emittance lead to
negligible change in beam radius. Several amendimeate been proposed in literature to
enhance the accuracy of quadrupole scan methdddorintensity beams [6-7].

From the symmetry of the expression for the rmdtamge [8]

E2 =< x2><x'? > —<x-x' >2



it is obviously possible to determine emittance hwda quadrupole scan technique using
measurements of either the beam radius or diveegefbe usual implementation of the method
is to perform a quadrupole scan of beam size dtbwever, by measurement of both the near
field and the far fieldangular distribution of optical radiation producky interaction of the
beam with foils (transition radiation), magnetielis (synchrotron or edge radiation) or
apertures (diffraction radiation), it is possibdedbtain simultaneous, high-quality measurements
of beam size and divergence [9-12].

In order to use these observables to determinentiseemittance at focus points other
than a beam waist condition, which is not necelystire same as a beam size minimum obtained
by magnetic focusing, we need a methodology whalates the measured observables, i.e.
divergence and beam size to the cross-correlatian-(x’ >) term. We will show how this can
be done by taking the cross-correlation term asrdral variable for matching beam envelopes
to their actual envelopes with the constraint thatbeam radii and divergences at the screen are
the same as measured values. First, we show treat sgace charge is negligible, emittance for
either the horizontal or vertical plane can be girea closed form in one plane either knowing
a) the beam size and divergence at a minimum \afldke size; or b) from any two values of
beam radius and divergence measured in that pleethen extend this later approach to
determine emittance for the more general case ambewith space charge. Finally, we discuss
the results of applying this approach to simuldtedms with a prescribed value of emittance.

Circular accelerators and storage rings are amuoagniost efficient ways of accelerating
beams. It is desirable to keep the beam in thefon@ longer period of time. To achieve this
goal, beam should be guided as close as possiinhg @he axis of the ring shaped pipe. This

requires specific beam orbit measurement and opditioin techniques to be applied.



Small research rings are supposed to be configioedliverse beams with charge
varying over a large range. Such rings have conssran the orbit measurements and rely on
relatively fewer numbers of steerers as well. Idigoh, they are more easily affected by
environmental perturbations like Earth’s magnaetdf especially when they are operated at low
energies. Therefore, beam steering optimizationhau= used for large rings is not fully
applicable to such research rings. It was essetttidievelop fast and robust steering methods
according to the imperfect nature of such smallhees.

In this work, methods are proposed to address waiigsues in UMER, which is a good
example of a small research ring, developed toystihd dynamics of space charge dominated
beams [13-14]. While my approaches and experimamsdeveloped around specific needs of
this ring, they are simply extendable to similaairand low energy machines.

The forces between particles in a beam, calledespharge forces, can indirectly affect
the orbit of beam centroid. Steering (orbit contsmlutions developed for lower charge beams
are not readily usable for medium to extreme sgheege cases. Such high intensity beams are
SO sensitive to the lens nonlinearities and as swcttinearities increases off-center toward the
wall of the ring (especially for imperfect lensesed in research rings), beam excursions inside
lenses should be limited more. In addition, spdwge increases the strength of image charge
forces, which consequently lead to larger centrexdursions inside the quadrupoles. Some
experimental verification of these phenomena isgméd in this thesis.

In small research rings there is no Beam positianitdr (BPM) inside or next to each
quadrupole (mostly due to the lack of space) and thbit information is not known inside these
important focusing elements. Because of the limmeehber of BPMs, the beam is under-

diagnosed. Furthermore, as beam excursions hagerbamplitudes inside quadrupoles, beam



loss happens mostly inside these focusing elem&htesefore, it is important to know the beam
centroid positions inside the quadrupoles. To askltkis problem, a method is presented which
indirectly infers beam positions inside quadrupoles

Optimizing beam injection is another subject ass iessential, especially for high SC
beams, to have small betatron oscillations. In,fagjood orbit can be simply made useless by
bad injection that leads to high beam excursionsngthod has been presented to address this

issue.

1.1 Previous Work & Background

Drs. Chris Papadopoulos [15] and Diktys tak@s [I16] are the two UMER students who
have done intensive work in measuring the beamtana¢. Stratakis, in fact, worked on
tomography techniques for characterizing the plspsee of the beam. Obviously, from such
measurements the emittance can be determined. dHeessgs the space charge problem
throughout his research and finds approximationeforttance growth under the intense space
charge.

Papadopoulos collaborated with Dr. Ralph Fiorito2009, which led to proposing a
method for finding emittance from beam size anc&djence measurements made by Fiorito. His
method is based on calculating the emittance atnmaim of the beam size scan. Such approach
was only applicable to beams with negligible spelcarge, and therefore, it was necessary to
extend this work and find approaches that coultizatisize and divergence measurements to
determine emittance for any beam including beantis sppace charge.

It should be noted that due to low energy natur&BfER, the divergence cannot be

measured. This was shown experimentally by the vadrk Tian [I7]. Therefore, my



proposed emittance measurements, which rely on kmpthe beam divergence, could not be
tested experimentally here in UMER.

As it was pointed out earlier the quadrupole scarthe most common method for
measuring the emittance. References [1-5] coverlicghion of the method to various
accelerators and rings. Some work has been domadify the quadrupole scan method so that
it could be applied to beams with space chaige.C. G. Limborg et al. [6] present a
sophisticated method that apparently includes spheege; however, authors provided limited
numerical results to confirm the accuracy of thehoeé under the influence of space charge
forces. J. Rosenzweiget al. [18] present a comprehensive analysis of spacegehiarce
effects on emittance measurements, although therk wloes not provide any solution for
canceling or limiting such effects.

Controlling the beam orbit has been very imporfantUMER and during the past few
years many students have worked on this subjectieWiere have been many methods for beam
steering in the rings such as harmonic correcti®j, [eigenvector method [20], orbit response
matrix [21], and LOCO [22] past studies have shawat such techniques are not directly
applicable to a research ring like UMER.

First beam steering activities for UMER were dogeDns. Hui Li [23] and Mark Walter
[24-25]. Li developed algorithms for beam steerargl envelope matching before the UMER
ring was closed. His control technique used thedinoptics theory and involved scanning the
guadrupoles, taking beam photos at downstream pbosgcreens, and computing resulting
beam position changes. He also worked on beamtimjedde was not much successful in this
procedure, as the numbers of correctors in botheglavere far less than the number of orbit

control points around the ring. For instance, ie tiorizontal plane there are 36 dipoles as



correctors opposed to 72 quadrupoles. Therefose|uion giving zero for beam orbit inside all
quadrupoles theoretically could not exist. Overslich steering works resulted in the multi-turn
commissioning of UMER and laid the foundation fatel steering research.

Walter used the quadrupole scan techniqueb&@m centroid to find the centers of
guadrupoles, which led to a coarse steering solutite also set up an initial complete beam
steering configuration; however, this method did ofber a good multi-turn solution. Although
Walter's approach works for beam steering, it eifleads to a local optimal steering solution,
cannot converge easily, or even diverge.

Dr. Chao Wu [26-27] continued the job of beareering and did many refinements to
UMER beam orbits based on “Response Matrix” methtalapplied the response matrix method
to equilibrium orbit also known as “Closed Orbiticathrough some iterations was able to refine
the closed orbit considerably. The lowest currezdarb of UMER could survive in the ring for
more than 1000 turns due to response matrix basemtking of the closed orbit. However,
several problems remained to be addressed in teeverks. First, although the quality of the
closed orbit was improved to a good extent, it wasacceptable for high current beams with
intensive space charge. Second, as we can see tlageresponse matrix method is very
dependent on good initial settings and thereforevas not possible to apply the technique
immediately to new ring configurations or geometrilm fact, it was necessary to manually trim
the orbit and make it acceptable for response matathod by making the ring response linear.
In addition, while the response matrix correcticasvsuccessful for correcting closed orbit in the
horizontal plane, it could not do much for smoothirertical closed orbit. It was necessary to

address this steering problem through my research.



Correcting injection was another issue tietded to be investigated. Past work by Chao
relied on treating transport line steerers likgmpoles and engaging them similarly through the
response matrix. However, this approach cannot fumee the injection parameters by
minimizing betatron oscillations. A section of tkkhapter 6 is devoted to proposing a new

systematical method for injecting the beam on dasbit.

1.2 Organization of Thesis

The rest of the dissertation is organized as saptd#rs. In chapter two, we discuss the
theoretical background of transverse beam dynanNest, in chapter three, we give a brief
introduction to basics of beam measurements inotudize, divergence, emittance, and finally
the closed orbit.

In chapter four, first, we discuss the proposedhmgifor measuring emittance of beams
with space charge, and then we present the extensimerical results of testing the method for
various grades of space charge. In chapter fivathan novel method for including space charge
in emittance measurements is discussed. The cheqpdsrwith providing the simulation analysis
of the method for a specific linear acceleratorexty we present our experimental studies of
UMER orbit characterization and control throughfautr sections.

Finally in chapter seven, we draw conclusions astl duggested ideas for related
experiments and simulations that could assist inticoing the exploration on measuring

emittance and orbit control for beams with spacegé.



Chapter 2: Theoretical Background of Beam Trang/Bxymamics

In this chapter, first, we review some conceptsransverse beam physics followed by
the beam emittance basics in section 2.1. A basausision of Courant Snyder theory is given in
the section 2.2. Finally, we introduce the spaa @ dynamics and then the envelope equations

in section 2.3.

2.1 Fundamental Concepts of Beam Dynamics

2.1.1 Phase Space Representation of Beam

In Classical Physics, a charged particle is welicdbed by its positiorn(x,y,z) and
velocity (vy, vy, vz), in addition to its massn and chargeg. In the case of a beam, the
movement of the charged patrticles is highly dimw along longitudinal direction, which we
define to bez. The other two components of the velocity sped¢ifg motion in the plane
perpendicular to thez, which together withx and y specify the transverse phase space
coordinates of the particle. As the velocity alanig far higher than the transverse velocities, we
can thus utilize the so-called paraxial approxiora{i28], and simplify the analysis by defining

slope variablec’ andy’ as:

, dx vy
X =— = —
{ dz v, 2.1)

dy v
V=",
Z

The anglesc” andy’, closely related to the velocitieg andv, are used in conjunction with x
and y as the trace space coordinates of the particl
To fully specify the particle, it is also necess#@mytakez and Av, into account hence

each particle’s status is determined by a 6 dinoesi system. It is presumed that all the



particles have the same longitudinal veloaity, and hence the dimensionality of the problem
can be reduced from 6 to 4. This is the case wtherdbeam is an infinitely long cylinder, and
therefore, the transverse dynamics is decoupleu fte longitudinal physics. Throughout the
dissertation, it is also assumed that the beanoisbaing accelerated as it travels along the
transport channel. Hence, the longitudinal velocityis taken to be constant, unless otherwise
indicated.

Given above mentioned assumptions, the most gedesription of the beam can be
obtained with a Probability Density Function (PDF)= f(x,x,y,y"), which is a function of
4-dimensional phase spage x', y,y"). Moments of the distribution for a general funntip can

be written as:

@ = [[[greryyraxdxdyay (22)

The rms beam size and the rms beam divergenceharéwb average quantities or
moments that are important in characterizing thedverse space. These moments are defined by

the following relations:

N[~

Xrms = A/ (x2) = (f j j f x? f(x,x',y,y)dx dx'dy dy’) (2.3)

and,

N[~

X pms = (x'2) = (f j J- f x'? f(x,x",y,y")dx dx'dy dy’) (2.4)

Likewise, similar rms values can be defined for ghplane. It should be noted that, in
general, rms quantities af andy might not to be equal. The beam divergence igeelto the

beam temperatur® in the corresponding transverse direction, as shosve:



kgT, = ymv,?u'? (2.5)

wherekjg is Boltzmann’s constant, andrepresents either of theor y planes.

2.1.2 Emittance

In this dissertation emittance always refers to titamsverse emittance. Emittance, a
major quality indicator for the beam, is used toamege the random thermal motions of the
particles in the beam. As figure 2.1 shows, foearb with low emittance, the particles inside the

beam tend to keep moving parallel to each otherlewibr a high emittance beam, they seem

more diverging from each other.

ay >
——— -
= >
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i e ——
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Figure 2.1: (a) Laminar or low emittance beam d)dHigh emittance beam.

Different definitions of emittance are given in thierature, however, emittance can be
best described as a measure of the compactnebe @htise space occupied by the particles.
Based on this view of emittance, it can be defiaedhe effective area of phase space or trace
space distribution. The emittance calculated thay v8 known as the total emittaneg, When

there is no acceleration, this area is constanh @vthe particles go under nonlinear focusing
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forces. This may be regarded as a disadvantagaifodefinition of emittance as it cannot show
the effect of nonlinear forces on the beam. FiguBeshows a sample trace space with an ellipse
encompassing the majority of beam particles. Inrbet section, we will see that for linear

forces such area can always be represented abpmse el

Figure 2.2: A typical trace space with an ellippe@npassing the effective part of the beam [Limb].

The rms emittance is defined as the product ofbéem rms size and rms divergence
while the cross-correlation between these two gtiesitare known and taken into account. Such

cross-correlation is calculated from the generatat given in Eq. (2.2) as:

(xx") =ffffxx’ fCo,x',y,y)dx dx'dy dy’ (2.6)

Starting at the source, cross-correlation is zeri B expected due to the randomness of
particle emission from the cathode. As we will saeheam focusing elements, forces applied to
particles are proportional towhich leads to non-zero values for cross-correfator most parts
of the lattice. In fact, the cross-correlation teirsnnegative if the beam is contracting with
increasingz and positive if the beam is expanding. Based @sdhthe rms emittance can be

calculated from rms beam size, divergence and -@oselation through the following equation:

11



& = J (x2)(x') — (xx')? 2.7)
Likewise, y rms emittance can be written in terms of corredpany plane quantities.
As was the case with size and divergence, the amsiés inx andy might not be equal. We will
use mostly this definition of emittance throughthis dissertation. The unit usually used for
emittance istm — rad, which is often written agm.
For a specific beam distribution where all paetclie uniformly inside an ellipse, the rms
values can be related to maximum values of sizedaretgence by a factor of 2 [28]. This leads

to another definition known as the effective emmitts, which can be expressed as:

€ = 4€, = 4\/(x2)(x’2) — (xx')? (2.8)
Similar to the total emittance, both the effectared rms emittances are conserved under
the linear focusing forces. However, if there isaeration all these emittances change. It is
helpful to modify the latest emittance formulastisat they preserve their values by acceleration.
This modification comes from the factgty, wheref andy are relativistic parameters defined
asp = v,/c andy = (1 — f?)~%/2 wherec is the speed of light [29]. The emittances defibgd
a product of rms and effective emittances with tlaistor are known as normalized rms or

normalized effective emittance and is shows,gsande,,,:

e = By (X)) — (') 29)
and similarly with an extra factor of 4 fey,.

