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Future x-ray free electron lasers will probe materthe atomic scale with
femtosecond time resolution. Such x-ray sourcesire@ high current electron beam
with very low emittance and energy spread. Anysagnfluctuation in an intense
beam can launch space charge waves that lead tgyem®dulation. The energy
modulations may cause further density modulationgany dispersive element and
can, for example, excite the microbunching instgbih x-ray free electron lasers.
Hence, it is important to understand and contreldtiolution of density modulations
on an intense beam. This dissertation focuses o path-length experimental study
of intense beams with density perturbations. Theedrmental results are compared
with theory and computer simulation.
We took advantage of threulti-turn operation of the University of Maryland
Electron Ring (UMER), to carry out long path-lengti®90 m) experimental studies of

space-charge-dominated beams with density pertartzatFirst, a single density



perturbation is introduced on a space-charge ddednalectron beam using
photoemission from a laser. The perturbation sg@litd propagates as a fast and a
slow wave on the beam. The speed of the space ehamyes is measured
experimentally as a function of beam current andupleation strength. The results
are in good agreement with Particle-in-cell (PI@)dation and 1-D cold fluid theory
in the linear regime. We then show that linear spatarge waves can be used as
non-interceptive transverse beam diagnostics in BMEsing time-resolved imaging
techniques, we report the transverse effects ohgifudinal perturbation in a circular
machine.

We introduce multiple perturbations on the beam simolw that the fast and
the slow waves superpose and cross each othem&detesent experimental results
on the beam response from introducing a contrateelgy modulation on the density
modulated beam and compare them with the thearythd non-linear regime, where
the strength of the perturbation is large (>25% pared to the beam current), we
report, for the first time, a wave train formatiohthe space charge waves. Finally,
experimental observation of a photo-emitted beansepgplitting into sub-pulses
under high laser power is presented and compariddab virtual cathode theory.

From this work, we conclude that density modulaiam an intense beam
produce fast and slow waves, which, in the linegime at least, can be controlled
through energy modulation. Moreover, a large amgét density modulation, when
allowed to propagate, can break into sub-pulsaessieg energy modulation. Hence, a
density modulation should not be allowed to grow arust be controlled as soon as

possible.
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Chapter 1. Introduction

There is a growing demand for short wavelength &leetron lasers (FELS),
which have unprecedented brightness and tempoogkepies for probing biological
and material structures [1-4]. Short wavelength &Blace very tight constraints on
the quality of the electron beam required for opera Advanced accelerators like
high-luminosity colliders and high energy-recovéiryacs also demand both high
energy and superior beam quality [5, 6]. Space gehgrlays a major role in the
generation and propagation of high-quality beamsdddstanding the role of space-
charge in such beams will be pivotal in the desigd operation of modern machines.
Near the cathode, all beams of interest begin asespharge dominated beams. As
the beam is accelerated to relativistic energiay, lzeam quality degradation that
occurred at low energy, where the collective effedbminate the dynamics, will
remain at high energies. Hence, to maintain thembegaality of bright beams
throughout the beam transport line, it is importantentify the factors degrading the
beam quality at low energy and control them.

As an example, X-ray free electron lasers (XFElexjuire a high current
beam with a low emittance and a low energy sprdag.density perturbations on the
longitudinal distribution can induce energy modwlias on the beam through space
charge forces at low energies. Such induced enaagulations may lead to density
modulations at higher energies when the beam pdksasgh a dispersive section
such as bunch compressor, possibly leading to imierching instability [7, 8]. This

instability can adversely affect the operation g XFEL. Therefore, it is important



to generate and transport a uniform and stableitloasigal current distribution. As
another example, in ion machines, where the bearthéomost part is space charge
dominated, any fluctuations on the beam can caesstive wall instability, leading
to unacceptable energy spread.

Upon their generation at the cathode, beams typichhve density
modulations, velocity modulations, or both. Some the sources of these
perturbations are the drive laser fluctuations iphetoinjector, RF modulations,
cathode non-uniformity, shot noise or impedancenmmish in the transport lines.
These modulations can be desirable or undesirdepending on the application.

By pre-modulating a beam, say at mm-wave or THgueacies, an efficient
radiation source can be implemented. For certapligiions like XFEL, where the
beam quality is critically important, such beam miation can be undesirable. In a
high brightness beam, initial density modulatioms tbe beam get converted into
energy modulations and hence distort the longiidpihase space. This will cause
emittance growth and thus reduce FEL output. Maggahe microstructures inside
the beam can radiate coherently when passing thraugend, thereby introducing
energy modulation. This microbunching instabilityrrently observed in the Linac
Coherent Light Source (LCLS) as Coherent Opticah$ition Radiation (COTR) [9],
may potentially degrade the beam quality and isesmmdble for seeded machines like
FERMI@ElIettra [10]. Bright COTR may swamp OTR ramia and therefore prevent
the use of OTR as a diagnostic tool [11].

One of the goals of the University of Maryland &ten Ring (UMER) is to

study beams in such a non-ideal state. In this ywweekdeliberately introduce a stable,



localized, density perturbation on a space chageimhted beam and observe its

evolution over a long path length.

1.1 Previous work on Space-Charge Waves

Space-charge wave studies began withomvavye generation during the
1950’s. Research on space charge waves in beantisumxh with the Heavy lon
Fusion research [12, 13]. In the 1990's, J.G. WHIrg 15] and D.X. Wang [16]
worked on several experiments on the Maryland EdecBeam Transport (MEBT)
facility. In their experiments, they generated pdyations by modulating the grid-
voltage of an electron gun. They measured theepkiakcity of the space charge
waves and found good agreement with 1-D cold fthiglory and experiment. They
also observed the space charge waves reflectindp@fbeam edges [17]. Their work
was done in a beam pipe with a conducting wall.

Suk [18] found a good agreement of the growth oditthe slow space charge
wave with cold fluid theory in the linear regime. the linear regime, the strength of
the perturbation is small compared to the main beament. Similarly, Zou [19]
observed the energy width of the slow wave growand of the fast wave decaying.
A theory on the possibility of launching solitaryawes in a space charge dominated
beam was also developed [20].

Further work was done by Neumann [21] who usedeanpodulated beam to
generate radiation. On UMER, Huo [22] demonstragederating perturbations using
a UV laser and found good agreement between thewnylation, and experiment for
the wave velocity in the linear region under vasiomitial conditions. Also, on

UMER, Harris and Neumann [23, 24] investigated getweg perturbations in the



UMER gun both by modulating the cathode and bygipimotoemission from a laser.
Tian [25] has observed initial density modulatiagstting converted into energy
modulations through space-charge waves in curpatdesas well as velocity space in
the Long Solenoid Experiment (LSE) facility.

Although these experiments revealed informationualspace charge wave
propagation in intense beams, the experiments lvered in two aspects. First, the
beam transport in all these experiments was limitedO meters or less. A longer
transport distance has an advantage of increasitagrdsolution by probing the space
charge waves for a longer time and also allows lpath length experiments.
Secondly, when introducing a perturbation on thanbeby modulating the grid
voltage of an electron gun, both the energy andlémsity of the beam are modulated
and this makes it difficult to know the exact iaitconditions. A pure density or a
pure velocity modulation on the electron beam c¢anpkfy the initial conditions.

Therefore, in this work we first extend the studoesa longer distance and
secondly introduce a pure density modulation topséifignthe initial conditions. We
conduct our experiments on the University of Mamngdlectron Ring [26, 27], which
is a circular machine 11.52 m in circumference.rEredest multi-turn operation of
UMER makes it is possible to conduct experimentsr @ath lengths much longer
than 100m compared to 5-m of previous experimesgsondly, in our experiments
we introduce a density modulation using photoerarséiom a laser. With the use of
a laser, we can introduce a localized charge mtidualavithout changing the velocity
of the electron beam. Using multiple lasers, weerdtthis technique to introduce
multiple perturbations on the beam. We also refletobservation of space charge

induced instabilities above a critical value of taser power. Though such effects



have been observed before in photoinjectors [28, 8 compare our observations
with theory and discuss the relevance of such efffar future photoinjectors. As of

this writing, Beaudoin [30] introduced energy maidns on a space-charge
dominated beam, using an induction cell, and fogmold agreement between theory,
measurement and simulation over a distance of G8rms UMER.

The outline of this chapter is as follows. We begyna brief overview of 1-D
cold fluid theory in Section 1.1. We then discuss bongitudinal geometry factor in
Section 1.2 and sound speed in Section 1.3. Weiskdbe limitation of the 1-D cold-
fluid theory in Section 1.4 and extend it to noaln regime in Section 1.5 and we

finally conclude in Section 1.6 with the organipatiof the thesis.

1.2 One-dimensional cold fluid theory

The cold fluid theory is derived by truncating tmerarchy of fluid equations.
This truncation is done by assuming a cold bearhowit energy spread. Since the
theory treats the beam as a fluid, the fluid madeiuitable to explain phenomena
which are inherently fluid in nature like wave pagation and wave growth. The
fluid equations are obtained by taking momentshef¥lasov equations. We refer to
[31] for details of Vlasov equation and its momeMée begin with the continuity

equation (1.1) and the momentum equation(1.2).
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Let us assume that the initial perturbation is $iw@ihpared to the beam. This allows
the equations to be linearized later on. The symbséd in the equation are described

in Table 1-1
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In our experiment, we introduce a pure charge dtenserturbation that can be

expressed in the form:

1.(zt)=/ (z=0,9 &/ .19, (1.3)



where # is the amplitude of the density perturbation retatto the main beam
current, o and 1 are the non-perturbed and perturbed values ofclivagge density.
p(t) is a smooth function with unit amplitude and ipmesents the shape of the
perturbation. Since it is a pure density pertudrati; (0,t)=0 , wherey, is the
perturbed velocity. The initial perturbation currean then be expressed as:
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,where |, is the perturbed current. Equation (1.4) showst thapure charge

modulation converts to a beam current modulatiogaofie strength. For a pure initial

density modulation, the linearized continuity andmentum equations are reduced to

the following set of equations.
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The geometry factog, given byg=a +2Ing, represents the dependence of the

longitudinal electric field on the transverse beamoperties with b” being the beam



pipe radius andd’ the transverse beam radius and a constant ranging from O to

1. A complete derivation of these equations isnshim [31] .

1.3 Longitudinal Geometry factor (g-factor)

Initial work [32] used a uniform beam model witlt@nstant radius leading to
a value of =0.5. But this assumption breaks down for pertudbatin a space-charge
dominated beam because in a space-charge domineaed it is the volume charge
that remains constant while the radius changes thighvariation of the line-charge
density. To show this, let us calculate the linarge density for a uniform beam of

radiusa and volume charge density The line-charge densityis

I (@) =p a( (3 (1.7)

In a machine with a periodic focusing lattice IMMER, the average matched
radius of the beam, which depends on the wave aotigtof the focusing lattice, the
perveance K and the emittareeis approximately given by

1

1.8
a» Ky € (1.8)

K5
The equation (1.8) is obtained from equation 5.@9[81]. The relation is exact only

for either a zero emittance beam=0) or beam with negligible space charge (K=0).

Combining (1.7) and replacing perveance with beament, we get:
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If the beam is emittance-dominated such as bearashigh energy accelerator, then

the beam size will be determined by the second teraquation(1.8), then

a2= € =constan (1.10)
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In this case, modulating the charge density is ré&dly modulating the volume
charge density in an emittance-dominated beamavibnstant beam radius.
But, if the beam is space-charge dominated, whscthé situation in high-

brightness injectors, then the first term in equa((l.8) dominates leading to
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(1.11)

In this case, the volume charge density remainstaeoh This means any
variation in the line-charge density on the beamngfes the beam size accordingly to
keep the volume charge density a constant. Thasvisry important feature of space-
charge dominated beams causing a change in g-fadtervalue of in the g-factor
formula for a space-charge dominated beam was mezhsexperimentally [15]
showing it be equal to zero. Hence, the g-factoraf@pace-charge dominated beam

of radiusa inside a pipe of radius, is given by
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Because the g-factor is different between the spheege dominated beam
and the emittance-dominated beam, there is a diftar in the longitudinal electric
field E; produced by the waves in those beams. From eaqat&), the longitudinal

electric field E is

1.(z 9

E
, ety g 02

(1.13)

In the case of an emittance dominated beam, ¢aebsizea(z) is constant
along the beam and so tie field is a function of radius r across the beam, s
E,(r,z)=E, (r ). But when the space-charge forces dominate, thgitladinal field
E, is constant across the beam radius and changesg allbe beam, so

E,(r,z)=E,(@(2)). In high brightness photoinjectors, density motates can

create longitudinal space charge fields in the bé&sading to rapid transverse beam
size variation across the beam. So, any effortsddel the physics of the beam inside
modern photoinjectors should take the radial depeoe of longitudinal space-charge

forces into account [33].

1.4 Sound Speed of the fast and slow space-charaees

Solving the linearized fluid equations (1.5) and6jlalong with Maxwell’s

equation [31] in the beam frame, we obtain a wswkition for the perturbation
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current ,velocity and charge density. The solutiothe beam frame can be expressed

as.
z, hl C V4
zt— 1- % per Lo 148 pee £
1,(z.1) L Py T s p( ) (1.1
-hg z, hc
V1(21 t) = F(t ) + (1.15)
/,(z, t)— 0 p(t+Z )+ /s p(t-é) (1.16)

The solution shows that the density perturbatiarppgates along the beam in
the form of waves, one of which has a phase velapater than the beam velocity
and hence is called the fast wave, while the otimer has a phase velocity smaller

than the beam velocity and hence is called the slawe. Here

C = ad-,
5 —4a%mé (1.17)

is the velocity of the space charge waves in thambdérame, in analogy to the
propagation of sound in a gas and hence is cdiledsound speed”. Equations from
(1.14) through (1.16) reveal some of the propeniethe space-charge waves. First,
the fast wave has higher amplitude than the slowewa the perturbed beam current
as seen in equation(1.14). The polarity of the tast the slow waves are both
positive in the density space (equation(1.16)) athey are opposite in velocity

space (equation(1.15)). This is a fundamental wiffee between a density

12



perturbation and an energy perturbation. In theedathe fast and the slow waves
have positive polarity in the velocity space angenapposite polarity in the density
space [30]. Finally, the space charge waves havesdme shape as that of the initial
perturbation. The same conclusion can also beeatriby constructing the dispersion

relation for the space charge waves

w=K(U, +C;) (1.18)

fiw _
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ﬂk group velocity
where k is the wave constant of the perturbatidre @ispersion relation shows that
the group velocity is equal to the phase velocitythe waves meaning the space

charge waves are dispersion free.

1.5 Limitations of the cold-fluid theory

Both the cold-fluid theory and the g-factor modalvé some limitations in
their validity. First, the cold-fluid theory assum@ cold beam with zero energy
spread. Also, the linearization of the continuityfdanomentum equation means the
amplitude of the perturbations is assumed to bdlstompared to the beam current:

i.e. /, << Additional terms must be taken into account i tberturbation is

sufficiently large compared to the small amplityaeturbation approximation.

The g-factor model has at least two limiting cagdésst, the g-factor model
cannot be applied near beam ends where the lingeltiensity changes rapidly in a
short distance thereby violating the assumptiomiroform beam density. Secondly,
the g-factor calculation changes significantly faghly compressed beams. This is

also called the short-wavelength limit - when thavelength of the perturbation is
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comparable to the dimension of the beam radiusige pdius fpen » A ooy

For an ultra-short beam bunch the beam length nspapable to the pipe radius. So
any perturbation on such a short beam affects veeall E-field of the beam causing
the g-factor to be a function of the wavelengthhaf perturbation.

Only in the long-wavelength limit of sert does the g-factor become

Aeamsiz
independent of the wavelength of the perturbation.
In UMER, we introduce a 5-ns perttidra (28 cm long) on a 100-ns (5.6 m
long) coasting beam with a beam pipe radius of iooh (2.54 cm) and hence we
operate in the long-wavelength limit. The densigytprbation will be introduced near
the beam center where the charge density is unifefemce the g-factor model is a
valid model for calculating the space-charge wagledity in our experiments.
There are also other longitudinal space charge wavgels beside cold-fluid
theory that take a gas-dynamic approach with aabeadic equation and an index [34].

As seen from eqn(1.15), a pure density modulatiwmoduces a modulation in

velocity. The sound speed variesgﬁs? *_ As the beam is accelerated; @=creases

very fast according to eqn(1.17). This implies timaan accelerated beam, the waves
slow down and the modulations are essentially fiore the beam. Such frozen
energy modulations can still get converted intdhfer density modulation when the
beam passes through a dispersive section. In protmhines, where the beam for the
most part is space-charge dominated, such periansatan lead to large energy

spread and wave-growth leading to instabilities.
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1.6 Nonlinear waves, Korteweg-de Vries equation armlrgers
equation:

Previous studies predicted that a space-charge nddea electron beam is
capable of supporting solitary waves and wavebrggRb, 36]. Detailed
mathematical analysis shows that the 1-D cold ftaebry can be reduced to a more
general form of the Korteweg-de Vries Equation (Kd&uation[37]. The KdV
equation describes wave propagation in physicanpmena ranging from water
waves to solitary wave transport.

We extend Suk’s analysis to the specific casaarf-dispersive, non-linear
wave transport and show that it reduces to thesamdi Burgers' equation. The
Burgers’ equation is a partial differential equattbat exhibits shock waves solutions
for smooth sinusoidal initial conditions.

We begin with the classical Korteweg-de Vries emumator the line-charge

density [35]:

T/, | T
~1lic/ lyc 1 =0, (1.19)
it G/y w27

Where 1 is the line-charge density of the perturbation tedarbitrary coefficients

c: and ¢ describe the nonlinear effect and the dispersam respectively. In our
case, as mentioned before we are in the long-wag#idimit and hence we assume a

non-dispersive or weakly dispersive medium. Thusaéign (1.19) reduces to

ﬂll +/l f 1= , (1.20)
it Nz
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where we have madg=1 for convenience. Equation (1.20) is the cladsiviscid

Burger equation. We will discuss this equation asdelevance for wave train

formation in Chapter 4.

1.7 Organization of the thesis

The outline of the thesis is as follows:

In Chapter 2, we discuss the experimental setuptteebeam diagnostics that
are used in this work.

In Chapter 3, we begin by presenting experimemsililits on the evolution of
a single density perturbation under various initiahditions. We then compare the
results with PIC simulation and 1-D theory. We shmw space-charge waves can be
used as a non-interceptive, transverse beam diagnd&e also present time-resolved
measurement of the transverse effects of longialgiarturbation.

In Chapter 4, we present experimental study onebaution of multiple
perturbations on the beam and compare with PIC lation. We then demonstrate
experimentally how energy modulation can be usedattcel a fast or a slow wave
from a density modulation. Experimental resulta ¢drge amplitude perturbation and
wave breaking are discussed with a simple theoexdain the nonlinear behavior.

In Chapter 5, we investigate sub-pulse formatiorthie photo-emitted beam
pulse when the laser power is increased abovetairteralue. We briefly discuss the
1-D virtual cathode theory and the short-pulse €&hé&ngmuir limit and conclude by

extending our results to a high gradient gun.
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In Chapter 6, we summarize the dissertation wordk t#en suggest possible
ideas for future work in understanding the behawbrlongitudinal dynamics of

space-charge dominated beams.

17



Chapter 2: EXPERIMENTAL SETUP, DIAGNOSTICS
AND THE UNIVERSITY OF MARYLAND ELECTRON
RING

In this chapter we briefly discuss, the UniversifyMaryland Electron Ring
(UMER) [26, 27, 38, 39], which forms the centergeaxf the apparatus used for this
work. UMER is a circular machine with a circumfecerof 11.52 m. It uses a 10-keV
electron beam with other scaled beam parameters pfimary scientific goal of the
machine, among other things, is to investigateetifiects of space charge forces on
intense beams among other things. By using a cdcldev-energy electron beam,
UMER deliberately enhances space charge effects isndble to model high-
brightness injectors but at a lower cost. Most nnodad proposed future machines,
as described earlier, use bright beams, theredoiderstanding space charge effects is
important for their successful commission and ojpena UMER parameters of

interest are listed in Table 2-1.

After the first multi-turn operation of UMER [40] nd subsequent
developments in the steering algorithms [41], UMiERapable of transporting the
low current beam (0.55mA) to more than two kiloemstand thdaigh current beam
( =0.9) to 100-m. In this thesis, we focus on loagibal dynamics and hence will
only describe those parts of the machine that aeetty relevant to the work. The

history and the details of the machine progress theeyears are provided in [31].

In this chapter, after providing a brief overvieWWMER in section 2.1, we discuss
the UMER gun in section 2.2, the laser setup inticec2.3, the UMER beam

diagnostics in section 2.4 and finally summarizeantion 2.5.
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2.1 University of Maryland Electron Ring (UMER)
The layout of the University of Maryland ElectromB (UMER) is shown in Figure

2.1 and some important parameters of the machilisteasl in Table 2-1.

. x DC Magnetic Quadrupoles
.l Wide Pulsed Quadrupoles
[] DC Bending Dipole

2] .
® Solenoid

Ml Pulsed Dipole

5 Bergoz Coil

& Induction Gap

RC11
QR44
O Diagnostic Chamber

U QR46
QRS2 gRsD QR48

RC13 RC12

: The layout of the University of Maryland Electron Ring (top view).
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Table 2-1: Beam and lattice parameters of UMER
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UMER employs a thermionic gun, the details of whigk given in the next section.
The UMER gun is followed by a 1.4 m injection linentaining a solenoid and six
matching quadrupoles. A Bergoz fast current tramsés, located 64 cm from the
anode plane of the gun section, is used to medkarbeam current before injection
into the ring. The UMER ring section consists ofRBBDO cells, with a periodicity of
32 cm, distributed over the 11.52 m circumfereme shown in the figure, there are
three glass gaps for induction modules, which caovige electric fields for
longitudinally focusing the beam. Out of these ¢hgdass gaps, two house a wall
current monitor. Beam position monitors, one petisa except the three glass gaps,
are used to measure and steer the beam centramdgthra computer-controlled

LabView interface.
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2.2 UMER Gun

The UMER gun has a thermionic dispenser cathode¢chwis made of a porous
tungsten (W) matrix impregnated with barium oxidel aalcium aluminate. While
the cathode is typically operated at a temperaifi@9®PC as a thermionic gun, it can
also be used as a photocathode [42]. The dispgnsatocathode provides the
flexibility to simultaneously generate electronsngsboth thermionic emission and
photoemission. The gun has a Pierce geometry catand anode with a grid placed
between them. A general feature of these electrmdélsey make an angle of 67.5 to
the beam edge [43]. By shaping the electrodesisoatiigle, a suitable potential can
be produced to generate a uniform, laminar beam fltoough the gap. Normally, a
negative bias voltage (15 V) is applied to the galdtive to the cathode to suppress
the emission of the electrons. To generate a bagrositive pulse (36 V) is applied at
the grid at 60 Hz, thus allowing the electronsdoape towards the anode. At the exit
of the gun, there is an aperture wheel which ctssissix apertures, each in different
sizes. By selecting an aperture (shown in Table) 2 the wheel, the desired beam

current can be chosen.
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*full beam aperture: used for parabolic beam stsidied alignment only.

# Matched beam radius a=76

Tt Though the temperature limited current can beeted by reducing the cathode
temperature, the current range provided in theetabkresponds to those values

that will remain stable for a sufficient period time before the cathode cools
down.
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6  The table showing the important parameters of the MIER gun
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Instead of holding the cathode current constantciiathging the grid as done
in a typical triode, UMER pulses the cathode wkieping the grid at a fixed
voltage. The anode is gridded to provide unifolmteptial across the extracted beam.

A schematic of the UMER gun is shown in Figure 2.2
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Various transverse effects have been observed aggihg the grid bias. A
detailed description of the gun is given in [23Thable 2-3 lists the important gun

parameters of interest.