The table 2.1 summarizes all the widely used enutadefinitions and their properties

regarding variation with energy (acceleration) &ndar or nonlinear focusing forces.
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Table 2.1: Widely used emittance definitions aralrtproperties [30].

Type Origin Linear Forces Non-linear Forces
Total Emittance, €, Conservation of phase space Conserved Conserved
RM S Emittance, € Average over distribution Conserved Not Conserved
Effective Emittance, ¢ Correspond to total Conserved Not Conserved

(4% €)

emittance of uniform beam

Although the beam emittance is a quality indicdtwrbeam, generally, it is not enough

to have beams with mere low emittance preserved theewhole length of the lattice. One can

reduce the beam emittance by using slits or hdlewever this reduces the total current of the

beam as well. In fact, it is the number of parscfer a given emittance that counts for beam

guality. Hence, a quantity known beghtnessand is defined aB = dj/dQ which is current per

unit solid angle is introduced. Brightness is a suea of the density of particles in phase space.

Often, it is more convenient to use the averagaghbress, which is directly related to the beam

emittance. In exact mathematical formulation, therage beam brightness, as a quantitative

measure to the concept of beam quality, is given as

_ I
B= ——— 2.10
8m2E, €, (.10)

Therefore, how small the emittance should be fepecific application depends directly

on how much current the beam has. High brightnesgires both high current and low

emittance in the andy directions. The emittance of l&n may seem a good value for a current

of 100 mA, however, for the beam current of 10 rh& émittance should be decreased as low as

1 um to have the same beam brightness. Finally, it lshbe pointed out that normalized

brightness can be defined by using normalized angts at the denominator of Eq. (2.10).
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2.2 Courant-Snyder Theory

The Courant-Snyder theory presents the generati@oléor beam size and divergence
variation in an accelerator structure [31]. Wetdtam the single particle equation of motion for
a beam transport channel. The periodic focusingmdlas the simplest focusing channel, where
the external force applied to confine the beameisoglic ins, and a linear function of distance
from the beam axis. Such focusing force is given by

Fo(r) = mv,*kr (2.11)
wherem is the mass of beam particlesjs a measure of the focusing strength ancan be
either ofx ory. The single particle equation of motiondrplane is given in literature as [?]:

x"+Kk(s)x=0 (2.12)
wherek(s) is a periodic function with lattice perigd

k(s +5) = k(s) (2.13)
The general solution to the motion equation cawtigen as:

x(s) = Aw(s) cos(y(s) + ¢) (2.14)

This solution is quasi-periodic with the phase tegrts), and the amplitude term(s).

The derivative of the phase ter(s) is given as:

1
P(s)=—= (2.15)

w(s)?
By plugging the solution (2.14) into Eq. (2.12) amdting the equation in terms of only

w(s), using the Eg. (2.15), we receive the follogveguation of motion:

w(s)" + k(s)w(s) —

O (2.16)

To know the trace space shape and area, we caunlateldhex’ and then use the

envelope equation for(s) to obtain the following relation betweerandx’:
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( ! +w’(s)2> x(s)%2 = 2w W' (s)x(s)x'(s) + w(s)?x'(s)? = A? (2.17)
w(s)Z

We can write this equation in the following form:
px?+2axx' +Bx? =€, (2.18)
where, implicitly, all variables are functions of
The Eq. (2.18) describes an ellipse in trace spakthe@, §, andy are known as
Courant Snyder parameters. These parameters aat teqtheir corresponding factors of?,
xx', andx'? in Eq. (2.17). Of these parametefsjs known as beta function and it represents the
beam envelope (for so-called emittance dominateambesee section 2.3). In fact, one can

determine theB (s) for a lattice and calculate all other two paramseteom the following

equations:
P
2
1482 (2.19)
V=——=
U B

Notice that we replaced th& with the rms emittance,. This means that the ellipse
with A% = €&, is the largest ellipse that particles in tracecsepaan be found on. Obviously, all
other particles with smaller amplitudes lie insttes ellipse. Figure 2.3 shows a typical ellipse

highlighting several important points on the cirdarence of the ellipse.
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Figure 2.3: Trace space ellipse described by egufitc? + 2@ xx’ + § x'? = &,, and relations of some important

points [28].

2.3 Beam Transport Under Space Charge

In beam transport, there are two factors causiagipansion of the beam. One is space
charge, originating from the self-forces of simyacharged particles inside the beam which is
generally known as space charge forces; the othére emittance, coming from the thermal
motion of particles. External focusing is appliedcbunteract these two forces and prevent the
beam from expansion. In this section, we discuggaamtitative measure to include space charge

forces in beam transport through envelope equation.

2.3.1 Modeling Space Charge

The generation and transport of electron beams higth brightness and low emittance is
constrained by the mutual repulsion among electratéch is known as space-charge. Intense
beams consist of many charged particles that caatermagnetic and electric fields. In a

simplistic beam distribution where all beam paetclie inside a cylinder with radius R, we can
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calculate such forces. According to the figure thé,electric field at the distanedrom the axis

of the beam can be derived by using Guess theosem a

Ir
,r <R (2.20)

" 2megR%v,

where I is the beam current, ang, is the free space permittivity. Likewise, the aathal
magnetic field at can be derived by using Ampere’s law as:

_ Holr
9~ 2mR2

r<R (2.21)

wherep, is the free space permeability.

2R

Figure 2.4: Diagram showing the pillbox model of tieam with radial electric and azimuthal magrfedids [30].

The electric field is along, while the magnetic field is along. By using the relation
UoEp = ciz , the magnetic field can be written in terms efo#dic field as:

v, E
By = er (2.22)

These fields can result in a net repelling forceadast charge particle located at r given by:

2 qE
F = q(E, —v,Bg) = q (1 - C—2> E="% (2.23)
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In general, this self-field force combined with extal focusing forces applied through
magnetic lenses (e.g. quadrupoles) determines tiegoms of particles inside the beam and
consequently the beam envelope. One immediatecaatfn of Eq. (2.23) is that when the beam
is relativistic {, comparable ta@) space charge force becomes negligible as bottrielend
magnetic field forces cancel each other. In otherds, space charge is more important for non-
relativistic, low and medium energy beams. For trnégktic beams, single particle behavior
dominates and each particle moves only under theeimce of the external focusing forces.
However, near the source, where the energy is $pace charge becomes comparable to the
external fields. In such high space charge regitres particle-to-particle interactions occurring
through the Coulomb forces give way to collectieh@vior of particles. In this case, the beam
can be viewed as a non-neutral plasma where thageréocusing forces replace the neutralizing
background [28].

The uniform distribution we used for modeling thease charge forces is generally
known as Kapchinskij-Vladimirskij (KV) distributior§32]. It provides a simple model for
theoretically analyzing beam behavior affected byaators mentioned above. In this model, as
we saw earlier, the space charge force is linedrthe@ beam phase space area, represented by
emittance, remains constant. In reality, for theeds to be linear in the transverse direction, the
paraxial approximation must be satisfied and thanges in the beam envelope must occur

slowly enough for the longitudinal forces to be liggle.
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2.3.2 Beam Envelope Equations

To derive the equation for beam envelope, we $tam the single particle equation of
motion for a beam transport channel. The smootlidiog channel is the simplest focusing
channel, where the external force applied to cenfile beam is constant i azimuthally
symmetric and a linear function of distance frora beam axis. As we saw in section 2.2 such
focusing force is expressed by Eq. (2.11). Thelsipgrticle equation of motion im plane,

given in Eqg. (2.12), can be modified to include $ipace charge linear forces as [33]:

K
x" + (K — ﬁ>x =0 (2.24)
where dimensionless quantity,

. ql _ 2 (2.25)
= Znegm(chy)®  Lo(BY)? '

is defined as the generalized perveance repregespiace charge defocusing forces. In Eq.

(2.25),1 is the beam current ariglis the characteristic current given by:

4megmce
fh=—r— (2.26)

For electrons/, = 17000 A. The evolution of the beam envelope sigecan be obtained

by taking moments of Eq. (2.24) as:

( €
j R/ (s) + k R (s) — R.G5) — RG) 0
P & (2.27)

LR; (s) + Kk Ry(s) — NORNO

wheres denotes the longitudinal variable along the beath,pand the derivations are calculated
with respect tals. One realistic implementation of a smooth focusihgnnel is a long solenoid
magnet. For a solenoid channel, if a round beamrgtihe channel, it remains round although

andy emittances may still be different. Normally, ewmittes are the same and we can have the
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same envelope equation for both planes. Eqs (2a2&)known as nonlinear second-order
ordinary differential equation (ODE), and a clogedn solution can be given for it. Hence, it
should be solved numerically in packages like MAB.84-35].

On the other hand, the transport channel may beundarm and non-axisymmetric. In
this case, the transport channel is comprised afneiic or electric quadrupoles. Quadrupoles
focus in one transverse plane while defocusindgéenather plane and by reversing their polarity,
we can exchange the directions of focusing and aisfag. Hence, by placing magnets of
alternating polarity along a transport channel, bieam is focused on average. It should be
noticed that for such channel, the beam has noeloag azimuthal symmetry, and the beam

envelope is described by two following coupled empunes:

" ; 2K & _o
1(s) + Kk Ry(s) — R.(s) + R,(S) Ry(s)® 228
2K €y e

RO TR,G) Ry

kRJ’,’(s) —KkR,(s) —

As can be seen from Egs. (2.28), the coupling tedubm the space charge factor
(generalized perveancg) Therefore, for the case where space charge igyiidg (e.g. highly
relativistic beam) the andy envelope equations can be treated independently.

The solutions of beam envelope equations are iergéoscillatory, however, in the case
of a uniform focusing channel; there is a roughbnstant solution that can be obtained by
pluggingR;/ (s) = 0 in Eq. (2.27). This case is commonly referredg@anatched beam, and the

matched beam radiug,, is calculated as:

(2.29)

The beam envelope equation is essentially a balaateeen three forces, namely the

external focusing force,., the internal space charge defocusing fafge,and the emittance
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defocusing forcek,,,,. Obviously, for a matched beam we have:
Ffoc =Fc+ Fem (2.30)
The dimensionless ratio of internal space chargee®to external focusing forces is

defined as the intensity parameter, , and carebgatl as:

K. K
FfOC KRmZ

X (2.31)

This parameter, accepting values between 0 ansl 4 ,measure of space charge effects
for a matched beam. Generally, beams are classifie¢do categories based on valug oiin the
case ofy < 0.5 the emittance term is dominant, and hence the hbeasaid to be emittance

dominated beam, while for > 0.5 the beam is called to be space charge dominated.
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Chapter 3: Introduction to Beam Measurements

This chapter mainly discusses major transverse hemiameter measurements. As the
proposed emittance determination methods of chapteand 5 are relying on beam size and
divergence measurements, the first section descthee techniques for measuring them. Then
next section presents the two conventional appembdr measuring the emittance. The chapter
continues with the discussion of beam centroid dyina and, especially, how perturbations may
affect the beam centroid motions. Finally, last tegctions give brief introductions of two

accelerators that are used for experiments or simuk.

3.1 Determining Beam Size and Divergence

Measuring the beam size is a routine operatiorcaelarator facilities. The most widely
used method is to place a YAG or phosphorous scoeethe beam line. When the charged
particles hit the screen, photons are emitted hadptical image taken by a CCD camera truly
represents the transverse distribution of the bearticles. The beam divergence is also directly
measurable, either by a pinhole, which is a comma&thod for measuring the divergence in
laser beams, or by measuring the properties oDghical Transition Radiation (OTR) emitted
when the particle beam passes through a metailic fo

Optical Transition Radiation is a well-known diagtio tool to measure the beam
distribution as well as beam size and divergende \[ghen a charged particle beam with a
constant velocity passes through two different miedi with different dielectric constants, for
example, from the vacuum to a metal plate, theddiedenerated from the particle beam will

change quickly and some of the field energy is eoted to optical transition radiation [36]. This
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process can also be described by a collapsingrestatic dipole. As the charge particle beam
approaches the metal surface, the image chargedasapproaching the metal surface. When it
reaches the surface and stops suddenly, radiatigenerated.

Ginsburg and Frank made the first theoretical mtezh of the OTR in 1945 [37]. The
first use of OTR as a beam diagnostic tool was md®79 by Wartski. He demonstrated that
for a highly relativistic beam the OTR image colild used to measure the beam intensity
profile, and the angular distribution of the OTRtpe can be used to measure its energy [17].
Since then, OTR has been widely used for measurewfethe beam size, divergence and

energy.

3.1.1 Setup for Optical Transition Radiation

Figure 3.1 shows the diagram of OTR setup usednf@ging both the beam intensity
profile and its divergence [10]. A thin metalliclfplaced on the beam line is the pivotal part of
any OTR system. When the beam particles hit this fbil, it produces both forward and
backward OTR radiation. The backward radiationesegated when the beam enters the metallic
foil from the vacuum and the forward OTR is genedatvhen the beam enters the vacuum from
the foil. The magnitude and angular distributionbaoith radiations are similar. However, the
center of backward OTR intensity is in the direstaf optical reflection of the incident beam
and that of the forward OTR is aligned with theedtron of beam propagation [38]. In order to
measure the beam divergence, an OTR interferonceteprised of two parallel thin metallic
foils oriented 45 degree with respect to the incideeam, is used. The forward OTR from the
first foil and the backward OTR from the second fgive rise to interference patterns which
their visibility can be used to calculate the rresim divergence when the distance between these

two foils is comparable with the vacuum coherengta [11].
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Figure 3.1: The diagram of OTR setup for imaging lbleam size and divergence [9].