The UMER gun can be operated in two different motesperature-limited
and space-charge limited. In the temperature-laniede, the current across the gap
is controlled by the cathode temperature. In teggan, anomalous behavior such as a
decrease in the beam current when the temperatunereased is observed owing to
the triode nature of the gun and the transverseceff In the space-charge limited
emission mode, the gun follows the Child-Langmaiwv I[45, 46]. The space-charge
limited mode is the normal mode of UMER operatidre use photoemission from a
laser to enhance the electron density above thfacguof the cathode. To be able to
use that as a method for perturbing the beam, timengeds to be operated in the
temperature-limited mode. There are two reasonsofmrating the gun in the
temperature-limited mode. By controlling the lapexer and changing the cathode
temperature, the total beam current- from both tthermionic emission and the
photoemission- can be adjusted. This helps usttodace controlled perturbation for
beam experiments. Secondly, by turning the lasewban the gun is in the space
charge limited mode, the current density can exdbedChild-Langmuir limit and
hence lead to instabilities. So, unless otherwiseed, all the experiments in this

dissertation involve operation in the temperaturetéd mode.

In the UMER gun, we can produce either a positiva aegative perturbation
using the laser. We discuss here the physics behimdgative perturbation. By

design, when the UMER gun is operated in the sphaege limited mode, the
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current density is held uniform across the gapther full beam current. When the
laser is turned on, the current density insidegidue increases for a short time leading
to increase in self-field forces. Due to the deBiog effects of space charge, the
beam radius at the aperture increases and becanges than the aperture size and is
cut-off causing a gap in the current flow i.e. ayatéve perturbation [31]. So, the
negative perturbation is due to the transverseceffeaused by sudden increase in
current density by the photo-emitted electrons. dtieg perturbations can also be
produced by changing the grid bias and overfocudhrey beam [23]. Since the
primary focus of this dissertation is longitudiredfects of density perturbations, we

will consider only positive perturbation on the bea
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2.3 Laser Setup

4 UV (355nm) Laser
E-beam | FWHM = 5ns

KTP/BBO
Crystals

6 : Schematic of the laser setup (left) with the expenental setup (right)

Figure 2.3 shows the laser setup. A Minilite [47s®itched Nd: YAG laser
from Continuum Inc. forms the source of optical powlhe wavelength of this laser
is 1064 nm. The specified energy at this wavelengthO mJ. The full-width half-
maximum of the laser (FWHM) is around 5 ns. Thespukpetition frequency can be
varied from 1 Hz to 15 Hz. During the experimehg taser is operated at 15 Hz. A
second harmonic of this frequency 532 nm is geadraising Potassium Titanium
Oxide Phosphate (KTP) crystal. A BBO crystal isduge generate a third harmonic,
ultraviolet light at 355 nm. The maximum energy swad at this wavelength was 3
mJ. The UV light is reflected by two dielectric mors whose wavelength of

reflection is 355 nm. The dielectric mirrors ardgiopal and can be changed to 266nm
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by adding additional BBO crystals. The crystals bareither inside the laser or can
be external as shown in Figure 2.4. The laser pasveontrolled by the knob which

rotates the polarizer inside the laser providirgribeded attenuation.

By allowing the laser light to pass through anothaultiplying crystal, a
fourth harmonic (266 nm) can be produced. After the light is reflected by these
mirrors, the light passes through the quartz winéow is reflected by another mirror
installed inside the chamber (IC1) then hits théhade. The final energy deposited

on the cathode is approximately 3 mJ.

TO CATHODE
<P
IKNOB
Dielectric —

| BBO — Mirrors
LASER KTP s

=1064 nm =532 nm =355 nm

E=35mJ E=12 mJ E=3mJ
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Table 2-4: Nd:YAG laser parameters
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The flash lamp of the laser source is triggetetbaHz. Around 15@rs after

the flash lamp triggers, the Q-switch triggers. Tdser pulse is produced 60 ns later
than the Q-switch trigger. So, by triggering thectlon gun and the Q-switch at the
same time, the perturbation is generated at artundiddle of the electron beam

pulse which is 100 ns long. A schematic opticgbla is shown in Figure 2.5 and the

timing is shown in Figure 2.6.
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7 : Schematic layout of Minilite Il laser showing theinternal optical setup. The red line is
IR while the next harmonics are shown in green.

2.4 Beam Diagnostics:
UMER is equipped with several diagnostics for meiaguthe beam along the
injection line as well as the ring section. We \itlefly discuss some of them with a

focus on longitudinal dynamics.

2.4.1 Beam Current Diagnostics

The Bergoz fast current transformer, model numi&r882-20:1, is placed
at 64 cm from the anode plane in the injection.lihés basically a transformer with
the beam as the primary. The output voltage oftittwesformer is proportional to the
beam current. The measured rise time for a 23 noéangular beam is ~2 ns. An

oscilloscope trace from the Bergoz current tramsfaris shown in Figure 2.7

At low- current operation, the beam current atBleegoz shows some ringing
noise. The noise is associated with the injectiolsgr and is suppressed appreciably

when the injection and recirculation pulsars aradd off.
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: Timing pulse sequences of the laser. The flashnw is triggered externally with the

gun trigger. On a 100ns beam, the perturbation is@und 60ns from the head of the beam.
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Beam position monitors (BPM) are standard diagueaised in storage rings

for measurement and correction of beam positioreyTimeasure beam position by

coupling to the electric field of the beam. Theynsigt of four electrodes placed

symmetrically around the beam axis. The signal et individual electrode is

proportional to the distance of the beam from tleeteode. UMER BPM [48] are

designed to achieve good spatial and temporalugsolof the order of 2 ns. Recent

work [39, 49] increased the signal-to-noise raticghe BPM signal and measured its

linearity. An experimental BPM trace tracking a URIBeam is shown in Figure 2.8.

All the beam centroid measurements in UMER useBR# signals to track the

beam. Beam-based steering solutions obtained #&iomulation are used to make

corrections to the orbit.
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2.4.2. Wall Current Monitor

In the closed path around the vacuum chamber, tiser® magnetic field.

i.e. B

cemard = 05 Whereas inside the chambeB, ., dr = | So there must be

inside beam*

an equal and opposite current, called the imageesyrflowing on the beam pipe. A
wall current monitor measures this image currentoider to measure the image
current, a ceramic (glass in UMER) gap is createthe beam pipe and a resistor is
added parallel to the gap. By measuring the voltagp across the resistor, the beam
profile is captured. In UMER there is an added claxipy. The image current
actually flows through a ground loop created by fiates that hold the FODO
sections. In order to choke off the image curreamf flowing through the ground
loop created by the plates, a high ferrite matesgadded and the image current is
forced to flow through the resistor. The detailstlod wall current monitor and the
equivalent circuit model are given in [30]. A schedio of the wall current monitor is
shown in Figure 2.9 . The wall current monitor i€ &Aoupled and hence when the
beam expands and fills the ring (especially nea d¢mds), the DC component

registers as an apparent beam loss.
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2.4.3 Fast Imaging Diagnostics

Conventional fluorescent screens such as P-43 hdenag response time on
the order of microseconds. Therefore, they arecaptble of resolving nanosecond
time structures inside the beam. Lexel Imaging &yst Inc [50] manufactures fast
phosphor screens that have a time response aroum&l ¥he screen consists of
Zn0:Ga formulation on a quartz plate. When an sbecbeam hits the screen, it

emits a bluish light in the near UV (around 390 nmigible to the eye. A thin layer
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(2 m) of aluminum is coated on the screen to conduetelectrons away from the
screen and prevent charge buildup. In UMER, tkeghosphor screens are installed
at IC1 (31.1 cm from the aperture), RC 8 and atIlBCwhile the conventional P-43
screens are installed at all the other locationth®@beam position monitors. The light
from the screen is reflected by a mirror, placed #he beam line, and seen through

the viewport.

The light from the fast phosphor screen is captirgdn ICCD (Intensified
charge coupled device) PIMAX-2 camera manufacturdy Princeton
Instruments[51]. The bandwidth of the camera isveeh UV and Near-IR making it
suitable for the experiments. The high-speed carhagsaan internal pulse generator
for adjusting the gate/delay time and can do tirmaggd imaging at nanoseconds (3-
ns). A wide dynamic range (16-bit) makes the camserssitive to halos and internal
structures in the beam. A general setup of the @macguisition system used in

UMER is shown in Figure 2.10.
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2.5 Summary:

We have briefly dissed the University of Maryland Electron
Ring and the beam current diagnostics. In thisishédse primary diagnostic for all
the experiment will be the wall current monitor ahd fast current transformer

(Bergoz). The fast imaging diagnostics will be usedtudy the transverse effect of
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perturbation in the following chapter. In addititmall these diagnostics, we are
currently testing the energy analyzer on UMER aavdenot used it in this work. The

measurements from the energy analyzer will compiertiee work done in this thesis.
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Chapter 3. Experimental investigation of a single
perturbation on a space-charge dominated beam

Laboratory beams have either density or velocityduhations. These
modulations are due to cathode non-uniformitiesgeddluctuations and various other
sources. In order to study the effect of such matitnds, we begin by introducing a
single, localized and controlled density perturtbatbn a beam using a laser.

In this chapter, we present various experimenth wisingle perturbation on
the beam. We know that a perturbation emits agfapace charge waves that travel
at the sound speed. We begin by measuring the spe®tl as a function of the beam
current in Section 3.1. In Section 3.2, we measiwgesound speed as a function of the
perturbation strength by keeping the beam currenstant. In Sec 3.3, we compare
the experimental results with theory and WARP satiah. In Section 3.4, we show
how space charge waves can be used as a beam stiagnbinally, in section 3.5,

we present time-resolved measurements of the pattan and conclude.

3.1 Wave speed as a function of beam current

In order to measure the variatiothef wave speed as a function of beam
current, the following experiment was performedJMER. We use the gun aperture
(2.85mm) and then adjuiste cathode temperature to generate a 100ns redaang
beam pulse with 16mA peak beam current. An UVrlg§385nm) is switched on to

generate a 5ns perturbation on top of the main b®ament. The current settings on

the focusing and steering magnets were set foaagphdvance Q§‘O =61° . The
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guadrupoles current was set at 1.83 A which coaedp to a peak gradient of 6.63

G/cm. The beam pulse is measured at the Bergozvbaih is shown in the

Figure 2.7.

After injecting the beam into the ring, the beamrent is measured using the
wall current monitor at RC10. Figure 3.1 showsttiv@-by-turn beam current profile
from the wall current monitor. The perturbationitspinto a fast and a slow wave
with the waves travelling toward the head and #ikedf the beam respectively with
sound speed. Since there is no longitudinal faxusipplied to confine the beam
longitudinally, the beam itself is expanding and #uges of the beam move inwards.
By applying ear-fields using the induction moduldésngitudinal focusing and

acceleration can be provided for the UMER beam.[30]
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The wall current monitor is AC-coupled and henceasuees only time-
varying component of the beam current. When thembemds meet, the beam
becomes quasi-DC and so the AC component is labbppears as the beam loss at
the wall current monitor. Hence, the actual beass lim the ring is smaller than the
measured beam loss.

After recording the beam profile from the wall amt monitor, the main

beam current is changed by changing the temperatutee cathode, keeping the

41



relative perturbation strength<0.2) constant. In this experiment, the beam cisren

used were 8mA, 16mA and 24mA. A 3-D waterfall ptoshown in Figure 3.2.

)
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80 100
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We use the following method to calculate the soapded from the experimental
data. Let us assume the fast and the slow wavesl taadistance oDz in a given

timeDt. The velocity of the fast and the slow waves are+ CS and U, - CS

respectively in the lab frame. Let us take the-feste as a reference for calculation
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purposes. The fast and the slow waves move away &axh other at twice the sound

speed. So,

_ Distance_ (u, +C,)Dt

2C. _
Time Dz/(u, - Q) (3.21)
_ Dt 2 2
C, = O'SE(UO - C2)
\ C, 0.52L 22 sincev,” C.?
Dz

is the ratio of the beam velocity to the veloafylight 4 = U%. Dz is equal to
Cc

7.67 m+ (n-1)11.52 m where n is the number of twith n=0,1,2..