The angular distribution of OTR radiation, produdsda single electron incident on a

perfect conductor, can be described as [11]:

d*W _ e?B?( sin (6 —2y) sin ()
dwdQ  4mic (1 + fcos (6 — 2v¢) * 1+ Bcos (9))

(3.1)
whereW is the energy of the radiation, is the angular frequency of the radiatiénis the solid
angle,e is the electron charge, agds the velocity of the electron divided by the ep®f light.
The observation angle in the horizontal planes formed by the velocity vector of the electron
V andy is the angle betweevi and normal to the screen unit vecter,Figure 3.2 illustrates the

orientation of the OTR imager relative to the irmitbeam and also the field of view of the OTR

radiation.
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Figure 3.2: Typical OTR radiation pattern [12].

3.1.2 OTR Interferometry for Measuring Beam Diverge

As scattering in the first foil of the OTR interéeneter dominates and obscures the beam
divergence, conventional OTR interferometry canp®tused for low emittance beams. Ralph
and Anatoly have shown that to overcome this prable perforated foil (mesh) can be used in
front of the first foil in combination with a solihirror after the second foil [11].

For low energy beams the inter foil spacirgy y224, is too small to observe the
interferences of forward Optical Diffraction Radietry (ODR) from the mesh and backward
OTR from the mirror. For example, at beam energ® ®&fleV and wavelength ¢=632nm,L
becomes less than 1 mm. A transmission interferemeting a transparent dielectric foil as a
second foil can be used to address this limitatidme forward ODR produced by the mesh
passes through the dielectric foil and interferés worward radiation produced by the dielectric

itself. A transport mirror is used to redirect theterfering radiations into the optical
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measurement system as can be seen in figure 338dBm this, an optical diffraction dielectric
foil transmission interferometer was designed amseéduto measure the divergence of the
Argonne National Labs Advanced Wakefield Accelerajperating at 8 — 14 MeV [11].

The above mentioned researchers use the codes BIRAMII CONVD, described in
[39], to calculate the interference pattern produlog the ODR from the mesh and the dielectric
foil radiation. The code CONVD considers the fatliation properties of the dielectric and also
takes into account the refraction, reflection, attdnuation of radiation from the mesh. The code
CONVD needs the exact values of thickness andatfsindex of the dielectric foil. In order to
find these values, the OTR produced by the lowgnbeam passing through a single metallic
foil and also the radiation from interferometer guoed by the same beam are recorded. Figure
3.4 shows the angular distributions of the OTR efit limage and the radiation from
interferometer in right image. Corresponding vaitiscans of intensity are shown in figure 3.5
as dashed lines with red as interferometer and &u®TR. Fitting of the experimental dashed
curves and theoretical solid curves allows findithg beam and interferometer parameters

including the thickness of the dielectric foil usadhe interferometer.
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Figure 3.3: Mesh-dielectric foil transmission irfiegometer [12].
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Figure 3.5: Measured and calculated angular digioh of radiation from metallic foil and interfer®ter [12].
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3.2 Standard Techniques for Emittance Measurement

In this section, we discuss about the common teckas for measuring the emittance and
report their advantages and disadvantages. Twokmelvn and mostly used of such methods

are quadrupole scan and pepper pot.

3.2.1 Quadrupole Scan technique

In qudrupole scan method, the focal strength of dhadrupole is changed to have
different beam sizes on a screen at distandeom the lens [4]. It can be shown that for an
emittance dominated beam a quadratic can be fittdsbam size scan curve, and emittance can
be determined as a parameter of the quadratici}. [Figure 3.6 shows a typical setup for

guadrupole scan. The screen usually is the fitsbfdhe OTR setup.

Beam
envelope

e

L

e Sy
e

Quadrupole Drift section Screen / foll

Figure 3.6: Typical quadrupole scan experimentgsetu
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As it was discussed in the precious chapter, tlaenbghase space can be described by an
ellipse with Courant-Snyder (CS) paramet@r$ , andy. We can write the CS parameters at the

screen in terms of CS parameters at the lens thrimligwing equation [29]:

5 2

Bs mqq —2my My, my*

as| = [M11Mz1 MMy + MMy, —m12m22 (3.2)
Ps My 2 —My1 My,

wherem; are the elements of the transfer matrix betweerethe and the screen. The square of

beam size at screen is related to the CS paranagttrs initial position through:
X2 = o€ = my 2 Bs€ — 2my1my,@5€ + My Ps€ (3.3)

Transfer matrix for the drift section of the quaable scan setup can be obtained as:

o | I @

In the quadrupole scan technique, the CS paramatetBe screen can be found by

measuring beam size corresponding to the sevelakwvaf the focal strengt]é. Then by

measuring the beam size at that point as a fundiahe quadrupole focusingstrengths and

curve fitting the data we can obtaly, &,, 7, , as well as the emittance. A typical scanned data
with the quadratic curve-fitting is shown in figu®6. It should be pointed out that the
mentioned technique can only be applied to emidadmminated beams. As we will see in the
next chapter, by going to high space beam, thezehage errors associated with determining

emittance with CS parameter fitting for beams wiijh space charge.
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Typical quadrapole scan (done for UMER)
! ! ! ! !

| 1A

Figure 3.7: Typical scanned size data measured¥tER. The beam siz&2 is plotted versus the quadrupole

focusing strength and a quadratic (shown in refljtexd to the actual data (black dots).

3.2.2 Pepper pot Based Emittance Measurement

In pepper pot technique, the phase space diswibudind consequently the beam
emittance can be measured by using apertures tplsamaller regions in transverse space. The
beam is intercepted at pepper pot plate, whicloimal to the beam and contains a regular array
of identical holes over its entire surface. A dagrof the pepper pot experiment is shown in
figure 3.8. Each subsection of the beam passingugir a hole is known as beamlet. A
downstream screen measures the location and itywesfseach beamlet. The holes are small
enough so that the beams passing through beconttaecei dominated. Therefore, the beam
drifts along a straight line between the peppergmt the screen. Knowing the position of the
beamlets at maskg; , and screenx; and the distance between themthe divergence anghe

can be calculated as:
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Figure 3.8: Layout of the pepper-pot experimeni.[41

Although pepper pots are commonly used in the acalr community, there are several

major drawbacks in using them. In order to get adgeesolution of the reconstructed phase

space, a sufficient number of beamlets should beymed. Therefore, when the beam size is

small, very small and closely spaced holes aressacg. In this regime, construction of such

mask would pose serious practical difficulties. Addally, when the holes are very close, the

images of the beamlets may overlap increasing fitte & the measurement. Finally, being an

intercepting diagnostic, the hole reduces the bieéensity and therefore it make the detection of

faint beamlets more difficult.
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3.3 Beam Centroid Motion Characterization

3.3.1 Trajectory and Closed Orbit

The coordinate system for studying beam dynamsiskiown in figure 3.9.

Figure 3.9: Coordinates of beam dynamics, whemady define the transverse directiangefines the longitudinal

direction, andsis the actual direction where beam travels.

Assuming the transverse beam distributf@m, x’, y, y") the centroick x > is defined as

follows:

1
< x>= Njffjxf(x’xr,y’y')dxdx’dydy’ (3.6)

and similarly the y centroid is defined.
The two dimensional transverse motiotx iandy planes are described by the following

differential equations [42]:

P S 1)

X K ). X = —
p* Bp (3.7)

AB, :

Bp

k y"—K.y=
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Where%" ,% are the normalized magnetic field imperfections tluthe dipole field errorg.

is the radius of the ring, arélis the dipole field for bending the beam with tesjp». There are
two solutions for these equations; the homogenaaosfiéld error) and the particular solution.

The homogenous part gives rise to betatron ogoitiatof the particles described in details by:

xp(s) = \JEB(s) cos(v - p(s) + ¢ )
yp(s) = /€B(s) cos (v -p(s) + (pyo)

Wherep(s) is the beta functiony(s) is the betatron phase ampd, & ¢,,, are the initial phases

(3.8)

right after the beam injection into the ring [31].
The particular solution takes into account thedfiefrors and generates the “Closed

Orbit” (CO). For just one dipole error the horizaintlosed orbit is described by [43]:

%m&ﬂ=§§%%%www~wwyﬂm—nw) (3.9)

and similarly for y closed orbit. The indéxdenotes thé-th dipole or corrector, ang; & ¢, are
measured inside this dipole. The error in dipolgenerates the kiclg; = %l wherel is the

effective length of the dipole. In fact, this kigknerates the closed orbit. The full closed ogbit i

superposition of alN, (number of dipoles) kicks around the ring and loarwritten as:

Np

Xeo() = D e 4(5) (3.10)

i=1
The total solution for motion equations can therob&ined as:
x(s) = xp(s) + xc0(s) (3.11)
It can be noticed that,, is DC part of the full solution. In the other weratlosed orbit
describes the average value of betatron oscillatiah each location. This is why CO is

sometimes called the “Equilibrium Orbit”.
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Figure 3.10: Left plot shows a hypothetical ringhesiut any perturbation. Red curve is the referembé. The right
plot shows a distorted closed orbit with perturtva#® = 30° introduced (in the dipole) located at the angl&6n-

red curves show betatron oscillations up to turn 6.

If there is no perturbation anywhere in thrgy then the closed orbit reduces to the so-

called “Reference Orbit” (RO) or “design orbit”. @busly:

{xRO(S) =0
Yro(s) =0

i.e. there is no DC part and the beam moves agirig the center of the pipe. Therefore, the
task of steering optimization can simply be desatibs making CO as similar as possible to RO.
Figure 2.3 shows both the CO and the RO for a ngimtal ring with a@ = 30" perturbation
applied at the angle 0. Usually the CO is only knomside the Beam Position Monitors (BPMs)
and the steering makes the quantized CO similguémtized RO. As far as sampling the CO is
carried out by a relatively high frequency (4-6 B&per betatron period) correcting sampled CO

makes the whole CO close to RO.
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3.4 Introduction to UMER

UMER, standing for University of Maryland Electrding [13], is a low energy high
current circular accelerator intended for the stodyoeam physics from emittance to space
charge dominated beams. The beam current in UMBERbeavaried from 0.6 mA to 100 mA,
which covers a wide range of space charge levetgiré& 2.1 shows a schematic of UMER

layout, and Table 2.1 lists its key parameters.

§ | Dc magnetic Quadrupoles
. l Wide Pulsed Quadrupoles
|:| DC Bending Dipole

B Solenoid

fl Pulsed Dipole

Bergoz Coil

# induction Gap

0 Diagnostic Chamber

Figure 3.11: Schematic layout of UMER.
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Table 3.1: UMER design parameters.

Beam Energy 10 KeV

B =vlc 0.2

Pulse Length 20-120 ns
Current 0.5-100 mA
Ring Circumference 11.52m
Lap Time 197 ns
Pulse Repetition Rate 60 Hz
FODO period 0.32m

Beam size at the aperture (100 mA) 3.2 mm
Beam size at the aperture (0.6 mA) 0.25 mm

UMER has three parts: injection, ring, aedirculation. As shown in figure 2.1, the
electron beam is first generated at the E-Gun, thed introduced into the ring through the
matching section. After that, the beam recirculatebe ring with the help of dipoles.

A key feature of UMER is the ability to vary thedme intensity. The related intensity
parameter,y, can be varied from 0.2 (emittance dominated betm.99 (space charge
dominated beam). The beam intensity is varied laygudifferent apertures to change the beam
current. The variable beam intensity allows thedgtaf steering schemes for various beams.

Table 2.2 shows a list of aperture size, curraniitance and intensity parameters.

Table 3.2: Beam configurations in UMER.

Aperturet r0 (mm) | (mA) e (um) X
1 0.25 0.6 7.6 0.27
2 0.875 6 25.5 0.6
3 15 21 39.0 0.72
4 2.85 80 86.6 0.84
5 3.2 100 97.3 0.90
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3.4.1 Earth’'s Magnetic Field Perturbations on \éaitOrbits

As the beam energy in UMER is low, the beabit is so sensitive to field perturbations
caused by Earth’s magnetic field. The Earth’s fieihich contributes around 20% of the
bending force for beam steering, is not constamiraat the ring. The amplitude and the direction
of the Earth’s magnetic field vary along the ring shown in the figure 3.11 [44-45]. In this
figure, at every 10 degrees, there is a horizatifadle. The perturbations affect vertical steering
more severely, since the horizontal componentshef Earth’s field tangent to the ring is
responsible for the deflections. Such tangentiahpanents follow approximately a sine curve,

and therefore vertical plane perturbations are nated by a sinusoid.
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Figure 3.12: Measured Earth’s magnetic field arothd UMER ring. The top graph shows the Horizontal
component while the bottom graph shows the vertoatponent. The Horizontal part of Earth’s fieldésponsible

for vertical perturbation [44].
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3.5 Introduction to Advanced Wakefield AccelerdfoiVA)

As most of the simulations for emittance measurdémrethod discussed in chapter 5 are
done for AWA, this section provides a brief intration about this accelerator machine. AWA,
standing for Advanced Wakefield Accelerator andated at ANL [46], is a medium energy
LINAC with beam energy from 8 MeV up to 100 MeVghre 3.13 shows a schematic of AWA
beam line. The length of the accelerator is clos® m. It has a RF gun which injects electron
beam bunches of about 1 MeV energy and lengthiBtpshe LINAC section. The charge of the
bunch is normally 1 nC, however, it can be incrdasearound 10 nC by using a wider laser spot
size. For the beam charge of 1 nC, the peak beamantus 125 A. There are 4 YAG diagnostics
points on the beam line which provide beam intgnsibfile measurements. The AWA beam is
round all along the lattice. The space a#fer 7 m is available for quadrupole scan experiment.
As the layout shows, the scanning lens which caritieer of a quadrupole or a solenoid is
located atz = 7 m and the OTR foils are placed half a meter away at 7.5 m. Table 3.3

lists key parameters of the AWA.

4t b
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all EE] :
cur b o OO |
g&p | =
/ ‘R!:ae YA i nar: T T G Epent roret er Fepper B COad OFH i
Bucki ng & Focusi ng et ehi ng el g
5ol erci d 5ol mnni il enad

Figure 3.13: Schematic diagram of AWA beam lin€|[47
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Table 3.3: Beam parameters in AWA [47].

Parameters Value Unit Comment

R_laser 1 mm Laser spot radius
Charge 1 nC

FWHM 8 ps Gaussian

Phi_Gun 50 deg 8 MeV after gun
Phi_Linac 90 deg 14 MeV after LINAC
| BF 550 A

| M 320 A

|_Yale 70 A
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Chapter 4. Measuring Emittance for Space Chargeibaed Beams

In this chapter, we present our first method foasuging emittance of beams with space
charge, which is based on determining emittancen ftvo measurements of beam size and
divergence. First, in section 4.1, we review a roétfor determining the cross-correlation term
from the scan of beam size. Then, in section 4 pvesent a closed-form solution for cross-
correlation term from two measurements of the sizé divergence. In first two sections, it is
presumed that the beam is emittance dominateckclios 4.3, based on KV envelope equations,
we present an iterative procedure for finding cramselation of a beam with space charge again
with two pairs of size and divergence measuremddt<l9].

In section 4.4, we, first, present the results mblgng our method to simulated beams

and then we discuss its noise analysis and nunhstataility.

4.1 Determining the Cross-correlation Term From Be&ize Scans

In [15] it was shown that for an emittance domidalbeam, the cross-correlation term can
be determined at the minimum of a quadrupole sdathe beam radius or divergence as a
function of focusing strength. Here, we follow dfelient approach to derive a relation for the
cross-correlation term that can be easily exteriddxsbams with space charge.

Figure 4.1 shows a typical quadrupole scan sethp. focal length of the quadrupole (or
solenoid) is varied (scanned) to achieve a mininspit size on the screen located downstream
at a distanced. from the quadrupole. Assuming no space charge,ritietransverse beam

envelope in the drift region can be expressed as:

1

€2 2
R(s) = (ROZ +2-Ry-Ry-s+ (F + R’02> . sz> (4.1)
0
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whereR, andR’, denote the initial 2xrms radius and slope of theetope at the leng, is the
effective emittance, ans is the distance from the lens on the axis alorglkieam direction.
Here, the radiu® stands for either of the two transverse radii, @wedlo not assume the beam is

axissymmetric. Then for beam radius at the locatibscreen we have:

€? 2
R(L) = <R02 +2-Ry-Ry-L+ (F + R’02> : L2> (4.2)
0

R

0

_____________ v
0

Screen

\

[t

Focusing

U Quadrupole

Figure 4.1: Diagram of a quadrupole scan setupdasmre emittance. Beam enters the quadrupole nilapeRr,

and slop&R’; and leaves it with slop®’,.

The focal length required to have minimum beamusdin screery,,, can be found by
setting the derivative oR(L) with respect tof equal to 0. According to Eg. (A3) in the
Appendix, a variation irff simply translates to a variation in beam slopétrafter the lensg’,,.

When we take the derivative Bfwith respect t&’,. The solution is:

’ RO
Rolp=pn =—T (4-3)

By plugging Eq. (4.3) into Eq. (4.1) we obtain themimum beam radius at the screen:
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Ryn(L) = S 4.4)

R
To find the cross-correlation term we also needdtrulateR,,’(L), the slope of the
envelope at the screen when the radius is minimNpte that this is non-zero since the
minimum radius does not correspond to a waist, whs defined as the value & when

dR/ds = 0; whereas the minimum radius in a quad scan osgbendR/df = 0. Taking the

derivative ofR(s) given in Eq. (4.1) with respect toand evaluating it at = L we obtain:

2
Ry-R'o+ (6—2+ R’02> L
Ry

R'(L) = 0 (4.5)
By substitutingr’, andR (L) from Egs. (4.3) and (4.4) we get:
Rn(L) = RWT"(L) (4.6)
R'(L) , alternatively, can be expressed as:
R'(L)zzdm:2<rL'r,L>—4<rL'r’L> @7

ds /< rLZ > B R(L)

Wherer;, andr’; denote the trace spaaeor y position and velocity of the particles at the
screen. In case, applying Eq. (4.7) to beam screen values at miminnadius and combining it
with Eqg. (4.6) leads to:

< x>
L
Thus, the cross-correlation term can be determireed a single value of the beam size, i.e. its

<xL'x,L >= (48)

minimum measured value, and theams emittance can be written in terms of the mesabums

beam radius,/< x? >, and rms beam divergengé< xZ > as:

< x? >>

- (4.9)

e”,%=<xf>(<x’§>—
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Likewise, &2 can be computed from verticgl)(measurements. These expressions match those
given in [15], which are obtained with a differenéthod.

In summary, the envelope is measured over a rahggiadrupole focusing strengths.
Then, after fitting a quadratic to the dafg, and the rms radius at the quad scan minimum are
inferred from the curve. With the additional measnent of the rms divergence fit, the
emittance is calculated from Eq. (4.9). Since weedealing with an emittance dominated beam
here, the advantage of this approach, in compatis@onventional quadrupole scan fitting, is
that only one pair of simultaneously measured oladses (size and divergence) are required to
provide the emittance, whereas in a normal Cousaxytler quadratic fit at least three values of
the beam size are necessary . However, as we lall she approach outlined above can be
readily extended to provide a method to determimeeemittance of a space charge dominated
beam by using two pairs of values of the divergemmee beam size measured along the quad

scan, i.e. without requiring that they include th@imum value of any of these parameters.

4.2 Emittance from two samples of size and divergien

In this section, we present a method to deternheerins emittance from the rms radius
and divergence measured for two arbitrary settoigbe quadrupole focusing strength.
We assume that the following two sets of rms beadhi land divergences have been

measured at two distinct focal lengifisandf,:

fi fa
<xt> <x%>
<x%> <x'%>

From these measurements, we can infer the crosstaton termsX(C; (i = 1,2).
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To see this first note th&? can be written in terms of beam parameters at efthe
focal settings as:

&2 =< x? ><x'? > -XC* (i=12) (4.10)
This leads to:

XC,2=XC% + A (4.11)
Where A is defined as:

A=<xi><x';>—-<x?><x'i> (4.12)

We now find a second relation between the two ecosselation terms. To do so, we need
to expres®R,, the initial beam radius, in terms of beam paranseat the screen. We note that if
the beam starts with radiu&L) and slope—R’'(L) at screen and propagates back toward the
lens, then it obtains the radilg and slopeR’, after traversing the drift distance L. In other
words, to deriveR,, we can switchR, andR(L), and replac&’, with —R'(L) in Eq. (4.2) to

obtain:

=2

2 ) , 16€
R," = R(L) —2-R(L)-R(L)-L+(R(L)2

+ R'(L)2> - L2 (4.13)

By substituting the expression f&'(L) given in Eq. (4.7) and simplifying, we obtaiR, in
terms of rms beam size and divergence as:
Ro? = 4(< x? > =2-XC; - L+< x'} > 1?) (4.14)
Likewise, we can expred, in terms of beam parameters at the lens by swigcRj and
R(L), and replacing’, with —R'(L) in Eq. (4.5) to get:

, <x'f>L-XC
Ry = —4 (4.15)
Ry

Using Eq.(43) from the appendix, we can exprgssthe focal length of the lens as:

1 R,.—R, R, Ry+4<x'?>L—4XC;
- C Ol: C 0 21 i (4.16)
fi RO Ro
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Subtracting the two equations of (4.16) and sulisti for R,> using Eq. (4.14) foi = 1 (i.e.

measurement set 1), we obtain following relatiotwieen two cross-correlation terms:

XC,=B-XC, +C (4.17)
With B and(C defined as:
(B = 1—2L(i—i)
{ fi f o (4.18)
€= (<xf>+< x'} >-L2)<E—E> —(<x'1>-<x'5>)L

Combining equations (4.11) and (4.17) we get follmaquadratic equation fofC;:
(B2—1)-XC,*+2-B-C-XC,+C?*—A4=0 (4.19)

ThereforeX(; is given by :
—B-C+VA-B2+(C2-A
B? -1 '

XCl =

B # +1 (4.20)

By pluggingX(C; into Eqg. (4.10), rms emittance can be calculated.

It should be pointed out that cancelliRy. is the main reason for needing two pairs of
measurements instead of just one. We could alsm farsecond equation between cross-
correlations by using Egs. (4.14), i.e. by matchimgR, for two focal settings. For a thin lens,
we should get the same answer whether we consh@ai, or the focal lengthg, andf, as we
did above. However, for a real, thick lerg, varies when the focusing strength of the lens
changes. Therefore, a more accurate result is ddgeconstraining the focal lengths through
Egs. (4.16).

The method described here relies on two pairs aifmbgize and divergence samples to solve
for cross-correlation term and consequently thettamge, while the common Courant-Snyder
parameter fitting technique requires at least thwamples of beam size (or divergence) [2].

Obviously, however, we can use multiple pairs tqrove the statistical accuracy of the
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measurement. Moreover, in comparison to the apprdascribed above, we do not require that
the quadrapole scan curve go through a minimuns Gén be a valuable advantage considering
the fact that practically, the minimum may not ippr@achable.

We now extend the approach we have followed in $kition to the universal case when

space charge is not negligible.

4.3 Measuring Emittance of a Beam with Space Charge

For a uniform beam distribution where space chadjeear, the beam envelope evolution in
a drift region is described by the following pair apupled, second order, nonlinear, ordinary
differential equations (ODE):

2K ejz _ 0 .
R.(s) +R,(s) R;(s)3 (4.21)

R/ (5) =

Wherej ranges over transverse coordinatesdy, and dimensionless quantity

PO S
2regm(cPfy)?

(4.22)

is defined as the generalized perveance, whictesepis the effect of space charge defocusing
forces. In Eq. (4.22) is charge of the beam particles dpds the beam peak current. Equations
(4.21), also known as Kapchinskij-Vladimirskij (K\nvelope equations, are consistent with the
KV phase space distribution which is an equilibrisohution of the Vlasov equation [50]. Due to
the nonlinearity of the envelope equations in taise, a closed-form solution similar to Eq. (4.1)
cannot be given However, we will show that thesedfigns can be solved using an iterative
numerical approach.

As before, we use a lens-drift-screen setup; howelee to the coupled nature of Eq. (4.21)

we consider the separate cases based on beansentigs: right before the lens and the type of
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lens: 1) a round beam with symmetric focusing l&)san elliptical beam with either lens type;
and 3) a round beam with an asymmetric focusing.lém the following sections, we discuss

each case.

4.3.1 Round beam with symmetric focusing lens
If a round beamK, = R, = R) enters a symmetric focusing lens such as a saletien
the beam maintains its roundness throughout th& dection and therefore we get two

independent equations for bath andR,:

K € B
Rj(S) Rj(5)3_

R'(s) — 0 (4.23)

Later in this section, we will present our schemresblving these equations.

As R, andR, are equal in this case, we drop the inflard treat all parameters for
Multiplying Eq. (4.23) byR’ and then integrating with respectddeads to the following first
order ODE:

1 2

, B , 1 R(s)
R'(s) = ilRo2+62-<R—02——R(s)2>+21{-1n< Re )

whereR, andR,’, again, denote the radius and slope of the engeddphe lens. Similar to the

(4.24)

zero space charge case, we need to have the beatogmrelation in terms of at-screen radius
and slope quantities. This can be done simply biychimg R, andR,,” with beam quantities at
the screenR (L) and—R(L)’, and applying a minus to the LHS of Eq. (4.24)cl8minuses are
necessary as we are treating the envelope evolatag- s. Thus, envelope ODE in terms of

envelope parameters at screen can be expressed as:

1 R(s)

R'(s)= T [R(L)’Z +e?. (R(L)Z _ Ré)z) +2K-In (m)]l/z (4.25)
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This form of envelope ODE can easily be solved hynerical integration in packages like

MATLAB [34].

As there is no closed form solution to this equafior large K, we cannot provide a closed
form answer for emittance. Based on the analysg@fious section for negligible space charge

case, the following procedure is devised to deteentihe emittance.

We start with a guess for cross-correlation term tp to infer focal setting applied to the
lens by solving Eq. (4.25). Beam radius and divecge measurements at the screen are
translated taR(L) andR(L)" and therefore inferred focal length is going toabinction of the
guessed cross-correlation. We use the error betwalkenlated focal length with actual focal
length to correct our guess for cross-correlatiot eiterate the procedure. Finally, after several
steps, as the inferred focal length converge towaedctual one we come within a close vicinity

of the actual cross-correlation.

4.3.1.1 Numerical Procedure

The detailed steps of the procedure are describeel s before we need two sets of

beam radius and divergence measurements at twoatlistcal lengthg; andf;:

fi f2
<x(> < x>
<x'?> <x'3>

Henceforth, we use subscript denoting the step number, alone or besides thesumement
numbers 1 or 2 on all parameters that change aNesesjuent steps.
1. XC14, initial guess for the cross-correlation term fat is chosen according to the

discussion in next section.
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2. Using Eq. (4.11)XC2,, , the cross-correlation term &t is calculated as:

XCc2, =+ /xc1n2 +A (4.26)

3. Next, ¢, (not to be confused with normalized emittance) Rh{L) for two measurement
sets ( = 1,2) are calculated as:

(€, = 4[< x2 >< x'? > —X(1,%]V/?
Xc1,

J<xZ > (4.27)
XC2,

V< x5 >

Note that all three relations are in termXaf1,,.