The center- difference method to calculate Cs:

The eqgn (3.21) has few limitations. It assumes thatbeam current is not changing
between the measurements. This is a good assumijatioa short distance beam
transport like Long Solenoid Experiment [52] or hifit the first turn of UMER [22].
But, in our case, we have many turns and the bearert is changing between the
turns. So, we have to include the effect of varyaegm current into the formula for
Cs.
Let us begin by plottiy , the time separation between the peaks of the fast

and the slow waves against the distance. We trarilpgd beam current as a function

of distance to show how the current varies withastise. This is shown in Figure

43



66

AT (ns)

Current (mA)

50

/.
40 - /I
30 4 /_/
Ny //
101 /
|
0 T 1 1 T T I 1 1 I
0 10 20 30 40 50 60 70 80 90
n Distance (m)
12 4
10
|
8 - \
\.
\.
\
6 - \.
\-
4 M I . I N 1 B I i 1 4 I . I 1 I
0 10 20 30 40 50 60 70 80 90
Distance (m)
8,
, $ B 0,

44



1 —a— Cs_theory
. —e— Cs_linear
' —a— Cs_Centerdifference
» 11—
S
© J
w
A
- 1.0-
[}
[}
o 1
"2
o]
S 0.9
=
0
" 1
0.8 -
) l T l ) I ) l ) l ) l L) l v l L) l 1
0 10 20 30 40 50 60 70 80 90
Distance
6& L $
4 $ $
$
-6 / -6 /2 0

Since our quantity of interest @(Dt) ,we use the center-difference method, a form
d(D2z)

of finite difference method, to calculate Cs. Thiowg ideal method would fit a
function and calculate slope, we use differenceagqus as follows: Let us assume

we want to calculate the sound speed at turn Egay o do this, we measure the

time separation of the space charge waves in tamdSecord it a:{)ts. Then Gsis

. Dt, - Dt : ,
calculated using the formulaCs, = m For calculating Cs for the first and
52m
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the last turn we us€s, = 0.5 Dl e ,Cs=10.5 o, b? ¢ where
11.52m 11.52m 7.67m

m is the last turn number. This reduces the uniceytdue to the variation in beam

current. So, in general we can write, Cs fromdieter-difference method as

Dtm+1 B Dtm—l bz
2" 11.52m

Cs, =05 (3.22)
In order to calculate the value of sound speed ftbeory, the following

method is used. For every turn of data, the beamrewul| is measured. Now, we

need to know the beam radius every turn. Assummgaosh approximation in a

periodic focusing lattice, the beam sizea can be calculated from

a= R(u+v1+ «*)Y2[31] , where R= |€S is the matched beam radius in a
5
0

smooth focusing lattice with emittance= 30 microns and S=32cm is the lattice

periodicity in UMER ands ;is the zero current phase advance gnd KS where

2950

_ 2l isthe beam perveance an0d= 17 kA for electrons. For this experiment,

14(bg)?

as mentioned befor.s0 is set at 61
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6 $ C $

$
Distance| T (ns) Cs_Theory Cs_linear_technique Cs_center_differenc
(m) (10°m/s) | (10°m/s) (10°m/s)
7.67 45 1.17 1.05 1.09
19.19 117 1.05 1.09 1.06
30.71 181 0.97 1.06 0.98
42.23 243 0.94 1.03 0.90
53.75 297 0.91 0.99 0.86
65.27 353 0.88 0.97 0.83
76.79 404 0.83 0.94 0.81
88.31 457 0.80 0.93 0.82

The calculated values of the sound speed versusdlues predicted by theory are

shown in Figure 3.5. As predicted by the 1-D theting wave speed increases as the

beam current increases. This is because as the tigaemt increases, the line-charge

density increases, leading to the increase of tadgial space charge field, which

drives the waves faster. This is similar to souraves, which travel faster in denser

media.
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3.2 Wave speed as a function of perturbation strémg

Further experiments were carried out to study tieceof the perturbation
strength () on the wave speed of the space-charge wavekese texperiments, we
used three beams: 15.5 mA beam with 1mA pertunbafi6.4 mA beam with 2 mA
perturbation and 17.4 mA beam with 4 mA perturbati®he perturbation strength

was 6%, 10% and 20% of the main beam current fon eh these cases. The sound
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speed is calculated from the theory and the exmariah data as described in the

previous section. The results are plotted in Figlée.
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We see that, as the perturbation strength increabes wave speed increases
indicating a non-linear trend. One of the importardperties of a non-linear wave is
that the speed of the wave will depend on its angbdi. Such nonlinearity can lead to
wave breaking. Moreover, there is a discrepancywéen the theory and the

experiment for the value of the sound speed ircdse of =0.2. This is because the
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1-D cold-fluid model assumed a small initial pep@tion to linearize the variables

(/1 <</ 0) while is not negligible in this case. In conclusion,sthexperiments

illustrate the range of perturbation strengthsvidrich 1-D cold fluid theory holds

true.

3.3 Simulation using WARP

In order to simulate the evolution of perturbationsthe beam, we use the
particle-in- cell code (PIC) WARP. WARP is a setfrsistent code, meaning that
once the density and velocity distribution of thetles is given, WARP correctly
includes the effect of the evolving self-fields.dbes so by creating grids and by
calculating self-fields at every grid point for tlggven distribution and the given
boundary conditions. The calculated self-field #mel external fields are then applied
to move the particles to a new position resultingainew distribution, whose self-
field is calculated again, and the procedure igaggd until the end of the simulation.
The initial particle density distribution and velyc distribution as well as other
boundary conditions (such as the pipe radius, pldagth) must be specified in
WARP.

In our case, since the laser introduces a pureitgensdulation, we have no
velocity modulation at the cathode. Therefore, wwgort the Bergoz current
transformer signal directly into WARP for the iaiticurrent distribution. We assume
that the velocity modulation is still zero at therBoz coil. We also initialize the code
with the values of matched beam radius, currerdrggnand emittance. We made the
following approximations. We assumed a smooth umfdield (solenoid field) to

represent the UMER FODO lattice. Since we use g kwienoid field for focusing,
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we have an external field which is symmetric in thand y-axis. Hence we used

WARP-RZ, a version of WARP-3D, for all our simutais.

The initial transverse distribution used is a s@aiissian (uniform in density
and Gaussian in velocity). Two important quantibésterest in our simulation were
the number of particles and the longitudinal thdrepgead. When we attempted to
increase the accuracy of the simulation by increptiie number of particles, we ran
into numerical instabilities. We avoided instalei#t by increasing the longitudinal

thermal speed. The values we used are: the nuniljgrticles = 1 million and the

thermal speed wabk.5" 10m/s, which corresponds IRB% =0.25%. The transverse

grid size was 64x1 cells (R-Z) and the z-grid w&$x256. Before running every

simulation, the appropriatéjﬁ/dr was calculated for matching the beam with the

assumed solenoidal field. All simulations are daméhe beam frame without any

longitudinal focusing.

For simulating the experiment discussed in theiprev/section, we loaded the

16 mA beam current with a density perturbationrgjte of 4, =(0.2. The beam

current profile obtained from the current monitorthe injection line is used as the
initial longitudinal distribution. Figure 3.7 showke turn by turn plot of the beam
current profile obtained from WARP. The space cban@ve velocity is calculated
from the simulation for every turn and is in gogteement with the theory. But the
experimental values of wave speed differ from takies obtained from WARP. This

is because we assume there is no beam loss in tkiePAsimulation. In other
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words, WARP agrees with the predicted theory. Bihldiffer from the experimental
results possibly due to exclusion of beam loss fteensimulation and the theory.

So we deliberately introduced beam loss into theuktion and compared it
with the experiment. We used the WARP variable .figmpup.sw) to change the
particle weights every turn. The variable effedyvehanges the number of real
particles per macro particle. We changed the partieeight such that the beam
current in the simulation equals the beam currerihé experiment after every turn.
Figure 3.8 shows the experimentally measured wpgedvalues and compares them
with the prediction for theory and simulation, wigmd without beam loss. This
improves the agreement between WARP and the expetifar many turns as shown
in Figure 3.9. In essence, we have predicted, medsand numerically verified the
wave speed with a good accuracy. The discrepantyeizero-th turn is because the
waves have not separated yet and hence those gbmidd be ignored. We can still
improve the accuracy by doing the following: thesglation can be done in the lab
frame rather than the beam frame. This will compendor the slight asymmetry
between the fast wave and the slow wave in timars¢jon from the beam centre.
Also, we have ignored the energy profile at thegBerand have taken it to be zero.
This could be measured and the velocity profilelemhinto the simulation to improve
the accuracy.

We have also neglected transverse effects ofespharge. The transverse
effect can play an important role in space-cha@midated beams. We discuss in the
next section how transverse effects of space chaeyes can be used to measure

beam size.
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3.8 Beam End Erosion

As seen from the experimental data, the beam enode énward as the beam
propagates. There is no longitudinal focusing agpto the beam causing the beam to
expand and fill the ring. At the edge, the chadlgesity varies sharply leading to a
large electric field. Appropriate external fieldslled “ear-fields”, have to be applied
to focus the beam.

Currently, they are applied at RC4 through the atidun module. For the low-

current beam (0.55 mA), this increases the numibeurms to 200 turns. Space-
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charge wave experiments have shown that the wafkstr off the beam ends[17].
With the induction module, UMER is capable of repea such experiment over a
longer distance and track the propagation of theewaafter reflection from beam
ends. In theory, the fast wave after reflectiomfrihe beam ends will become a slow
wave and vice-versa. Experiments conducted in UMtRpout the longitudinal

focusing, show that the waves walk off the edgthefbeam without any reflection.

3.4 Space-charge waves as beam diagnostics for oresas transverse
beam size

In order to measure the beam size over multiplestuive need a non-
intercepting beam diagnostic. As an alternativefltmrescent gas monitors or
diagnosis through an extraction line, space-chavgees can be used to measure
transverse beam size turn-by-turn. The principkesirid the technique are Equation
(1.17) and (1.12). Combining those two equatiores get:

2 ‘’m
In9= pé’ogng % (3.23)

a gl

After measuring ¢and | for every turn, Equation (3.23) can be usedalculate the

values of beam radius. As the flat-top erodesptam current decreases leading to a
decrease in beam size. Other sources of partistelike beam scraping can also lead
to decrease in beam current. Therefore, we expéeiceease in beam radius as the
distance increases. Figure 3.10 shows the turnuby plot of the beam size as a

function of distance for three different beam caotse As the beam propagates a

longer distance, the beam size decreases and ¢tiges 40 a final value. The beam
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self-matches itself into the ring. The error petdsrcalculated by assuming 2% error
in the measurement of Cs which causes a 4% changfeeibeam size. There are
some limitations on this diagnostic. Firstly, Cetmes ill-defined at the beam ends.
The higher the beam current, the faster the splaasge waves reach the beam ends

and so this diagnostic is unreliable after somegualepending on the beam current.
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Hence this diagnostic is useful only in that ranfidbeam currents where the waves
spend a longer time in the flat-top portion of theam. Secondly, since the formula
depends on the g-factor, this diagnostic cannoady@ied for compressed beams or
very short bunches. Finally, the perturbation aplto the beam should be very
small. A large perturbation produces a non-lineavevwhich causes a larger error in
the measurement of Cs and hence the beam size.

Another important longitudinal parameter in accafers and storage rings is
the longitudinal impedance. Though there are sévwgpes of impedances that can
occur in a machine, we focus on space-charge inmpedaVhen a charged particle
beam travels through vacuum it does not experiemceesistance directly like
electrons moving inside a wire. Rather, the beaooenters impedance due to image
space-charge fields that can interact back wittbtbean. The space-charge impedance
per unit length is given by

E, (k,w) (3.24)
l,(k,w)

where E and | are the perturbed longitudinal electric field dhd perturbed current.

Z,(kw)=-

The impedance is a function of frequency and hdacexpressed in the Fourier
transformed coordinates of space and time. Sineealoplitude space charge waves

are dispersionless, we can assuype ka and the space charge impedance can be

calculated as

. e . gw, (3.25)

Z.(wm)=-iX_.(m)»-1——7
s( 0) s( 0) 4pbzgzc 0

As can be seen from eqn (3.25) , the space-chargedance is a function of the g-

factor and the perturbation frequency for a givarmbesnergy. £ is the free space
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impedance and equals 377 For a given perturbation wavelength, the spacegsh

impedance can be normalized as

_X )/, _ g (3.26)
: Z, 2bg?

By measuring the g-factor, the space charge impedacan be calculated

experimentally. We can extend this technique toudate the growth rate of the slow
wave or the decay of the fast wave [53]. We Il space-charge impedance for
three different beam currents in the Table. As etqzbthe table shows that when the
beam current increases the product of beam cuarehthe normalized space-charge
impedance increases- a high current beam produtager self-field. The 20 mA

beam with a perturbation of frequency 200 MHz (% weuld have a space-charge

impedance X=12k /m.
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I=9mA I=20mA [=30mA

7.67

12 9.6 8.3
19.19

16.6 11.7 9.6
30.71

13.0 12.2 9.4
42.23

14.5 10.9 8.5
53.75

19.2 10.5 9.5
65.27

19.6 10.81 9.8
76.79

16.7 10.8 9.3
88.31

17.4 11.6 9.9

3.5 Transverse effects of the space-charge waves

In a space charge dominated beam, as mentione@reany line charge
modulation manifests as a change in the beam rddiusake the volume charge
density a constant. We are also interested inrtmesvterse effects because they may
be responsible for nonlinear effects. To study tlaasverse effects of longitudinal
modulation, we need diagnostics that can resoleeptrturbation. In our case, the
perturbation is 5 ns and hence we need a highugsoloptical diagnostic. The fast
phosphor screen emits UV light when a charged @eartits the screen and has a

good temporal response making it suitable for ogpeement. In our experiment, the
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light from the phosphor screen is captured by aAfMcamera and the image is
stored in a computer. The fast phosphor screentlamdamera were discussed in
Chapter 2.

A 5-ns density perturbation is introduced on a h80ong beam using the
laser. After injecting into the ring, the beam lihge fast screen at RC15 and emits a
UV light. The light is captured by a PIMAX camerathe auto focus mode. After
focusing the camera onto the beam, the camerat ito sgated mode in which the
camera is triggered by an internal pulse generdtoe. timing sequence is adjusted
with the BPM trigger (RC14) and camera runs at 13Biace the timing sequence is
checked, a gate is set for 3-ns width. Finally,ittiernal sequence generator is turned
on with the appropriate start time and end timeviAdow of 51ns is used to generate
17 images of 3-ns each. The camera collected imagestored in a single file which
is then sliced into TIFF images for processing.
The wall current monitor output is shown in the ¥y 3.11 indicating the width of
the gate and the scanning range of the gate witlenpulse. The integrated beam

image when on the camera is in the auto-focus nwsleown in the Figure 3.12.
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The sliced images are processed and then calibaatutding to the intensity of the
light collected per gating. The montage is showthimm Figure 3.13 and Figure 3.14

below along with the calculated beam current.
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We follow the following algorithm [54] to calculatee beam current and the centroid
from each image of the montage. First, the tot&nsity of the image is calculated by

adding intensity at each point of the image.

N

N
= G()), (3.27)

i
where G( |, j) represent the intensity of the rélw and j-th column of the image.

The x and y centroid is then calculated by takhmgfirst moment as following:

N N

x, = iG(i,j)/!

i

N N (3.28)
G630, /T,

Ye

i

Where % and y are the x and y centroid respectively. The codelaily calculated
the beam size by taking the second moment. Oncatiesity is calculated for all
the images, the image with the maximum intensityesponds to the peak beam
current. The rest of the images are then scaledltulate the beam current for each
image. The calculated sliced current for each gasirplotted as a function of time.
This is shown in Figure 3.15.

The intensity pattern follows the current profieen with the current monitor

and hence confirms the linearity of the fast-scne#h respect to charge.
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The radius and the centroid of the beam are affeloyethe perturbation and
are shown in Figure 3.16 and Figure 3.17 shows@atement of centroid in the x-
direction only. This is likely due to the velocityodulation introduced by the space-
charge waves. The fast and the slow waves creagnergy modulation within the
beam which causes the perturbed part of the beanote transversely in x-direction
due to dispersion. This experiment indicates thptige density modulation evolves
into an energy modulation over time. The beam sizeease is more pronounced in

the x-direction because of the placement of theestiwith respect to the UMER
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FODO lattice. The plane of the phosphor screenisct from the lattice centre, so
the UMER beam looks elliptical with major axis ajpx-direction [55]. Hence,

though the beam radius increases inside the pattarl) the radius appears to
increase only in the x-plane. In order to crossckhiese result from WARP, we
need to perform a WARP 3-D simulation that takes i#ccount the quads and the

bends. A WARP R-Z simulation will not be sufficient
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3.11 Summary

In this chapter, we derived the wave speed foanfubm 1-D cold fluid
theory. We compared the measured values of thedsspeed with theory and WARP
simulation. The agreement is good within the linesgime and there is an evidence
of non-linear behavior at larger amplitudes. Wevata that space charge waves can

also be used as diagnostics to measure beam di#diR and finally we performed
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progressive, time-sliced imaging of the fast anel skow waves using the imaging
diagnostics to show the transverse effects of tadgial perturbation due to space-
charge. The experiment concluded that a pure densitdulation evolves into an
energy modulation over time. In free electron lasénis mechanism can lead to an
increase in the energy spread of the beam as felltnva high brightness electron
beam, density modulations at low-energies can eviolio energy modulations due to
space-charge. Once, the beam gets acceleratecbaadlgough a bunch compressor
or a bend, these energy modulations can get cau/ento density modulations
through dispersion. Now, due to these density maidis, the longitudinal charge
density of the beam is not smooth anymore but islutaded at wavelengths much
smaller than the bunch length. This can lead teeait synchrotron radiation (CSR)
in the bunch compressor and thus introduce additiemergy modulation, which
distorts the transverse and longitudinal phaseespfathe beam and affects the FEL

performance.
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Chapter 4: Multiple perturbations: Propagation,
Control and Nonlinearities

In this chapter we look at how multiple perturbatigpropagate in a space-
charge dominated beam and ways to control them.aWe show how a large
perturbation can launch nonlinear wave that cad tegulse train formation.

In real laboratory beams, often the beam has niane one perturbation. It
may have multiple modulations resulting from cathodon-uniformities, RF
fluctuations, varying impedances along the beane,pgbc. Such modulations occur
throughout the beam and can vary in their frequeacg amplitude. Hence, by
understanding how multiple perturbations evolva ispace-charge dominated beam,
we can control them in real laboratory beams. latiSe 4.1, we discuss generating
and propagating multiple perturbations on a beamSdction 4.2, we then present
experimental results on how to control the denpiyturbation by modulating the
beam energy. Finally in Section 4.3, we show holarge perturbations can lead to

non-linear wave propagation and thus to pulse fiaimation.

4.1 Generating multiple perturbations on a beam:

In the previous chapter, we showed how a singtetupbation can be
generated using a laser. Here, we take advantatiee gghotoemission technique to
add a second perturbation. For this, we installectreer Minilite laser system that
used the same optics as the first one to introdusecond density modulation on the
beam. By adjusting the timing of the pulses thggtr the laser systems, the distance
between the two perturbations can be adjusted. Hfisws us to introduce

independently controlled modulations (by adjusting laser power) with controlled
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separations (by changing the trigger timing). Fegdrl shows a beam current profile

with two density perturbations (A and B) measurédh& current monitor in the

injection line.
& # #
, 7 : 2
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4.1.1 Experiments on a beam with multiple perturlmats:

The beam shown in Figure 4.1 was injected intddMER ring and the beam
current profile was measured using the wall curreanitor at RC10 for nine turns.
Figure 4.2 shows a 3-D turn by turn plot of the sugad beam current profiles. After
the perturbation splits into a fast and a slow wahe fast and slow waves from each
perturbation travel toward the head and the taihefbeam, respectively, at the sound
speed as discussed in Chapter 3. The slow wave drmgnof the perturbations (A-
closer to the head) and fast wave from the othetugmation (B-closer to the tail)
superimpose on each other in the second turn amddtoss each other. Hence, in the
second turn, the amplitude of the perturbation tieaicenter is higher compared with
the other peaks. The wave velocity of each of #érupbation (A and B) is measured
and is shown along with 1-D cold fluid theory prdins in Figure 4.3. The black
curve is the value of wave speed calculated froeomh using the measured peak
current. The red line corresponds to the experiaignimeasured value ofsQising
the center-difference method described in Chaptérh2 blue line values are from

the WARP simulation which we discuss in the follog/isection.
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4.1.2 WARP Simulation of beam with multiple pertuabons:

The beam profile obtained from the current mangloown in Figure 4.1 is
used to initialize the current distribution in WARPhe profile is then smoothed
using a weighted average filter (of width 3) in gimulation to filter noisy spikes in
the current distribution due to the injection amdcirculation pulsing circuits. The
initial transverse distribution used is a semi-Gaus (uniform in density and
Gaussian in velocity). We used one million pargcle the R-Z simulation and took
measured beam loss into account. We used 64 ndRsdirection and 256 cells in Z-

direction with a thermal spread of 1.5e5. Afterca#éting the necessary smooth
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focusing for matching the beam, the beam is tranmegdo a distance equivalent to 8

turns.
& & E2+@ , o
%
&
E2+@

Seven turns from the WARP simulation in Figure diows how the fast and the
slow waves from each perturbation superimpose amsseach other. We calculated
Cs from WARP and compared with the experimental dredtheoretical values. This
is plotted in Figure 4.3 as blue lines. The sanwguure to calculates@sing the

center-difference method mentioned in Chapter&ds followed here. As the graph

shows, the waves from perturbation A travel faghan the perturbation B. This is
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because of the large amplitude perturbation (Aydis faster compared to low
amplitude perturbation (B) as discussed in Chapterhe slightly larger discrepancy
with the theory may be possibly due to the multipkrturbations on the beam
changing the beam size along the beam causingatigarin g-factor, which the 1-D
theory ignores. In other words, transverse efféiges variation in g-factor due to

beam loss must be taken into account in a lab-fr&eRP 3-D simulation.

A long pulse length experiment with multiple pertoations:

To track the evolution of the waves over a longetscale, we need the waves
to remain in the flat top portion of the beam foloager time. So, we increased the
beam pulse length to 150 ns and performed the aserlexperiment. The beam
current was 12.6 mA with a 1.7 mA perturbation @d 1.0 mA perturbation (B).
We show the result of the experiment in Figure .4%straight line fit of the wave
peaks of the respective perturbation is also shdivainows the linear variation of the
distance between the waves (with a slight changet@ghange in current) as the turn
increases. In conclusion, within the linear regirties presence of another density
perturbation does not affect the velocity of thevesaand each perturbation behaves

as if it were the only perturbation present onlikam.
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4.2 Controlling density perturbations on a beam:

In most applications density or velocity perturbad on a beam is
undesirable. So any method to eliminate or at leastrol the perturbation will be
useful in preserving the beam quality. As an examial clean a beam pulse before it
is injected into a bend can prevent unwanted raxiain this section, we discuss

techniques for controlling a density perturbatising a energy modulation.
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Several beam experiments were conducted at UMHERereby changing the
perturbation strength while keeping the beam caroemstant or by changing the
beam current while keeping the perturbation curcamstant. All these experiments
showed a trend: space-charge waves superpose @sgl eaich other just like linear
waves would. This is because of the dispersionpgsperty of the space-charge
waves. The waves behave as if they are indepenofeach other and hence
superimpose and cross each other without a changhape. Since linear waves
superimpose each other constructively, they camsalperpose destructively. Thus, if
a space charge wave interacts with another spargehvave of the same amplitude
and pulse width but different polarity, then theves will cancel each other. This
principle can be used to cancel the propagatianfakt or a slow wave.

In order to test this principle, introduced a dgnsnodulation to create a
positive slow wave and then we used an energy matidalto create a fast wave with
negative polarity. By adjusting the timing, amptiey and the pulse width of the
modulation carefully, we were able to supprestiopagation of the fast wave.

We show how energy modulations can be used to @aensity modulations
in a beam in the following section. The basic ideshind the technique can be
described as follows: the electrons in the fasslow waves are travelling with a
velocity w+Cs or Vo-Cs in a density modulated beam, respectively, wheres \the
beam velocity. Adding energy modulation to suchearb creates velocity waves that
interfere constructively (depending on the phasigh the velocity waves produced
by the density modulation. By appropriately chogsiime amplitude and the phase of
the energy modulation, we can cancel the fast erstbw wave. The perturbation

beam current becomes zero. We call this coherelse dlattening. This technique
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assumes that the density perturbation is smalbther words, the perturbation is in
the linear regime and the waves are not dispergitgp, the time scale for applying
the correction should be small compared to the soae for the waves to phase mix.
In other words, the beam should have low incohesartgy spread.

We show in the next section how an energy modulaten produce current
waves of opposite polarity [30] and how waves ideasity modulated beam can be

controlled using energy modulation.