) Rll(L)n =2

\RIZ(L)n =2

4. ODE Eq. (4.25) can now be solved for finding atsleenvelope radius and slope

conditions of measurements 1 and 2:

{R(O)ln , R'(0)1n
R(O)Zn ’ R,(O)Zn

5. According to Eq. (A3), foff;,, andf,,, estimates of focal lengths we have:

@ R0y

"R =R (0)1n
4f IO (4.28)
L”‘Rk—ﬁm»n

Canceling the unknowR’; between these two equations and replagjpgwith its final
valuef, leads to:

f _ fZ : R(O)ln
T R(0)an + fo - (R'(0)2n = R'(0)1n)
This equation is used to updgig at each step. As before, the necessity for two pair of

(4.29)

measurements arises fratfy..
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6. It can be easily checked th&t, is a function ofXC1,,. i.e. f;,, = g(XC1,). XC1,, should
be modified so that reiteration of the procedumnfrentry 2 makeg;, closer to the
target valuef; . In other words, XC1,, is zero of this equation:

gXC1)—f1=0 (4.30)
Since derivative of the functiog is not known, a modified form of Newton method][35
was used to finkC1,, as zero of this equation. In first step=£ 1), XC1, is valued in
the vicinity of XCy:

XC1, = 0.95 XC1, (4.31)
We may need to pickC1, closer toXC1; if XC1, makes the RHS of Eq. (4.26)

imaginary. After the first stem(=> 2), XC1,, is updated according to:

XC1, - XC1,_,

XC1 = XC1, —
nrt " g(XC1l,) — g(XC1,_y)

(9(XC1y) = f1) (4.32)

Interval halving is another numerical root findeetimod that can be used to upd&i&l,,.
After updatingXC1,, either way, the procedure is repeated from enumtl f;,, converges with
desired precision towany. The process can also be stopped when the variahoemittance
calculated at two consecutive steps is less thare$86 of the calculated emittance, where delta
is usually chosen between 1 and 10. Finally, befi@cteve emittance is the last, calculated in

entry 3.

4.3.1.2 Choosing an Initial Value F&C1

Generally, choosing appropriate initial value igortant for converging problems. Initial
value forXC1 should satisfy two constraints;2 > 0 and XC2,% > 0 i.e. both quantities are

real. The first condition sets a hard minimum fbs@ute value o C1, while the second one
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specifies a soft upper boundAf< 0. There will be no upper limit wheA > 0. According to

relations (4.26) and (4.27) faiC2,, ande,, we have:

|XC1,| < J< xZ >< x'7 >

(4.33)
|XC1,| =V-A if A<0
We define intervaRy as the distance between the two bounds:
Ryc = J< x2><x'i>—V-A ifA<0 (4.34a)
And:
Ryc = J< xZ >< x'] > ifA=0 (4.34b)
XC1, is chosen to be at the middle of this interval:
V=A+ 2 ira<o
XC1, =S, - z (4.35)

e ifA20
WhereS, getting values fror{—1, +1} determines the sign d&fC1,. Usually, sign ofXC1, is
known beforehand, however, one may try the othee ¢hthe first choice of sign leads to a
divergent solution.

In interval halving method we need to determineitfigal interval I; too. For the negativd,

such interval can be chosen as:

11 = Sl |V _A + 005 * RXC \/< x% >< x,% >_ 005 * RXC (43661)

And for positiveA:

I, = S; -10.05 - Ry J< x? >< x'7 >—0.05 Ry (4.36h)
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4.3.2 Elliptical beam with either lens type

A quadrupole is the only example we can provideafoesymmetric focusing lens. For these
cases EqQ. (4.21) should be solved for bBthand R,. A quadrupole or an elliptical beam
manifests as different initial conditions for diféatial Eqg. (4.21) and therefore the beam hits the
screen with different radius and divergence valieesx andy. Measuring emittance in such
cases will be discussed later.

If the beam before entering the lens is elliptmathe lens is a quadrupole then the evolution
of thex andy envelopes can diverge. We extend the approachstied for round beam to cover
such beams.

First, similar to the round beam case discussedegbwe multiply Egs. (4.21) bR;" and
then integrate with respect tofor j ranging overx andy. We receive following coupled first

order ODE's in terms of beam valuessat L:

( / - | pr 1 1 Ry(s) + Ry (s) &
R(s)= T [Rx(”z & (o) K <Rx<L> + Ry“))l (4:37)
R/ (s) = F|R,(L)? + €2 1 1 4K -1 Ry(s) + Ry(s) 2 |
J/(S) = + [ y( )F et (Ry(L)Z - Ry(5)2> ¥ o <RY(L) + RX(S)>l

where we have assumed thhaaindy emittances are about the same. Obviously, to dblkse
equations we need beam quantities inyhglane as well. Thus, two sets of beam radius and

divergence measurements at two distinct focal leigtand f, are:

fi fa
<xZ>,<yi> ) <x2>,<yZ>
<x2>,<y'?%> <x'3>,<y'%2>
We can follow the same procedure as before, extewt envelope slopes w should be

measured at entry 3 after calculating the emittafcethis end, we first calculate the cross-

correlations iny for two measurements 1 and 2 according to:
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YC1, = 4[e,2— < y2 >< y'] >]/2 (438)
YC2, = 4[e,2— < y3 >< y'2 >]1/? '
And then slopes can be calculated as:
( YC1,
[R'y1(Ln =4—=
J<yi>
1 (4.39)

YC2,
V< y2>

To numerically solve ODE’s in (4.38), both equati@are integrated simultaneously in entry

[R'yz (L) =4

4 of the numerical procedure. It can easily be kbé¢hat by convergingC1,, toward its actual

value other three cross-correlation terms convargard their actual values as well.

4.3.3 Round beam with an asymmetric focusing lens

This case is treated similar to the case ellippeam with either lens type.

4.4 Simulation Results

In this section, we validate our emittance measergmapproach by simulating the lens-
drift-screen experiment using the self-consistdatteostatic particle-in-cell code WARP [51-
52]. In the simulations, WARP can include all thideets that simple envelope solver in
MATLAB ignores. For instance, while the envelopédveo presumes that the beam distribution
is uniform and space charge forces are linear, WaA&Psimulate non-uniform distributions like
a Gaussian with nonlinear space charge forces.

The code WARP has been successfully benchmarkedsagaperimental data. The code
simulates space charge effects in 2D or 3D by adugrparticles in a transverse slice under the
impact of external forces and self-consistent Belfls. The self-fields are calculated on a mesh

of sufficient resolution to capture the beam patntariations and the particles are advanced
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using the leap-frog algorithm. We use@%6 x 256 grid for the Poisson solver, a step size of 2
mm along z, and 500,000 patrticles. It was provedsdhat with these values we could have
accurate results as test simulations with moreigb@st or higher resolution resulted in no
perceptible difference in the final result.

Figure 4.2 shows the beam structure that was defm&/ARP. As can be seen the lens
has length 20 cm and it is located at z=20 cm. dififé length, L, is 40 cm. First, we used a
uniform distribution for the simulated beam. Basedpresumed beam parameterk and an
initial envelope radius at the edge of solenoid, R¥PAgenerates a set of beam radius and
divergence rms values x? > and< x'? > at end of the drift section where beam divergence
and size are supposedly measured, e.g., using ThRIfocal length of the leng, is calculated
according to a hard edge model of the lens. Thimpeance of the method for the several grades
of the space charge was tested. First, a low sgzarge beam with following parameters:

{K =8.82x107°,e =195 um
Ry = 3mm, L =200mm

was simulated with a solenoid. Two pairs of beatiusand divergence samples taken at focal
lengths,f; = 134 mm andf, = 232 mm were:

f f2

/<xf>=3.5mm /<x§>=4.2mm
l /< x'? >=13mrad l /< x'2 >= 1.2 mrad

These samples were fed into the procedure. Fig@ralibws convergence curves for emittance
and also the focal lengths. As can be seen, th#taamoé converges to within 1% of its simulated
value after just 5 iterations. Figures 4.4(a) amt{) show emittance convergence curves for
space charge dominated beams viith 2.83 x 10~* andK = 7.06 x 10~* respectively. Still,

the convergence is fast and errors in calculatf@nattance are satisfactory.
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To study performance of the procedure for an édightbeam, a quadrupole was used to

generate the samples. Figure 4.5 shows the enett@movergence curve for such an asymmetric

beam.
02—
Solenoid Screen

, L
o

|
0,0 -

| | | | ! |
0,0 0.4

meters

Figure 4.2: solenoid-drift-screen setup used in VAR

To see effectiveness of the proposed procedurbave compared our results with the
emittance measured by two other methods, i.e. trventional Courant Snyder parameter
fitting technique and the minimum beam size metbattulated from Eq. 4.9. Figure 4.6(a)
shows scan of beam radius done for a high spaageh@am withk = 7.06 x 10~*. Note the
poor quality of a quadratic fit to the data, repreged by fairly low goodness-of-fit [53]
value R? = 0.95, which is a sign that emittance measured by matigubring space charge are
not reliable. In contrast, the quadratic ft?(= 0.99) shown in Figure 4.6(b) for the emittance
dominated beam is excellent. In Figure 4.7 we caomplae emittance obtained with different

methods as a function of the parameter K. As ewpedhe error in determining the emittance
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obtained using the conventional Courant Snyder iudfitting technique and the minimum
beam size methods, which are both accurate fotamg dominated beams, becomes increasing
large as space charge increases. In contrastwoyrdints fit method gives acceptable values for

the emittance for all values of the K parametemsho
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Figure 4.3: Plots show convergence of emittancarfd)focal lengthg;, andf, (b) for a low space charge beam

with K = 8.82 x 10~5. Dashed line in (a) indicates the actual emittamide squares indicate the calculated

emittance at each step.
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Figure 4.4: Plot showing convergence of emittamced) a medium space charge be&m=2.83 x 10™%), and (b)

for a high space charge bealh£ 7.06 x 107%).

30~
£ 27
2 u
5 20-__________________________. ________ [ ——— | P ——— | .
E u
£
¢ 15 \ | | \ | | |
1 2 3 4 5 6 7 8

step

Figure 4.5: Plot showing convergence of emittameceah elliptical beam with medium space charge

(K = 2.83 x 1074).
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Figure 4.6: Plot showing quadrupole radius scarfdpbeam with high space chardge£ 7.06 x 10~%) and (b)
emittance-dominated beard & 7.35 x 107°). Blue curve is a quadratic fit to the simulatedadsamples shown

with red circles. The goodness-of-fit parametdd.85 for case (a) and 0.999 for case (b).
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Figure 4.7: Comparison of the emittance measuretusfferent methods as a function of beam pereegK):
dashed green curve: CS parameter fitting methatgueve: cross-correlation determination at mininafrquad
beam size scan, blue curve: two value method imduspace charge, showing small deviation fromettteial

emittance.

In a real experiment there are errors associatddtive measurements. These errors will,
certainly, lead to error in the calculation of gamrrelation and consequently the emittance.
Such emittance errors are affected by the choidecafl lengths.

There are two criteria’s for selecting the focaksgths,f; andf,. First, simple error
analysis of the emittance relation shows that fgrecise calculation, cross-correlation term

should not be larger than the emittance itself.

60



This way, a 10% error in cross correlation trarsaboughly to the same 10% error for
the emittance. If the cross correlation is abotitris the emittance then the same 10% error in
cross correlation introduces a 30% error into emde. A good rule of thumb is to measure the
emittance and see how it is compared with the aros®lation. The result could be dismissed if
emittance is smaller.

The second criterion is how far or how cloge can be chosen in respect fo.
Expectedly, choosing closely spaced focal lengths to large errors, and therefore it should be
avoided. This can be easily checked from the EB8) {@ the negligible space charge case. To

limit the error gain due to the denominator of thigiation one may chooggaccording to:

1 1 1

> —_—
fi fo 10L
Figure 4.8 shows how the error on beam divergeffeeta the emittance precision in the
case of high space charge simulated beam. Théveekatror in emittance is less than 17% for a

10% error in divergence. We notice that by varyfagtoward f;, the error increases and at

f> = 96 mm which corresponds t/é—fi~ﬁ the error dramatically increases to more than
1 2

100%.

Table 4.1 lists emittance calculation error forieas errors in each of beam values for
two pairs of size and divergence. Overall, the appih shows robust response to errors in

measurements.
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Table 4.1: Errors in emittance with respect to beasasurement errors for the high space charge beam

(K = 7.02 x 10~*). Beam samples are taken at focal lengths 93 mm andf, = 116 mm.

M easurement error Relativeerror in emittance

< x2 > 10% 17%
< x2 >: 5% 6%
J<x'2>:5% 7%
<x'2>:110% 17%
< x2 >: 10% 9%
< x'Z >:10% 10%
------ o e e e e e ] e e -
20.7 um
20 —
T N 19.4 um
3 18l div error = 5% |
° |
4]
: e e - L
b n
= 16 diverror= 10% .
=
Q
14+ -
* | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11

step

Figure 4.8: Plot showing convergence of emittaceafround beam with high space charje=(7.02 x 107%)

when there are 5% and 10% errors in the divergeanwled at the focal lengfh.

The theory makes use of the rms envelope equatwimsh assumes that emittance is
conserved in between the lens and the screen. \8indle assumption is fulfilled for many beam
distributions such as KV, Gaussian, and Thermalx{Madl-Boltzmann), the emittance varies
considerably for some of more realistic distribosowith strong space charge. Expectedly, the

method is not accurate for extremely high spacegehahen space-charge driven emittance
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growth is appreciable over the drift distance. #swprimarily to test this assumption that we
conducted self-consistent WARP simulations witHedént distributions. While the simulations
test the distribution-dependent errors, there mapther sources of machine-specific emittance
growth that will introduce additional errors.

A similar problem has been studied tomographicsphspace reconstruction, where a
linear space charge model was assumed [54]. Thdt @fsthat investigation is that the error
from such assumption is limited to 13%, and fies émpirical formula:

Error (%) = 3 + 9.8 y? (4.40)
wherey is the intensity parameter. This parameter idefined for a non-matched beam over the
drift distance of quadrupole scan experiment, atilat-lens calculated value according to:

K

62
TRD?

x = (4.41)

K

can be used to have an estimate of the error.

Fortunately, there is a way to avoid such uncetiesnn the measurements. Instead of
using KV envelope equations at entry 4 of the methnee can simulate the beam behavior with
initial condition given at entry 3 and a distrilmrtiinferred from the beam imaging system. The
procedure is continued from entry 5 by two pairsRgD) and R'(0) calculated from the
simulations. By using Patrticle in Cell (PIC) simiisas code like WARP we can take any effect
into account such as a realistic model of the siteand image charge forces which is now
considerable for an extremely space charge beams Mvorthwhile to notice that after
convergence the emittance given by simulator fer lins may be different than the screen
emittance given to it at entry 3. Therefore, bydating the beam over the drift, we can always

calculate the real emittance right before the keggrdless of how much it is different from the
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screen emittance. In the other words, the effeexpleriment set up on emittance, as measured
guantity, is diminished. The results are relialae,long as the simulator can give us accurate
results for the beam distribution at the lens. Nessito say, it is far less challenging for a

simulator to give accurate results for the len$tddreen set up as a small part of the whole

accelerator.
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Chapter 5: Measuring Emittance from Scan of Beare 8nd

Divergence Product

The method discussed in last chapter was based easuring cross-correlation to
determine the emittance. In this chapter, we ds@usnethod that measures the emittance at
magnetic focus settings ()/fvhere the cross-correlation term is negligiblé tiAese values the
emittance is simply calculated as the product ahtsize and divergence.

According to rms emittance equation foplane, the squared product of beam rms size
and divergence can be written as:

<x2><x?>= €& +<x-x'>? (5.1)
and thus this product is always greater than oaleguthe rms emittance. Our goal is to specify
the conditions where the cross-correlation is m@gle in a region near the minimum of the
product vs. 1/f curve. Then by scanning the foealgth (f) in a quadrupole or solenoidal-drift
setup and measuring both the beam size and diveegea can infer the rms emittance at the
minimum of the product curve [55]. This chapter twomes as follows. First, in section 5.1, we
treat the condition problem for both the emittanne space charge dominated regimes. Then, in
section 5.2, we present some practical consideratd the method. In section 5.3, we discuss
the results of validating our approach with simedabeams, and finally, in section 5.4, we show
how using a quadrupole may weaken the effects adesgharge forces and consequently allow

for more precise measurements of the emittance.
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5.1 Making Cross-correlation Term Negligible

In this section, we first derive the condition fopss-correlation of emittance dominated
beams to be negligible at the minimum of Size ancgei@ence (SD) versus 1/f curve, and then
discuss such constraint for beams with space charge

We suppose the same quadrupole-drift-screen sstwsed in the common quadrupole

scan experiment. Based on Egs. (4.5) and (4. Heolaist chapter, we can expand Eq. (5.1) as:

2 2 P , €’ , 2 ’
<TL><T'L>=E + — Ro'R0+(_2+R0)'L (52)
16 R,
where subscript L denotes the measurements atnsemxch is located at the distance L from
the center of the len®’, is related tof, the focal length of the quadrupole, through E28)(

which is also given here:

AR (5.3)

Plugging Eg. (5.3) into Eq. (5.2) leads to:

2

5 2 . 1 1 1
<r/>&<ri;>=¢ +E<Af—2+B/7+C) (5.4)
Where,B, andC constants are given as:
IfA = R,°L
B = —Ry* — 2R,R'(L
{ 0 9o e (5.5)

€
lc = RoR'c + — + R'°L
Ro

Note that the rms emittance?, appears in the relation faf. We assume that the
emittance is constant over the drift length andoiés not vary when focal strength of the lens
changes. Then the rms emittance is equal to thdupt@f beam size and divergence at zeros of

the quadratic equation on the r.h.s of Eq. (5.4)e Existence of such zeros is tied to the
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conditionB? > 4AC which translates to the following constraint wherB, andC given by Eqgs.
5.5 are used:

Ry’
L=< e = Linax (5.6)

Since the envelope size at lel®, and the effective emittaneeare properties of the
beam, Eq. (5.6) provides a condition on the deffiigth which insures that the cross-correlation
term is zero at least one focal strength. The iaktyu(5.6) can be applied to either ofor y

planes. The overall constraint dns obviously the minimum of the andy limits:

<x:> <y?>
LSmin( 9 Yo >

o 5.7
2€, 26, G.7)
To see how this constrains the drift length ina reeasurement system we plug in some

typical representative values. Assuming envelope radius of 1.8 mm and rms emittance of

about 0.2 microns at the location of lens, the ufipgt on L is calculated as:

1.82

L<—" .8
=72%00002 °™

Note that in this example the beam is round withilsir emittances for both planes.
Although we need to calculate thg ,, based on th&, ande to be given by the simulations, we
can generally have an approximate upper limit basedworst case estimates of these
parameters. Using more conservative values of dr.ms size and 0.25 microns for the rms
emittance gives the modified limit of:

52

< =4
L <55 000025 = 4™

The upper limit of 4.5 m guarantees that theret ieast one focal setting for which the

beam rms size divergence product is equal to rengitttance.
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The limit onL can also be explained in terms of the locatiomedm envelope waist.
Note that if the beam waist occurs between the kem$ the screen, then the slope of the
envelope at the screen is never zero. In the otloeds, the slope always remains positive
indicating a divergent beam. This leads us to Hypgize that there is a maximum &y, the
distance between the lens and the waist, and tsmum is equal td,,,,. Here, we show that
this hypothesis is in fact true.

The Sy, is obtained by finding zero dt’(s), given in Eq. (4.5) with. replaced bys:

_RO * RIO

Sy = (5.8)

€2 ;2

R
When we vary the focal lengtlR’, changes according to Eq. (5.3). Therefore, the

maximum ofS,, can be found by evaluating tl§g, at the value ofR’, where the derivative of

Sw with respect tR’, vanishes. We obtain:

€ dSy

R'om = "R where dR'g =0 (5.9)
and thus:
R 2
Sy (max) = 2—"6 = Loax (5.10)

Figure 5.1 shows several plots of the radius oflteam envelope as a function of the
distancez along the beam line for different valuesid§. It can be easily seen that since beam
slope is always positive after the waist, folarger tharl,,,,, the envelope slope and therefore

cross-correlation according to Eq. (4.7) remains-pero for the whole range of focal strengths.
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Figure 5.1: Plots show how envelope waist respomdsariation in focal strength of the lens for asp charge

dominated beam. Increasi®g, from 0 toR’,,,,, changes the waist location from QS}p(max). The red curves
show two of such envelopes. The green plot reptesanenvelope with waist 8, (max) which is equal td.,;, -

Further increasing thR’, makes the waist come closer as can be seen f@biuk envelope plots. Theoretically,
the waist can come as close as possible to legsibg to higher focal strengths. Notice that betopesafter
Sw(max) is always upward (nonzero) suggesting that SDymbscan measured &t> Sy, (imax) becomes larger

than rms emittance.

The fact that the limit o is the limit on maximum distance a waist can fohalps to
better explain the dependence of maximum drift leran space charge. It should be noted that
the equivalency of,,,,, andS,, (max) is true regardless of space charge. While we prtivat
this is true for an emittance dominated beam, vezirie resort to following explanation for why

these two values should match in general. We shakagd,,,,,, cannot be larger thafy, (max).
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The simple question is: can it be smaller tlfgri{max)? The answer is negative due to the fact
that cross-correlation at = Sy, (max) is zero, and thereforé,,,, cannot be smaller than
Sw(max). Thus, these two should be equal.

Now, we consider the case where the beam has space sharge, and check how the
limit on L changes. Intuitively, space charge should makd. theund smaller as repulsive inter
particle forces add to the thermal expansion obism due to emittance. Mathematically, this is
equivalent to having a larger effective emittanoethe denominator of the Eq. (5.6), which
consequently lowers the upper boundion

As in the case of emittance dominated beams, theeKXélope equation can be used to
solve for the beam slope and the envelope alongdriftdength. However, as it is shown in [48]
R'(L) cannot be written in terms of beam parameterfi@tdns in the same way as has been
done previously (see Eg. (4.5)). Consequently,ssomsrelation cannot be given in a closed form
as a function of the focal lengifi thus an analytical approach to derive an uppmit lon L
deems impossible. Instead, we study the variatioth® upper bound on the drift length in
relation to amount of space charge in the beamesepted by the generalized perveakicey
numerically solving the envelope equations. In $ketion 5.3, we validate our analysis with
Parmela simulation results.

Figure 5.2(b) shows a number of SD product scats (it a low space charge beam for
different values ofl.. As can be seen, whdnis large the SD product scan curve touches the
emittance line at two focal strengths representiegtwo roots of the quadratic equation in r.h.s
of Eq. (5.4). By increasing, these two points get closer and eventually theygm with each
other. This single minimum point is achieved.at L,,,, and further increase @f results in a

displacement of the minimum from the emittance.liflee reason the minima move toward each
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other asL increases can be understood analytically in thétamse dominated case. The

difference of the two zeros of the quadratic equmtn the r.h.s of Eq. (5.4) can be written as:

1
- LZ Lmaxz

Thus, increasing. makes the zeros closer to each other until theyorhe equal at

1 1

fml fmz

(5.11)

L = Lpya- The same behavior is also seen for beam withesplaarge.

As can be noticed from the example given in figuseX a) and 5.2(b),,,.,, Mmeasured
to be 4.8 m for the low space charge beam is sntalle the no space charge case, i.e. 6.48 m.

To see the trend of space charge effects,gp we can measure it by the same way for
higher space charge beams. Figures 5.3(a) and) p@\ade SD product scan plots over several
values ofL for medium and high space charge beakps,, calculated for these space charge
regimes decreases to 2.4 m and 0.85 m respectively.

Table 5.1 listsL,,,, With respect toK for several grades of space charge. To have a
comparative measure of space charge of the beamg,talue, representing the relative space
charge and emittance forces, are also given fan éaam. Note that the focal strength range

over which the minimum is attainable increasek dscreases.
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Figure 5.2: Plots showing SD product scan curves sgveral values df for (a) an emittance dominated beam
(K = 0), and (b) a low space charge bedfn={ 1e — 6). Emittance isl um in both cases. The black curve
represents the case wheis equal td.,,,,. The dashed black shows the case whensmaller that.,,,,, and then

the SD scan does not touch the emittance line shiowashed brown. Other curves show various ins&o€ SD

scans that have two minimums both equal to thetenué.
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Table 5.1: Results of calculatirg,,, for several grades of space charge. Ihg, drops as paramet&rincreases.

0 0 6.48
le -7 0.0909 4.8
le—6 0.5000 2.4
le -5 0.9091 0.86
3.1e—5 0.9688 0.50
5e -5 0.9804 0.39

Theoretically, we can determine emittance by meagusnly one of the minimums of
the SD product scan whenis smaller thar.,,,,,. However, we note that the minimum of SD
product scan gives the emittances at L and not at the location of the lens where it sspmed
to be measured. In reality, for sufficiently smalthe measured emittance at screen deviates,
although by small amounts, from the emittance atléims. This means that the lens-drift-screen
setup used for the measurement of the emittanafasting the quantity of measurement, in the
same way as a thermometer may alter the temperdatuneasures. Therefore, smallmay

adversely affect the whole emittance measuremeahshould be avoided.
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Figure 5.3: Plots showing SD product scan curves sgveral values df for (a) a medium space charge beam
(K = 1e — 5), and (b) a high space charge be&m<5e — 5). Emittance isl um in both cases. The black curve
represents the case wheis equal td.,,,,. The dashed black shows the case whensmaller that.,,,, and then
the SD scan does not touch the emittance line shiwwashed brown. Other curves show various ingsnt SD

scans that have two minimums both equal to thetené.
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5.2 Practical Considerations

Measuring divergence poses more challenge thanunegshe beam size. Therefore, it
is favorable to limit the focal range and then tivenber of divergence measurements. Since it is
simple to measure the minimum of beam size andtfiedfocal length where it occurs, we will
first consider the condition when both the minimofrithe SD product scan and the beam size
approximately match. In [48] it is shown that & thinimum of beam size scan we have:

/ RO
Rolr=pn =—7 (5.12)

On the other hand, the minimums of SD product smaour at zeros of the quadratic

equation in r.h.s of Eq. (5.4). The one closeh®rminimum in beam size scan is:

Ry=——1% - — (5.13)
2L~ 2 |12 L...>
ForL < L, We obtain:
/ RO
R'y = A (5.14)

Therefore, ifL,,,, is much larger than the drift length, which maypen when the
initial beam envelope radius is large or emittarccesmall, we reach a regime where cross-
correlation term at the minimum of beam size scacolmes negligible. To measure the
emittance in this case, it is only necessary tosmesadivergence at a single focal length where
beam size minimum occurs.

The minima become farther apart Asbecomes larger. This leads us to adopt the
following strategy in order to minimize the numloébeam divergence measurements. First, we
find the beam size minimum. Then we increaseRheby decreasing the focal strength of the
lens and sample the beam divergence. This waymnthemum in SD product scan is found by

sampling beam divergence at fewer numloéifecal settings.
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One of the potential problems in using SD prodgeinsmethod for measuring emittance
is an impractical measurement range for the beamrgitnce around the minimum of the scan
curve. Generally, the OTRI technique can measurergence down to abo0t01/y or about
0.5 mrad for the situation with acceptable errors. Therefatases shown in Figure 5.3 (a)
cannot be measured accurately if the divergence do@n t00.2 mrad. The remedy is to trade
the beam divergence with the beam size by decrgéisenbeam radius right before the scanning
lens. It has been shown that for the emittance dated beam, the minimum of the divergence

scan is related t8,, initial beam radius at the lens, by [?]:

<X >= Ri (5.15)
0

Such dependence, although in a weaker form, isfoudeams with space charge. To
decrease®,, we can adjust the focal strength of the lenstiogtiore the scanning lens. However,
we note that by decreasimy, we are also decreasiiig,,,, Which can affect the feasible drift
length of the experiment. Therefore, there is deraff between thé,,,, and minimum of the
divergenceg x' >,,;». Figure 5.4 shows how these two vary with respe®, for a beam with

moderate space charge.
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Figure 5.4: Plot showing variation bf,,, and< x' >,,;,, with respect t®, for a beam with moderate space charge

(K=1e—6,e =1um). The< x’ >,,;,, is measured dt = 50 cm.