4.2.1 Coherent pulse flattening and 1-D cold theory

From cold-fluid theory, an initial velocity pertwation of the form:

v,(z=0,t)=dvy (9 and a density perturbation of the form:

i,(z,t) =i, (0,t) =hih(t), where the h(t) is the shape of the velocity pétion

with unit amplitude , is the strength of the velocity perturbation anthe strength of

the density perturbation, evolves according tofttiewing linearized equations [56].

) i \Y; C Z
|l(z,t)=-—; a2 m (I a’)vs h+ — (4.1)
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First of all, we notice that if =0, then the current exhibits a pair of space
charge waves with opposite polarity. This shows thgoure energy modulation
creates a pair of space charge waves in beam twhéch has opposite polarity.
Let us suppose we want to cancel the slow waveagmwave) through energy
modulation. By setting the first or second ternspetively, to zero in eqn. (4.1), we

get:

¥ peh-a)S=0
C A

S

(4.4)

a

[
3

Where the + sing is for the fast wave and — sigorishe slow waves. So, for a given
strength of the density modulation)( a particular value for the strength of the
velocity modulation () calculated from the eqn (4.4) can cancel the Vaste. To
cancel the slow wave we set the second term aéding(4.1) to zero and again we get
eqgn (4.4) but with a sign change in the denominator

By modulating the charge, we get waves in veloaitg current. Similarly by
modulating velocity we get waves both in charge andrent. Therefore, by

simultaneously introducing a density and a velowsigve, we can control the current
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perturbation on a beam. The value off to cancel a given density modulation

depends on both/7 and the sound speed¢Cand therefore depends on the beam

current (I) and beam energy as well. We plot tHees of d as a function of'7 and

C, for a 10-keV beam. This is shown in the Figure .44 expected, a larger current
with a stronger density modulation requires a gfjesrenergy modulation to cancel

the density perturbation.
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4.2.2 Analytical Modeling of Coherent pulse flattelgy using
MATLAB:

We used a MATLAB to numerically solve eqns (4.13,2) and (4.3) to
observe how a density modulated beam behaves wherenergy modulated. We
assumed a Gaussian shaped perturbation with avidih half maximum of 5ns.
First, we show what happens when a beam starts avppire density modulation.
Next, we show what happens when a beam startsanptlire energy perturbation and
show that a fast and a slow wave of opposite pgglare generated. To get a clearer
view, we show the evolution of all the quantitieBarge, velocity and current with
respect to time. Finally, we superimpose both thesdy and the energy modulation
to show how, by choosing the correct strengif) for the energy modulation from
equation (4.4) , one of the waves could be carteNge note that the energy
modulation is applied at a distance of RC4 (z ¥8)& ownstream.

In the simulation, we use a 20 mA beam with a 1@¥stty modulation

(/7=0.1). We begin the simulation with no energy matioh (¢=0). The results are
shown in the Figure 4.7. We then ¢gpt0 and seiy=0.0022, a pure velocity
modulation. The results are shown in Figure 4.Balfy, we set/7=0.1 and

a=0.0022 , so that the beam starts with a densityulation and then a velocity
modulation is applied. The results under this cbodiare shown in Figure 4.9
illustrating the cancellation of the fast wave theé amplitude of the slow wave is
doubled. By reversing the polarity of, we can also cancel the slow wave. This is
shown in Figure 4.10. We used three colors in tlmeilation to indicate the

following: the blue color indicates a beam witktja density modulation, the red
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color indicates a beam with just a velocity modolaiand the black color sums the
two beams to bring out the effect of the modulatMMe add them due to the linearity

of fluid equations in the 1-D cold fluid theory.
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4.2.3 Experimental cancellation of density modulati by controlled
energy perturbation:

In order to test the prediction from analyticalocdhtion, we injected a 7 mA
beam with a density perturbation of duration 8Because the width of a single laser
pulse is 5 ns, we combined two laser pulses (fravm $imilar laser sources) and
created a single 8ns density perturbation. We tegethe beam into the UMER ring,
as shown in Figure 4.11. Next, the lasers wereckedt off and we introduced an
energy modulation on the beam. The beam after nieegg modulation is shown in
the Figure 4.12. After making the timing adjustitnmake the energy modulated
waves occur at the same time as the fast (or slaveyfrom the density perturbation,
the density perturbation was turned on. The angitaf the energy modulation was
increased to cancel the fast wave as shown inithad-4.13. It also shows that the
slow wave is not propagating as predicted by theukition. We then repeated the
experiment by changing the polarity of the energydoiation, to cancel the slow
wave. We repeated the experiment for the 23 mAJandA beam. In each case, the
fast wave was cancelled and the beam carried belglbw wave.

These experiments show that when a controlled gnengdulation is
introduced on a density modulated beam and whershlihpe and the timing of the

modulation is matched with the original perturbatiaccoherent pulse flattening

occurs. In the experiment, we apply an externalage to the beamEapp"ed) to the

beam. In order to compare the experimental vaIuEapplie q with the theoretical
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values ofd in equation (4.4) , we use the following convensiio the non-relativistic

limit;

DE =0.5mg;, +u,Y - 0.5nv, 0.5w, ,+ 2,

DE _05mu @+ 2) U5’ | o _ oy oy

E 0.5my,? uy u (4.5)
& +2d- 2= 0
E
_DE _Eapplied
G 2E 4E

DE is the coherent energy spread for a single wadezais the beam energy. We
note that the factor of two arises because whew#we splits, the strength of the

energy modulation is halved.

& $
$
Beam |77 d (theory) oF = Euppiea (V) | D
current T o (Experiment)
1 mA 0.06 4.6e-4 20 5e-4
7 mA 0.05 8.2e-4 40 1.0e-3
23mA | 0.1 0.026 160 0.040
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The experimentally determined valug for different beam current for
different perturbation strength is listed in Tald. As the Table 4-1 shows the value
of the voltage need to cancel a perturbation irseresith the strength of the initial
density perturbation. The discrepancy between hHemryy and the experiment is
possibly due to variation of beam size inside theysbation.

In our experiment we used a coasting UMER beam w@kkeV with no

acceleration. Accelerating the beam would changéd#am energy and hence reduce

the required value ot for cancelling the density modulation. When a lemergy
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beam is accelerated,s @ecreases andvincreases, causing the ratio of; Uo

decrease substantially. Therefore if a density-rfeddd beam is accelerated quickly,
the energy modulation required to cancel the dgnsddulation will be reduced from
egn (4.4). Ongoing work on acceleration [57] wilardy the timescale needed to

perform the cancellation experiment in UMER.

4.2.4 Limitations of the coherent pulse flatteningchnique:

There are some limitations in the coherent pulsdtefhing experiment
demonstrated above. In principle, either the fasthe slow wave can be cancelled
but not both of them. This is because UMER, as ofimg, has only one energy
modulator to cancel either the fast or the slow evaBy adding another energy
modulator we can, in principle, cancel the othewavaAlso, if we start with a pure
fast or a pure slow density wave, we can use theremt pulse flattening technique
to cancel the wave. Methods to generate a pureofasibw density wave in a beam
has been investigated before [25]. In UMER, ouhefthree glass gaps, currently one
of the glass gaps is used as an induction moduietrimduce the energy modulation
on the beam while the second glass gap is usedcasrent monitor. We still have
one glass gap left which could be used to caneelr¢dmaining wave in the beam.
Also, in our experiment when the density modulatias in the linear regime and the
energy modulation was applied in a time scale obsaconds. This assumes that the
waves do not disperse appreciably and phase mix atiter particles. In reality, the
timescales involved are short and the energy médualanight have to be applied

before the wave becomes nonlinear and dispersive.
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In this technique, the coherent energy spread & bleam increases
substantially because while one of the waves isalded, the amplitude of the
remaining wave is increased. A good technique wdaddto measure the energy
profile created by the density perturbation andchthpply an energy modulation that
exactly negates the profile. However, this assuwwvesan measure the energy profile
of the beam on an appropriate timescale/resolutinich can be a limitation in bigger
machines. We therefore discuss another techniquedotrolling the space-charge

effect of perturbations on the beam.

4.2.5 Experimental results of the perturbation-comgssion scheme:

When the electron beam is injected into the UMEBR) wvithout longitudinal
focusing, the beam ends expand at a speed ofirdT the beam fills the ring. This is
primarily due to longitudinal space-charge forceshich defocus the beam
longitudinally. Hence, in order to contain the beamthe longitudinal direction,
appropriate longitudinal electric fields must beplegd repeatedly. This is done in
UMER presently through the induction cell. Like theam ends, the perturbation also
expands and splits into a fast and a slow wave wherbeam is allowed to freely
expand. So, by longitudinally compressing the pedtion part of the beam
periodically, we can contain the perturbation frgplitting into a fast and a slow
wave. We show experimental results of the pertishatompression in the following
section.

We injected a 23 mA beam with a 10% density pedtion into a ring and
applied no longitudinal focusing. This is showrFigure 4.14 with a dark blue curve.

We then applied longitudinal electric field at R@#h varying strength, to contain or
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“compress” the perturbation. We tracked the beameati for each turn in all theses
cases at RC10. The results of the experiment arersifior up to 4 turns in Figure
4.14. Every color within a sub-plot shows the beanrent for a specific value of
compression voltage. As the applied voltage iseased, the waves become closer or
in other words, the wave splitting is delayed. Doi¢he limitation in the apparatus,
we applied the longitudinal focusing only for aglanturn. Because of the circular
layout of UMER, we can in principle apply the saifagitudinal focusing field
periodically for every turn, and thus “hold” therpebation without splitting. This
technique is very similar to the previously dis@gsscoherent pulse flattening
experiment except here we introduce the energy svatvehe very beginning before
the wave splits. This allows us to delay the pédtion from splitting. We

summarize this technique in the next section.
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4.2.6 Perturbation compression scheme:

We start with the observation that it is becausesgdce-charge that the
density perturbations are converted into energy utaion, which can then create
problems when the beam goes through a bunch cosgreSo, we want to prevent
the density perturbation from splitting into a fastd a slow wave. We do this by
compressing the density perturbation near the gjaator by applying a linear

electric field which prevents the perturbation fraplitting. This is similar to ear-
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fields applied at the beam ends for longitudinaufging, but we apply them for the
perturbation alone.

Initial experiments in UMER using this approachshbat by applying ear-
fields to a perturbation, we can control the wapeesl. If a density modulation is
compressed before it splits into fast and slow wawe have in effect compensated
for the space-charge mechanism. We are then left avispace-charge dominated
beam with a density modulation that remains asiglesidensity modulation and does
not split into fast and slow waves as long as timapression is applied periodically.

If the beam is now accelerated to relativisticrgies, particles within the
perturbation are travelling with approximately theme velocity as that of the other
particles. The space-charge effects were compeah$atat the beginning. So, when
such a “space-charge compensated” beam goes theodfpersive section we have
no additional density modulation because the efééctlispersion on a beam with
uniform energy is same for all particles. There some limitations in this technique.
First, the beam will still have a density bump whould lead to coherent radiation
and thus start an energy modulation again. Secpiitdlg not clear how does the
perturbation evolve under compression and accearatcombined. Future
experiments in UMER involving acceleration will giws some clues to understand

these limitations.

4.3 Non-linear space charge waves

Previous experiments by using a localized, singlesdy perturbation showed

that the wave speed depends on the strength opeherbation. The higher the
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relative strength of the perturbation comparech®rain beam, the faster the waves
propagate. This is a general property of non-lineave propagation. We also know
from the physics of nonlinear waves that non-lineaves are prone to wave-
breaking [58]. Wave-breaking occurs when the crk#sthe wave travels faster
compared to the other part of the wave leadingdepening and eventually breaking.
It is a phenomenon most commonly observed in oeeares. Though the problem of
wave-breaking is mathematically involved, we extémel fluid equation presented in
the previous chapter to understand some elementEds in non-linear wave
propagation. The original dispersionlebsear equation for the space-charge waves

can be written in the form,

7, 9. _
Csﬂ_zl+Ttl_0 (4.6)

The solution of equatior4.6) can be written ad,(z,t) = f(z- G0 where Gis

the wave velocity and 1 is the line-charge density of the perturbationonfr

experiments, we know that the velocity of the waiedependent on the amplitude

ie. CS = G(h/o) = G( 1), where is the strength of the perturbation anglis

the line-charge density and €6 be a corresponding function between the

perturbation strength and the wave speed. Keepieg dispersionless transport

assumption but including thenonlinear behavior, the solution changes to

/.(z,t)= f(z- G( ,)0. As shown in the appendix A, as the waves of thenf

/,(z,t)= f(z- G( ,) 0 propagate, they steepen and then break. An iiuitiay
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to understand this would be to think of the apethefwave travelling faster than the
base of the wave causing the apex to overtakehi&tgoint, the wave curls like a
large ocean wave. Now, the wave becomes multi-daltea certain time due to

steepening and we say that the wave breaks.