5.3 Simulation Results

In this section, we present testing results of$Drproduct scan approach to measure the
emittance with simulated beams. We used the softW&RMELA [56-57] to simulate the lens-
drift experiment. Similar to the WARP, PARMELA usasself-consistent electrostatic particle-
in-cell model to simulate the beam. To produce meadistic results, the AWA lattice with lens-
drift-screen setup was used. The code PARMELA leenlsuccessfully benchmarked against
AWA experimental data in the past [58].

The diagram in figures 5.5 shows the modified datiof AWA with a scanning solenoid
located atz = 700 cm and OTRI screens placed at a distahce 1 m. The length of the
solenoid is 10 cm. The simulations were done fanbenergies of 8.5 MeV and 14 MeV. As it

was pointed out earlier in the chapter 3, the AWsgau1a photo RF-gun, and the PARMELA
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generates the beam distribution based on radiuglargth, and power of the laser spot shone
on the photo-cathode. We calculated theg,, earlier in this chapter for the AWA and it was
about 8.5 m. Therefore, the drift length of 1 mjahhis far smaller than,,,,, helps us to have
two distinct minimums for the SD product scan. e AWA nominal charge of 1 nC, and the
beam pulse FWHM of 8 ps, the peak current is 12&Mich in turn leads to the following value

for the generalized perveance:

P 2-1
_Io'(ﬂ)/)3

As the simulation starts from the gun, PARMELA glo®t require the emittance to be

=~ 7.16 X 1077

specified. The beam is simulated over the wholéc&tincluding the lens-drift-screen located

betweenz = 700 cm andz = 800 c¢m. Figure 5.6 shows normalized emittance evolutiorve

of the AWA lattice assuming no focusing is appliadhe scanning lens. The rms emittance at
location of the screen is approximately 0. Plots in figure 5.7 show sample simulated

envelope curves for both solenoid and quadrupolgele

B &— # %—

Laser YAGI Li nac YA T YA Spect ronet er Pepper Pot  Quad OR YAGH
Bucki ng & Focusing Mitching Yal @
Sol enoi d Sol enoi d Sol enci d

Figure 5.5: Modified lattice of AWA with a solencdidcated at z=700 cm and OTR screens placed alistence 1

m from it.
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Figure 5.6: The red curve shows the rms normaléaittance for the simulated 1 nC beam in AWA. Ttansing
lens is a solenoid locatedat= 700 cm. Starting from end of the LINAC, the normalizeditance remains fairly
constant. The purple curve shows the ratio of spheege to emittance forces. As it is mostly beyb@dthe 1 nC

beam is space charge dominated.
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Figure 5.7: Simulated rms envelopes of 1 nC beaAWWA for scanning lens located at z=700 cm to Hea(a
guadrupole and (b) a solenoid. The beam charga(s. As can be seen the beam stays round overhbkew
accelerator length in the case solenoid. The direaist in the case quadrupole is smaller tharctse solenoid
mainly because the space charge repelling foreemare effective in the solenoid case. A complegdyasis of this

guadrupole behavior is given in the next section.

As will be discussed in the next section, the qupdie makes the beam less space
charge dominated in the drift region. Thereforevénify the effectiveness of the mentioned
approach for space charge dominated beams we ssg#ermid.

PARMELA varies the focal strength of the solenoidvarying the magnetic field over
the range [0 - 3000] Gauss and generates a setbaf badius and divergence rms valges? >
and < x'? > at end of the drift section, where the beam sizé divergence are supposedly
measured, e.g. using OTR and OTRI, respectivelg Jiieen plot in Figure 5.8 shows the SD

product while the black line depicts the simulatets emittance of the beam at the screen. This
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line touches the scan curve at its two minima yerg that SD product minima produce the true
beam emittance. It should be noted that the 1 n@nbis a space charge dominated beam
according to the purple plot of Figure 5.6 whiclowhk the relative space charge and emittance
forces. The fact that is small has led to having two distinct minimuros the SD scan curve.
As it was mentioned earlier whenever the SD cua® tivo distinct minimums then the cross-

correlation is zero at the minimums and thus suchmums are equal to rms emittance.
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Figure 5.8: SD product scan for 1 nC beam in AWAefe are two distinct minimums, and emittance remai

roughly unchanged for the whole focusing rangéhefdolenoid.

We also did the simulated experiment for the 10 b@&m bunch. Figure 5.9 shows
similar plots for this case. As can be seen, ewansfich a high space charge beam, the
minimums are still equal to rms emittance, althotlghvalue of rms emittance for 10 nC beam
is different than the 1 nC beam. Also, the rms tmde is modulated by the focal strength of the
lens in this case. This is due to the fact thatiithenC beam shows emittance growth for the

strong focusing part of the scan curve. The minimalmays determines the emittance at the
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screen although this emittance may be differerm tha emittance at the location of the lens, as

pointed out earlier.
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Figure 5.9: SD product scan for 10 nC beam in A& .can be seen two minimums merge together inéhisinal
case. Increasing the charge or lowering the dnifgth makes the green curve to detach from thé lslanittance
curve. For strong focusing of bigger than 1500 gasisipplied the emittance varies considerably,gvew for the
focusing range that the experiment is concernedethittance remains constant and equal to theaoétright

before the solenoid.

5.4 Space Charge Dilution in the Quadrupole

Although methods discussed in the last section toed previous chapter facilitate
measuring emittance for beams with space chargealtvays desirable to mitigate the effects of
space charge and make the beam behave more l&mittance dominated beam. In this section,

we discuss how the choice of lens may affect thanoa of emittance and space charge forces.
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First, we consider the case when a uniform symmédris such as a solenoid is used for
focusing. Assuming that the beam is round befoeesttanning solenoid, it remains round in the
drift region as well, and thus the envelope overdhft is described by:

, K €
R _ﬁ_ﬁz() (516)

The space charge and emittance relative forcases @s:

K -R?
€2

FRg = (5.17)

Now, we consider the case when lens is a quadrupakk assume that it focusesan
plane and defocuses jnplane. TheX envelope over the drift region in this case iscdbesd by
the coupled envelope equation:

X" 2K 62—0 5.18
X+Y X3 (5.18)

Where it is also assumed that:= €,* = €,
The relative forces in this case is given as:

2K - X3

FRy= ———
CT (X 4Y)e?

(5.19)

As the beam in y plane is divergent, theenvelope size becomes far bigger thanXhe
size close to the focused part of the beam. Thisnsi¢hatFR, is expected to be smaller than
FRs for the same focusing strength applied to botlsden Therefore, while the beam may be
space charge dominated right before the quadrupgadan behave like an emittance dominated
beam in the drift region. The following exampleséd on actual AWA beam parameters
illustrates how the relative forces can be difféfen quadrupole and solenoid.

Figure 5.10 shows hoWR; andFR, change over the drift length for the AWA envelope

curves given in figure 5.5. As can be seéR; is greater than 1 for most part of the drift regio
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while theFR,, is less than 1 over the whole drift section, dmetdéfore we can safely regard the

beam as emittance dominated in the case quadrupole.

25
—— FRs
FRqg
2_ _______________________________________________________________________________________________________________________________ -]
- Sy O N S i
o
it
[Tl
]
)
i
[Tl
1 —
H
| E—— A— AN N — A — .
i i ! i i
?20 T30 740 750 760 770 780

Z [cm]

Figure 5.10: Emittance and space charge forcesratier the drift section for the AWA beam simulasoof figure

5.5.

As the beam is space charge dominated before tisedeit is interesting to notice that
the use of quadrupole almost reverses the foranbalby producing an emittance dominated
beam close to the screen. The physical explan&diothis behavior is that the beam is shrunk in
one plane X) while being expanded in the other plang. (Therefore, space charge forces are
being consumed for expansion in hence they are not much efficient in plane. One
implication of such space charge dilution in thadpupole case is that the focused enveldpe (

becomes more similar to envelope of an emittanceinkted beam passed through either lens.
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Chapter 6: Experimental Studies of Orbit Control$pace Charge
Dominated Beams

This chapter discusses the proposed approachethaingkxperimental implementations
for steering of beams with space charge in UMERjhHntensity beams are sensitive to lens
nonlinearities and as such nonlinearities increasesrd the wall of the ring (especially for
imperfect lenses used in research rings), beamr&iwos inside lenses should be limited more
for such beams.

In UMER there is no beam position monitor insidenext to each quadrupole and thus
orbit information is not known inside these impattéocusing elements. To address this problem
especially in the high space charge cases, | havelaped a method to indirectly infer beam
position inside quadrupoles.

Optimizing beam injection is another important gagbjas it is essential, especially for
high space charge beams, to have small betatralklabens about the closed orbit. In fact, a
good closed orbit can be simply made useless by ibgdtion that leads to high beam
excursions. A method has been developed to adthissssue.

The chapter is organized as four sections. Sectendiscusses orbit deterioration due to
space charge. Section two covers error-tolerantsarements of closed orbit, and also the
measurement of extended closed orbit inside quatkspNext sections cover steering solutions

implemented in UMER. The chapter closes with aiseain optimizing beam injection.
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6.1 Quality of Orbit Requirement for Space CharBedms

Since steering involves controlling the orbit oéthunch centroid, and as the centroid
space charge forces cancel each other, in prindipéesteering should not be affected by the
amount of the charge in the bunch. However, obsiern&have shown that dipole settings fine-
tuned for lower currents can lead to severe beaapsg when applied to higher currents [28].
For example, figure 6.1 compares the BPM signalsvi® beams in the injection part of the
UMER. One is a low space charge beam with a pealeruof 6 mA and the other is a high
space charge with a peak current of 80 mA. As carséen, the high space charge beam
undergoes severe scraping at the BPM1 (locateldeald2 according to the figure 3.12), while
the low space charge beam passes almost intact.

It should be pointed out that steering is not thiprit for all the beam losses. In fact,
mismatching and envelope growth can rapidly “kick’a considerable amount of charge even

under “decent” steering.
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Figure 6.1: Beam position monitor (BPM) signal$GR (see figure 3.12) as a function of time for a6 mA and

(b) 80 mA beams, for the same steering settings.4Tturves in each case correspond to the sigmaisthe 4

plates of the BPM, both horizontal (H), and veitidd. The fact that the baseline does not retarmero in the 80

MA case is a clear signature of beam scraping.

Apparently, similarly distorted signals from alluioplates can be attributed to a swelling
beam envelope scraping off the plates. There aee tteasons justifying this claim. First, if we
calculate the beam centroid position in the casen80by using signals at the edge of distorted
pulses, we come up with the same position as tii\@eam. It means that the higher current
beam is not undergoing external kicks or image gianduced forces. Second, the negative
ramps for the BPM plate signals show that chargeosited on the plates at a roughly constant

rate, therefore giving us the distorted plate digna

v(t) =V, + %bt (6.1)
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WhereV,, is the induced voltage due to the beam centrigids rate of depositing (scraping)
charge on the plate, ardis the capacitance of each plate. As the figutesBows the scraping
current,l,, is the same for all four plates. If we suppos there is envelope growth or halo has
formed around the beam, then such constant beargecaposition can be explained.

| did another experiment bolstering my above argumBased on the steering method
discussed in [59], a new setting was made for thersrs in the injection part of UMER, so that
the beam passed right through the center of quatksipl used this setting and captured the
BPM signals for the 80 mA beam current. Figure $haws the BPM plate signals. As can be
seen there are no distortions in this case. Themeitns that the intense SC beam is very sensitive
to being off-center while passing through the lengénis experiment and above two arguments

lead us to the conclusion that higher intensitynheaeed higher quality closed orbits.

i | T
L { 1 abscissa’ 100 ns / div
i | - ordinate: 40 mV / div

Figure 6.2: BPM signals in IC2 (see figure 3.12pdsnction of time for the 80 mA beam capturedla/hising the

corrected steering setting making the centroidassghrough the center of the quadrupoles.
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Such relation between beam charge and requirenmetiteoquality of closed orbit can be
better understood if we analyze the beam centrelthior with respect to total charge of the
beam. By increasing the space charge of the bdancdherent tune changes due to image
charge forces [28]. Therefore, the beam centroiduatdrupoles change and this affects the
amount of bending each quadrupole provides forbéem. To put it simply, when the closed
orbit at the location of a quadrupole is off cer{tesn-zero) by, (y,) then on average the beam
is bent by:

0x~9g - xq or 6,~g - Yyg
Whereg is the field gradient of the quadrupole. Usuatligtangle is far less than bending angle
in a horizontal dipole, however, when the closebitanside the lens is quite off-center such
angle may modify the closed orbit considerably. @l orbit deterioration due to the space

charge happens according to the diagram in figLe 6

Coherent tune variation

due to image charge
; larger beam \

excursions -

: Beam more inclined
Increasing peak to pass through
current of the beam nonlinear parts of the

lenses

Beam loss through /
envelope bulges; making

BPM signals distorted

Figure 6.3: Diagram of processes leading to beas\when the beam carries more charge.

It should be noticed that varying tune for a lovasp charge beam has no effect on beam

steering and closed orbit quality remains unchanged high space charge beams two tunes are
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defined; coherent tune for beam centroid and in@oitetune for beam particles. It is the

coherent tune shift that affects steering for tsghce charge beams.

6.2 Closed Orbit Measurement in UMER

6.2.1 Modified Closed Orbit Formula

In circular machines such as UMER, fine steenhghe beam is dependent on accurate
measurement of the equilibrium orbit also known the closed orbit. At the start of
commissioning or trying new ring configurations, iath happens frequently for UMER, the
beam does not survive for many turns, and conselyuaveraging over beam position samples
is not a precise indicator of the equilibrium orbitherefore, a useful closed orbit formula
developed at CERN that uses as few as four conge@amples of betatron oscillations [60]:

xZZ_x32+x2'x4_xl'X3

(6.2)

X =
co 3(x2 - x3) - x1 + x4

As this formula is ratio of two expressions, it 8isoa large response to noise in beam
position measurements when the denominator becamadl. To overcome this limitation,
revised formulas were developed that avoid a terndégnominator by including the tune in
calculations. This is not a matter of concern asllg, like in Response Matrix processing, first
we measure the tune and then the closed orbit.

| derived the following two closed orbit formulas:

x1+x4—x2—x3>
I

N| =

. (xz +x3 + (6.3)

Xcoa =

and
x1+x3_2'x2
r

Xco3 = X2 (6.4)
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Wherel , the tune dependent term is given as:

I =4-sin(v, - m)? (6.5)

Likewise, vertical closed orbit can be calculatéthile the latter formula relies on as few
as three position samples to give the closed aruk this might be helpful in some occasions,
error analysis showed that the former has lesstsatysto both the position measurement noise
and tune error [61].

Figure 6.4 shows two sets of measurements of thedmal closed orbit as a function of
dipole currents for dipoles 1 to 7 and all 14 BP&s part of the procedure for measuring
response matrix in UMER. The upper graphs were aredswith the original formula given in
[60], while the other set uses,,. As the perturbation is small, the closed orbiiigtt show a
linear response to perturbation and this can be &#ealmost all elements of matrix that have
been measured with the modified formulg,. On the other hand, the elements measured with
the original formula of Eq. (6.2) show much nonelmity in variations contrary to expectations.

Some curves cannot even show a trend (monotoniease or decrease) in variations.
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Figure 6.4: Part of horizontal closed orbit resgonmtrix measurements of UMER with, (upper set) and,,,

(lower set).

The accuracy of the new formulas was also verifig@pplying them to sample beam

position data from the SPEAR 3 storage ring at SLAC
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6.2.2 Measurement of the Closed Orbit at the lenses

As it was pointed out earlier, small research ringsually cannot afford for
accommodating sufficient number of BPMs to sample ¢losed orbit. It is obvious that such
low sampling does not provide much information dlibe closed orbit as compared to standard
4-6 samples per betatron wavelength, and makefnthadjustment of the orbit impossible. For
instance in UMER, the closed orbit has always bwaeasured just inside the 14 chambers where
BPMs are located around the ring (see figure 3A&)the common tune is 6.7-6.8, this leads to
having mere 2 samples of closed orbit per betatravelength.

In [62], | have shown that how the beam centroidld¢de sampled inside a quadrupole
based on indirect position scanning data from neBPMs. A summary of the scheme is given
here.

According to the figure 6.5, it is supposed thatarbecentroid passes through the

quadrupole at the distangg from the center (in horizontal plane). The beamtwid position

in a BPM downstream is measured tadge

Quad

BEPM

yd

mQ; s
< —>

Figure 6.5: diagram showing betatron oscillationbefam centroid passing through a quadrupole andPil B

downstream.
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The x, can be determined by measuring the slope of vamiah xp vs. scanning

quadrupole current, according to:

_AxB P'I 1
Al l-q-g my,

X (6.6)

The r.h.s. of Eq. (6.6) has three parts: A quadeupoanning term that should be measured, the

transfer matrix coefficient,, and the constant coefficient,

P-I
l-q-g

Where P is the particle momentuni, is the quadruple current, is effective length of the

qguadrupolegq is electron charge, andis field gradient inside the quadrupole.

Beam centroid position in quads 2-67 of UMER

ray trace
O bpm

= bmp+terr
@ D-Quad
""" ¢ F-Quad ||

centroid position in mm

0 200 400 600 800 1000 1200
quad location in cm

Figure 6.6: Extended horizontal first turn orbitasared for UMER.

Based on this formula, the extensive closed ownit lze sampled at extra 72 quadrupole

locations around the ring. This redundant samplimps to compensate for errors in the
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measurements. Eventually, the acquired closed gnes a big picture of the beam behavior and
facilitates reaching the optimum beam steeringtha ring. Figure 6.6 shows the extended
horizontal first turn orbit measured for UMER. Thrst turn orbit is, approximately, equivalent

to the closed orbit when the beam is injected enctbsed orbit (see section 6.4).

6.3 Orbit Control in UMER

6.3.1 Response Matrix Based Orbit Control

The Closed Orbit Response Matrix (CO-RM)rapph has been widely used in system
diagnosis and beam centroid control [21]. By apmyperturbation somewhere in the ring at a
dipole, the closed orbit all around the ring is mfied. The closed orbit can be measured by
sampling trajectories for three or four turns atM&Pand then calculating the closed orbit (at
BPMs) according to formulas given in the sectio. @.he rate of change of closed orbit at a
specific BPMj to a change in perturbation angle in dipotefines CO-RM elemerif;j as:

R = 8,

6.7)

D (Dipole)

B (BPM)

Figure 6.7: Diagram showing part of a ring withtpesationi and monitoy;.
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As there is no way to measure the angle of defledi}, in practice, we measusd,
variation in current of the dipol@d; is proportional toAl;, and then measured response matrix
elementR®;; can simply be related ®;; by the following equation:

_ AxCO; _dxCO; _dxCO; d6;

Ry=—p ="ar, ~ae, a1

Ry (6.8)

whereq is the bending angle at a dipole an$ the current leading to that bending. Therefore,
there is a negative proportionality coefficient vibeén measured and defined closed orbit
response matrix elements. The response mdrils usually a non-square matrix witki,
(number of dipoles) rows and;p,, (number of BPMs) columns.

If the ring behaves linearly enough then distortiectorC0O (at BPMs) can be related to
perturbation current vectal at the dipoles according to:

CO =R x Al (6.9)

It is obvious that by applying correctiorAlI to dipoles, opposite sign distortions are
produced and thus, overall, zero distortion foselborbit is gained at least at the BPMs. To find
Al, we should calculate the Singular Value DecompwsitSVD) of R. To put it simply, SVD
gives the inverse of a Non-Square matrix. As ghiewn in the [63], the SVD @ is:

SVD(R) = ((RT x R)™! x RT) (6.10)
And thereforeAl can be obtained as:

Al = (RT x R)™1 x RT) x CO (6.11)
The correction steering current vectdy,is, then, calculated as:

I.=1- AI (6.12)
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To sum up the whole RM based steering procedure: rébponse matriR and closed
orbit position vector€O (x or y) are measured and then by plugging them into &4.0f we
receive the correction vectadd necessary to make the Mean Square error of arbg ¢f closed
orbit) minimum.

One of the problems encountered in RM bdseain control is that correction currents
sometimes are out of range. Based on analysis idaihés work, a procedure was developed for
bringing back out of range correction currentsudcessfully applied CO-RM method for beam
steering and could acquire very smooth and bumpdiesed orbits. | also investigated the linear
behavior of the ring and introduced some lineanaigres for the ring. The reference [64] covers

such linearity studies done for UMER.

6.3.2 Most Effective Dipoles Based Orbit Control

As the RM method was so dependent on initial glmear conditions to work well, |
investigated another beam orbit control approadlecséhe Most Effective Dipoles (MED) [42].
The MED strategy simply adjusts current of the me#éctive dipoles by small predefined
amountAl in each step. To find the most effective dipoM&D appliestAl perturbation to all
N, dipoles (of one plane) and calculates RMS of tbeed orbit for2 - N, possible settings. A
dipole with minimum rms of the closed orbit for owoieits applied perturbations is considered as
most effective dipole. Only the MED is corrected b/ or —Al at each step. The process is
continued until the target rms of closed orbitdkiaved, or further reduction in the rms of closed
orbit seems impossible.

The major advantage of MED in comparison ¥ Based orbit correction is its lower

susceptibility to linear behavior of the beam. Taet that the RM technique perturbs current of
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each dipole by severdl’s to measure the derivative of position to pertumrat.e.AA—’; means

that current setting should be good enough forbéeem not being scrapped off at the edges of
perturbation interval. This implies that orbits m@ntly residing in linear domain of the ring are
correctable by RM method. On the other hand, MEBsdnot need good linear response to
perturbation. However, since MED corrects orbiindloover many steps, the whole orbit control

based on solely MED takes a longer time to complete
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Figure 6.8: The upper graph shows how RMS of clagéit in x plane convergences toward its minimum in MED.

The lower graph shows various intermediate xCOs. Alhe curve is closed orbit with minimum rms.
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Figure 6.9: The upper graph shows how rms of clagbd iny plane convergences toward its minimum in MED.

The lower graph shows various intermediate yCO. [lbe curve is closed orbit with minimum rms.

Results of employing MED orbit corrections are shaw figures 6.8 and 6.9. As can be
seen in the horizontal case, the rms of the clasbd is reduced about 75% from 0.32 mm to
0.08 mm over 17 steps. The final closed orbit ifl wside the range o#0.1 mm. The MED
method can simply be extended to modify severahoét effective dipoles at each step. The
MED strategy modifying a set of most effective dgsooffers a faster convergence provided the

stepAl is chosen appropriately. In addition, the@orm of the closed orbit defined below can be
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used as quality indicator of the closed orbit iadt®f the RMS. The-norm of closed orbit is

defined as:

p —norm(CO) = (6.13)

whereCO (i) denotes thé-th sample of the closed orbit anor y plane.

As can be seep-norm simply reduces to RMS when= 2. Higherp’s give greater
weight to large closed orbit samples and thus #reymade smaller faster than other samples.
Therefore, higher values @f may be used if there is a large variance in clagbtt samples.

Otherwise, there is not much advantage in compatisthe rms of the closed orbit.

6.4 Fine Tuning Beam Injection

6.4.1 Minimizing Betatron Amplitude

While a good beam centroid alignment leading ton@ath closed orbit is an essential
part for prolonging the beam lifetime, it is notffstient. As discussed earlier, the beam
excursions are due to both the average and theitad®lof the betatron oscillations. A good
quality closed orbit removes the contribution friime average or DC part, while it remains the
task of optimizing beam injection to reduce the himghe or AC part. According to the figure
6.10, it can easily be checked that if at the fiogtation where injected beam intercepts the
closed orbit (in x or y plane) beam paths are mamigént, then they can never be tangent

somewhere else in the ring.
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Figure 6.10: diagram showing injection off the edorbit.

This is because:

7] = 40 <[]

xp] Xcr
Fl=m x[, ]
[xP P2 ke

(6.14)

X X
Where [é] is the beam coordinates at the Iocation[xﬁll is the beam coordinates at the

X
injection point I[XZ] is the closed orbit coordinates at the injecti@minpl, and M;pis the

transfer matrix from | to P. Therefore, if the twywaths match (in both distance and slope
coordinates) at a location like P, they should imait over the closed orbit.

My scheme for optimum beam injection is based/@gnMED method. The control set
includes last two dipoles in the injection sect(®@D5H/V and SD6H/V in UMER). The error
signal is simply the betatron amplitude which teefi around the ring. It should be noted that

span of betatron oscillations at each BPM denoteg; is less than betatron amplitudg, due
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to the different betatron phase of BPMs. Techmcaé [65] discusses derivations for amplitude,

ag. In summarygag, can be calculated as:

_ \/(x1 — Xc0)? + (X2 — Xc0)? — 2. (%1 — X¢o)- (X2 — X¢op)- cos (21v)
B |sin (2mv,)|

a (6.15)

Wherex; denotes betatron sample at tiyi., is closed orbit at location of the BPM, andis
the tune of horizontal plane. The average value aleneasurements is a good representation of
ag. Each step of MED would lowets, so that eventually, a minimum (ideally to be 8) i

reached in the final step.

6.4.2 Optimizing Orbit in Transport Line of UMER

For a long time, it was well known that the beanswat passing though the center of
guadrupoles in the injection. When conducting axbe@atching, e.g. the empirical matching, the
change of quads strength will affect the beam o@htmotion and eventually the betatron
oscillation of the beam in the ring. Here we sholecalized method to correct the beam centroid
in the injection.

According to Eq. (6.6), far,, beam position inside a quadrupole, we can write:

Axg
a-xg=— (6.16)
Al
Where
l-q-g
a = P : I . m12 (617)

Similarly, there is a linear relationship betwed ttorrector current and the beam centroid
position in the quadrupole as:
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The scanning term can be determined by combinirsy q16) and (6.18) as:

Ax
—Bza-xQza-a-ID+a-b (6.19)
Al
To letx, = 0, we need to have:
b a-b
Ip=—=—— 6.20
b= = (6.20)

AXB

Wherea - a anda - b can be obtained by linear fitting of the dala (N .
Q

Solenoid

Figure 6.11: The magnet components in the injection

Figure 6.11 shows the magnet components in thetiaje As can be seen, there are six
dipoles and six quadrupoles hence each quadrupole
corrector. For each quadrupole, we use the comdictt is before it, and the corrector and the
guadrupole pair should have enough space betweemtthavoid a large divergence of the beam

centroid as shown in figure 6.12. Notice that gufie 6.12, even though the beam passes though
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the center of the quadrupoles, the beam might beclmse to the pipe when going to the next

corrector.

Figure 6.12: Large divergence generated by a fauadrupole and corrector being too close to edlaér.

Applying these criteria, we can have the pairs (SQ2), (SD2, Q3), (SD3, Q4), (SD4,
Q6). In the reality, the beam is almost correctcemter of the pipe through the first two

correctors. The result of this correction is listedable 6.1.

Table 6.1: Values for the SD correctors for beantroéd correction in the injection.

Dipole Value/ A
SD1 -0.12
SD2 -0.79
SD3 -0.11
SD4 -1.63
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Appendix A
Relation between Beam Envelope Parameters at Leihs lis Focal
Length

According to the figure 1, the beam envelope slagggesntry and exit of the lens represent
particle trajectories tangent to envelope rightobefand after the lens. Entry and exit beam

coordinates are related by the transfer matrix arfverging thin-lens with the focal lenggh

through:
1 0
rAk [“ 1| [ (4D
f
This leads to:
Ro
RIO = _T-I—R’C (AZ)
Or alternatively:
1 R':—R',
S A3
A “3

It should be noted that in a quad-scan experilRentandR, remain unchanged throughout the

scan process, while thR,, follows variations irf.
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