4.3.1 Experiment showing wave train formation:

We introduced a relativilyge perturbation £0.5) compared to the
main beam to test wave-breaking in space-chargeesvalhe beam current was 36
mA and the perturbation current was 17.5 mA. Farit, the perturbation was
introduced near the edge so that either the slowewar the fast wave alone
propagates along the whole length of the beam.ttitreby-turn profile of the beam

current is shown in Figure 4.15.
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As seen from Figure 4.15, the perturbation intredlicear the tail splits into a
fast and a slow wave. The fast wave propagategdlmbeam toward the beam head
while the slow wave rolls off the edge of the bearh The fast wave starts to steepen
and then starts to break into sub-pulses aftemgetton and continues to break in the
subsequent turns as well. The distance betweenpssadhis 2 ns (on average). The
plasma frequency of the beam is approximately 48z Monfirming that the sub-
pulses oscillate close to the plasma frequencyskésv in the next few sections that

these sub-pulses are due to the excitation of maa# waves and wavebreaking.
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4.3.2 KdV equation, Burgers equation and Dawsonilim

We take a simplified approach to present how #raimperturbation can
become steep and break [59]. We begin with eqrojHBcussed in Chapter 1. Let

the initial condition be expressed as
[(z,t=0)=/ X )
where/ is the line charge density. We do a change of bliasx = z- / t

Now, we take the temporal and the spatial deriestio get,

v _v, % ?(ﬂ

ft x M TVﬁ

4.7
ﬂ[l tﬂ/O]__/‘if (4.7)
ix
V_Wo % %1
z ™ Tz W ﬂz
[1 t /O]:h
1z x
Combining the two parts of equation (4.7) into doug we get the following
condition
(1+tﬂ/°) (ﬂ/ +/ f )=0 (4.8)
ix 1t Tz
So if,
(4.9)

(1+t%)1 0,
Iix

then/ (z-/ 1) is a solution to the Burgers equation.

Let us take a concrete example to demonstrateitbd@urgers equation with

a smooth initial profile can lead to wave steepgrand then wave breaking over
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time. Let /o(z) = COS(Q z)/, L (z, t): cqs( (z,/ t), then according to
equation (4.9) we get,

{1 1 (4.10)

psin(pz)

This equation is satisfied for aff <i =t where’[B is the breaking time. So,

D

untilt <tB, the wave just propagates and steepens. Blt=tl;, the initial

perturbation becomes steep and breaks.

The summary of the previous discussion is that axelshown that once the
1-D cold fluid theory is reduced to KdV equatiohetKdV equation can then be
simplified into the inviscid Burgers equation topéin the observation of wave
breaking at large amplitude perturbation. We cameluhis section by applying

equation (4.9) to a parabolic shaped perturbatiof the form:

_ 2 . . .
/O(Z) =/ Lo(l- %%) where /|, is the peak line-charge density

(amplitude) of the perturbation an#,, is the maximum length of the pulse.

Differentiating with respect to z and substitutimg get the breaking time to be,

o

r ts =constan (4.11)
25,

g W

This implies that for a perturbation of given widthns in our case) a larger line-
charge density perturbation can cause the wavelbiggdd occur sooner than with a
lower charge density one. This behavior is obserseglularly in UMER beam

perturbation experiments. In the non-linear regimdarger perturbation causes the
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space charge waves to break earlier compared eaaripation with relatively smaller
amplitude. The phenomenon of wavebreaking was firstlicted in cold plasmas by
Dawson [60] and has been demonstrated to acceleastieles [61]. Even nonlinear
longitudinal plasma oscillations are harmonic whbk plasma frequency [62] , as can
be seen from Figure 4.15.

We note that we have ignored dispersion in all @alculation in trying to
explain wavebreaking. Dispersion can become acatitfactor, once the wave
steepens. For example, when the wave breaks, the width of the secondary waves
are of the order of 2ns, which is 11.5cm long while pipe diameter is 5.08 cm.
When the ratio of the pipe diameter to the beangtlerbecomes comparable,

dispersion effect must also be included [31, 36].

4.4 Summary:

In this chapter we have ekpentally shown how multiple
perturbations propagate in a space-charge dominagedn. Space-charge waves
behave like linear waves and so superpose and eads other. We applied this
principle to demonstrate the cancellation of a spelsarge wave through energy
modulation. We also showed that by compressing#raurbation at the start we can
prevent the perturbation from splitting into a fastl slow wave. Finally, we showed
that when there is a large perturbation, spacegeharaves behave like non-linear

waves and can undergo wavebreaking.
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Chapter 5: Longitudinal perturbations due to space
charge effects in the gun

Up until now, we have discussed the effects of spdmarge on perturbations
over a long distance under different initial coradis. In this chapter, we focus on
studying space charge effects near the gun. Wenbegih the experimental
observation of pulse splitting near the gun at aiglaser power. Then we briefly
discuss the 1-D virtual cathode theory (VC) andrspalse Child-Langmuir limit
(short pulse space-charge limit) to explain the-gulse formation. We conclude this

chapter by discussing the relevance of such shustepeffects for photoinjectors.

5.1 Pulse splitting near the gun

In UMER, it is possible to photoemit a short élen beam pulse using a laser,
without any thermionic emission. Under such coodii, the beam current profile
follows the laser profile up to a critical valuelaser power. Above the critical value,
the beam pulse starts splitting into multiple suwitsps within the gun as shown in

Figure 5.1.
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Similar effects have been observed before in highent RF photoinjectors
and other low energy electron guns [28, 29, 42]. dmpare our observations with
those theories and discuss the relevance of stettefor future photoinjectors. This
effect is likely due to the formation of a virtuzdthode. A virtual cathode is formed
when the total injected current in the cathode edsehe space charge limit of the

gun. We discuss the 1-D virtual cathode theoh@following section.
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5.2 Time-independent diode behavior

The space-charge fields inside a diode can becange lto form a virtual
cathode. In order to explain the formation of wait cathode, we do a simple DC
analysis of the diode under the absence of theiepfield. This problem is well-
known and is treated in several papers on vacubest[63, 64].

Our goal in this section is to perform a DC anaysfia 1-D diode to see how
and at what critical input current to a diode dtfesvirtual cathode forms. We follow

Birdsall and Bridges[65] in the subsequent derosati

y -
Virtual
Cathode
X ! Vo
Z Vo
_5_,
E >
—
€ beam!
| Co
X:O X: Xm X:d
7 2 $
$ + ? + 27
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Let us assume two infinite (in y and z) patgllates held at potentialp\and
separated by a distance d. This is shown in Fi§uzeBy writing the Poisson

equation and continuity equation, and simplifyihg equations give,

2
dv "— 4 1/2_\/1/2 51
&z eCzelmpr M e

whereV, is a constant of integratioN., is the minimum potential inside the space
between the cathode and the anode. In order teepdofrom here, we have to solve
the above equation for two boundary conditions.yTare i)V, >0 and (ii))Vy =0.

) VYm>0:

The parametefl is defined as the following:

_ Jo

= 5.2
-2.33 10°V}/2d2 >

When & =1, we simply get the Child-Langmuir limit. The stibn of these equations
for Vm >0 are reported elsewhere [65]. We used MABLto plot the potential

minimum as a function of the input curreflt as shown in Figure 5.3.
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We also plot potential minimum as a function ottaige for a few values of the input

current. This is shown in Figure 5.4,
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From these plots, we can conclude that betweafl 88, the potential minimum
is symmetric about the center. F& >8, V,, approaches zero, causing reflection of

charges towards the cathode. At this point, themg@l minimum becomes a virtual
cathode. At the virtual cathode, both the poteratial the electric field are zero, while

at a potential minimum only the electric field &ra.

Now we solve the equation (5.after the virtual cathode is formed. i.¥,,, =0.
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(i) Vm=0:
WhenV,, =0, some of the electrons will be transmitted tigto the

virtual cathode while others will be reflected backvard the cathode. Hence
though the velocity of the electrons may change, niet current will remain
unchanged. Let us assume that a fractioh the injection current is transmitted

and (1%) is reflected. We can write,

Jo - D)3 _2 ),

r =_0
\Y -V \Y
5.3
R (5.3)
v

where | and Il refers to the regions befdde<(X< X;,) andafter X, < X< d)the

virtual cathode respectivelyThis is shown by a red dotted line in Figure Bigure

5.6 plots the fraction of the input current thatransmitted as a function of the input

current.
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The minimum value of & for which all the current is transmitted without

reflection is& =4. When & >4, the virtual cathode moves towards the cathode a
for large values o , the X, =0 and we get the Child-Langmuir limit. This is sho

in Figure 5.5 for some potential profiles as a fiorcof the input currerd .

So, to summarize, we have the range of currenti@ & for V=0 and the

range 0<& <8 for V, >0. Both of these solutions can cover the enérge of input
currents. Next, we will see how the classical babranf the diode can be explained
using these two solutions. Figure 5.7 shows thestratted current as a function of

the input injected current.
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As a8 is increased from 0 to 8, there is complete trassion of the injected
current shown by the points A, B and C. If thpubhcurrent is increased beyond
a >8, there is a drop in the transmitted currenhpgoint D. Any further increase in
the input current causes the transmitted currentidcorease and it asymptotically
reaches the Child-Langmuir limit (point E). Now, we then decrease the input
current, the transmitted current increases throtigh point (E, D and F). After

reaching the point F, it follows the original curreough B and C. Note that, though
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the point B and F are transmitting the same cuytéet point F has a virtual cathode
in the potential profile while point B doesn’t. (lReFigure 5.5).

The jump from the point C to point D cannot be cagd by the classical DC
analysis. We have to do a transient analysis teeratand the changes in the diode
region between those points. Since a complete Adlysis is beyond the scope of
this work, we refer time-dependent analysis to wdri Birdsall and Bridges[65] and

references therein.

5.3 Potential minimum oscillation

When the current diode is increased beyonddheB, a steady oscillatory
solution is found for both the value and the positdf the potential minimum [66,

67]. A schematic of this behavior is shown in Fegy6t8.
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Figure 5.8 shows that not only does the value ef pltential minimum
oscillates but the position oscillates as well.sTimeans that the number of electrons
crossing the virtual cathode to reach the anodealsb vary with respect to time.
This cycle can be explained as follows: Initialll the electrons injected from the
cathode reach the anode. Once the charge densiymies high inside the diode, a
virtual cathode is formed. When a virtual cathasliormed, some of the electrons get
reflected back to the cathode while others passugir the virtual cathode to the
anode. Due to this reflection, the number of etewr near the virtual cathode

decreases, causing the potential to increase amcehbe potential minimum shifts
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again. This causes more electrons to pass thrdwghittual cathode and the cycle
repeats again. In our experiment, the laser creatggual cathode inside the diode
causing the sub-pulses to form. Since, the virbashode formation depends on the
electron density which increases with laser powiee, larger the laser power, the
greater the number of sub-pulse formation.

We have discussed why theuslr cathode forms when the Child-
Langmuir limit is exceeded. Now, we will look intow we can exceed the Child-
Langmuir limit when the pulse duration is short @ared to the transit time in the

diode.

5.4 Classical Short — Pulse Child-Langmuir Law (STL

We follow Valfells [28] to derive the shguulse Child-Langmuir limit using a
single sheet model. A much more accurate approimas the equivalent diode
approximation which was also done by Valfells [28]e assume a planar 1D diode

with a transit time of §_ in the Child-Langmuir limit.

Single Sheet Model

In this model, we treat the electron pulse as atsbé charge with charge
. : ey V,
density . When there are no electrons in the gap, theredatld in the gap |ng,

where Vg is the gap voltage and D is the separatfdhe electrodes. Once the sheet

is injected, the electric field changes Ipg == and at the virtual cathode, the
eO

effective electric field becomes zero. So, at thiual cathode, the charge density is

s _ &% . Since we are treating the pulse as a single dfeeharge, we can write
D
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s =Jt,, where J is the injection current density angd is the pulse length. An

p’

important condition in this is that the pulse léngd short compared to the transit-

time i.ef, < Tc. So, combining these equations, we can widtg the maximum
current density in the short-pulse limit, before thrtual cathode is formed as:

_ &Y,
SscL ~ Dt (5.4)

From the classical Child-Langmuir law we know that,

J :ﬁ\/ze \i/z
CL O] m D2 (5.5)

T, =3D//2eV, /' m

So, eqn (5.4) can be rewritten as,

3J,

JscL :WCL’ (5.6)

where x :_i_pis the ratio of the beam pulse duration to theditatme of the 1-D

cL
planar diode in the Child-Langmuir limit. Equati¢h.6) indicates that when oX
<<1, the current density4d) can exceed the 1-D Child-Langmuir limg_J

We note that the planar 1-D Child-Langmuir was edtdl to 2-D by
Lunginsland [68] using PIC simulation and shownb® monotonically decreasing

function of W/D where W is the width of the emigirstrip and D is the gap

separation according tadl,, = 1+£ J..» Wwhere C is a constant depending on the

e

shape of the emitter and W is the characteristigtie of the emitter. Valfells
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experimentally estimated the dependence of theentudensity on the emitter area to

be ‘Jcrit 9 i From both Valfells’ estimation and the single-shmodel, we
R 18

can conclude that the total charge emitted (withartual cathode formation) is
weakly dependent on the pulse-length and dependth@rcharge-density of the

emitter material and the surface electric field.,iQ = J[p =s E. From (5.6) we

can write the total charge in the short-pulse liasta function of the total charge in

the Child-Langmuir limit as

QscL =72 (5.7)

where Q_ is the charge emitted in the Child-Langmuir limaitd Q¢ is the charge
emitted in the short-pulse limit before virtuallvadle formation.

In summary, in the short-pulse limit with no virtwathode formation, the
current density can exceed the Child-Langmuir lifitt we cannot exceed the limit
on total charge in the pulse. Therefore, futuretpingectors where ¥ <<1 should be
operated with bunch charges well below(Xo prevent virtual cathode oscillations

on the electron beam.
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5.5 Explanation for the experimental observations

In this section, we explain the observation of puplitting in the UMER gun.
The laser generated electron beam has a rise firhen® which is comparable to the
0.75 ns transit time of the anode-cathode gap utiterChild-Langmuir limit in
UMER. When the laser is switched on, the measuedgevof charge extracted from

the gun before the splitting (the critical poin§) Q. = | ool Fwum =26PC, Where

peak

and T, are the peak beam current and FWHM (Full Width Héiximum)

Ipeak
of the beam pulse obtained from Figure 5Q,, is the value of charge extracted
before the pulse splits further.

The maximum current density when the UMER gun ith Child-Langmuir

limit is Jo, =3.73%.. The corresponding char@g, = J. 0 2ot aser =84.4pC, Where

t..= D NS is the FWHM of the laser amg_ =1.2 mm is the laser spot radius The

laser —

ratio of %20.66. From theory, at very short pulse-duration ingati the
CL

maximum charge that can be obtained before thet @hisértual cathode oscillations

(:?cﬁt

is ==& =0.75, which is in good agreement with the measuredevaflD.66.

max

The oscillation frequency of the Vvifltuacathode is expressed in

terms of a planar diode peak entrr density asf (GHz):lo.zf%
g
[69]. For a 10 keV electron beam in UMERg¢=0.2) with a photo-emitted beam

current of 7mA and aradius of 1.2 mig, :%, wheret,, is the time period

split

of the virtual cathode oscillation. The time perfoda 7 mA beam of radius 1.2 mm
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is in agreement with the observed experimentalevafit?.5 ns. Sincég is varying
inside the gun, the value dig= 0.1 is taken for calculating the frequency of

oscillation.

The above experiment indicates that though it issfme to extract more
current from a cathode using a short pulse, them critical current density above
which the pulse starts to develop unwanted tempsiraicture on it. Thus, it is
important to operate below the critical current gignin a short-pulse injection

scenario.

5.6 Extending the results for a high gradient phatgector

In the case of photoinjectors, which remthe primary choice for electron
sources for next generation machines, it is importa consider effects introduced
due to transient behavior owing to the very shats@ length compared to the anode-
cathode gap.

Let us take an example of a high-gradient gun (E@LS gun [9]) and

. E ,
calculate the maximum charge the gun can ha@yle= m;*, where A is the
eO

cathode emission area with, ,, = 120 MV/m. Let the emission radius be 1.2mm,
s0Q,., =4.8nC. This is the maximum charge that can be extratted the cathode.

For the beam inside the RF-cefl, = 6 for 2.5 MeV andg,=60 MV/m. Assuming a

m f
10ps laser pulse, the transit tie (Eyf 1-?2 0.16ns, where g, is the
e A f
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relativistic factor at the gun exit anid, is the average applied field. The transit time

is much longer than the 10ps. Hence, short pufeetsfare important in such a gun.
From 1-D virtual cathode theory, at very short pdength injection, the
maximum charge that can be obtained before thetamfseathode oscillations is

Q. =0.79Q,,., = 3.60C, which is much less than the maximum obtainablee of

4.8 nC. A typical gun (e.g. LCLS gun) uses a Cthedé with a 255nm laser at

/ (nm) Powef W QR0) =108.2 A
124 '

500m) and a pulse length of 10 ps. SdA) =
which amounts to a charge of 1 nC, which is welbethe critical value. This is a
good limit to operate for a generating a high gyddeam. Any efforts to operate the

gun at a much higher charge should then take tlazesgharge effects into

consideration.

5.7 Limitation of the theory

There are some limitations in the above derivatibthe single sheet theory.
Firstly, it ignores the transverse effects suchbaam size, which depends on the
critical current density and hence on the totargeaWhen the beam does not fill the
diode region, the beam is all-ends and it is esdeanttake into account the complete
3-D effects inside the gun to calculate the chéirgié. Secondly, our calculations for
the high-gradient gun overlooked acceleration tluaicurs inside the gun.
Acceleration reduces the effects of space-charge.aS3-D simulation taking both
space charge and acceleration into account wik givbetter understanding of the

physics near the gun.
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5.8 Conclusion

In summary, we have seen how space charge effedtseigun can lead to
undesirable modulation on the beam pulse througlbespharge. The self-fields of a
bright beam can initiate density modulations asl|vaesl energy modulations by
splitting the beam pulse. In the case of modern@h@ctor generating bright and
ultra-short beams, the critical current density Sach effects to start is much lower
than the maximum current density achievable. Hancprevent such behavior and
maintain beam quality, the gun should be operateld below the space charge limit.
This also indicates that there might be a spacegehanposed limit to the beam

brightness that can be obtained from photoinjectors
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Chapter 6: Conclusion and Future work

In this chapter, we summarize the dissertation warld conclude by

suggesting some ideas for possible future work.

6.1 Summary and Conclusion

We started by using photoemission from a laseprimduce a controlled,
localized density perturbation on an intense be#e. showed that the density
perturbation evolves as fast and slow space chaeyes. We then calculated the
wave speed for different beam currents at diffepemturbation strengths. We showed
that we have good agreement with both the 1-D thaod PIC simulation (WARP)
in the linear regime. We then proceeded to invagtigexperimentally the effect of
multiple perturbations on a beam. We did this bgliag another laser to generate a
density perturbation. We found that multiple pdrations behave just like linear
waves — superposing and crossing each other. Weitthis property to control a
density modulation by applying an energy modulatmmancel either the fast or the
slow wave, thus showing that modulations can berothed.

In the non-linear regime, where the strength ofg@durbation is large (>25%
compared to the beam current), we observed wavakimg of the fast and slow
waves. We also showed that linear space-charge svaae be used as non-
interceptive transverse beam diagnostics in UMER. dM a time-sliced imaging of
the perturbation and showed that a density pertiarbecan become an energy
modulation and, through dispersion, affect the beantroid.

Finally, we explained the observation of multiplégpulse formation near the

cathode above a critical value. We extended théysisafor a high-gradient gun to
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show that there might be a practical limit on bdamghtness that can be obtained
from photoinjectors determined by space-charge.

From this work, we conclude that density modulationan intense beam can
produce fast and slow waves, which can be conttdheough energy modulation in
the linear regime. Moreover, a large amplitude dgmaodulation, when allowed to
propagate, can break into sub-pulses, causing ymaaglulation. Hence, a density
modulation should not be allowed to grow and mustdontrolled at the very
beginning. Such effects can also occur near the giwere high space charge can
break a density modulation into multiple sub-puls&€his can be prevented by

operating the gun below the space-charge limit.

6.2 Suggestion for future work

This dissertation focused on the effect of a dgrs#rturbation on a coasting
beam without any longitudinal focusing. This wodnde extended in three possible
ways: long distance experiments, short-pulse ewpmris and parabolic pulse
transport.

In the long distance experiments, the first stepldide to investigate the
effects of a perturbation with the longitudinal deg turned on. This will answer
the question on what happens to the fast and slavesvas they reach the beam ends.
Secondly, while this thesis demonstrated cancetiaif either a fast or a slow wave,
by adding one more induction module in UMER it dddoe possible to cancel both
the fast and the slow wave. Moreover, by loadirg itiduction gaps, the effect of

impedances on the waves can be studied.
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In addition, there are still unresolved issues he evolution of a large
perturbation due to non-linear behavior. In thgdéaamplitude limit, PIC simulation
of pulse train formation in the non-linear regiméosld be investigated.
Understanding the dispersive behavior of the sphaege waves can give clues about
the collective effects in a space-charge dominheain. Also, extending the 1-D cold
fluid theory to include large amplitude perturbatiwill answer some unresolved
issues in the large amplitude limit to get bettgreement between experiment and
theory. By varying the wave speed such as by beaceleration or beam
compression, further understanding might be achklieabout the wave breaking
phenomenon. The velocity space of a density peatimb can be measured by
installing an energy analyzer in UMER.

In the short-pulse limit, the effect of transveiseam size on the critical
current density needed to start virtual cathoddlagons can be studied. This can be
done by focusing the laser beam to different sj#ssand measuring the critical
current density that triggers virtual cathode dastdns.

A rich set of experiments can be done by usingths, parabolic beam pulse
generated by photoemission from the laser. Sinck albeam is “all ends”, without
any flat-top, it is realistic and is similar to tb#ra-short beams generated in modern
accelerators. Thus, studying the evolution of acepdharge dominated parabolic

pulse with focusing and compression is of diretdwance to other machines.
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Appendix- A
In this appendix, we show that equation of the fOM'FC(U)E -0 with the
X
initial form U, (X) = u(x0)= f(X and the solutionu(x,t): f(x- dud is
prone to wave breaking using a simple example toiaagular wave. The piecewise

linear initial data (a triangle) is shown in thguire below can be expressed as:

U, X < x<1
f(X)= W((2- X) I< x< 2
0 XE Q;x3 2

By changing the frame of reference, by substitughg X - t we get:

U, (g-ut) O<g-u< 1

u(g,t)= u,(2- g+ ut) I< g- uk 2
0 XEQ;x3 2

Now, we have an equation which is intrinsiddn which can be solved to obtain:

Ud

O<g-ut< 1
1+u,t 7
2-
u(g,t)= uol(—u?) 1<g- ut< 2
0
0 XE£0;x3 2

We differentiate the above equation with respegj tand calculate the gradient of

the wave as time progresses as:
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Uy

O<g-ut< 1
1+u,t 7
Tu_ Y% 1<g- ut< 2
g 1-ut
0 XEOQ;x3 2

The gradient of the right side of the triangle (tfzet of the wave between

(1< g - ut< 2) changes from negative to positive i.e. it becowetical at
t= 1/uo. The gradient of left side of the triangle slowlgcreases over time. This is

illustrated by the following diagrams.

A A

Amplitude

»
»

lllustrating the wavebreaking of a triangular wasref through nonlinear steepening. The x-
axis is time and y-axis is amplitude. The plot sk@wvarious time (A,B,C,D), how the apex
of the wave overtakes the base of the wave andtteateepening. The dotted line is what
happens if the steepening continues without brgpki
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