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Modern accelerator applications, such as heavyusion drivers, pulsed neutron
sources, electron injectors for high-energy linealfiders, and X-ray Free Electron
Lasers, demand beams with high intensity, low emdé and small energy spread. At
low (non-relativistic) energies, the “electrostaticollective interactions from space-
charge forces existing in such intense beams playdominant role; we characterize
these beams as space-charge dominated beams.igdestation presents numerous
new findings on the longitudinal dynamics of a spabarge dominated beam,
particularly on the propagation of density perttidrzs. In order to fully understand
the complex physics of longitudinal space-charggesawe combine the results of
theory, computer simulation, and experiment.

In the Long Solenoid Experimental system (LSE) hwitimerous diagnostic tools
and techniques, we have, for the first time, expentally measured the detailed

energy profiles of longitudinal space-charge waakslifferent locations, both near



the beam source and at the end of the transpotérsysAlong with the current
profiles, we have a complete set of experimentéd fiar the propagation of space-
charge waves. We compare these measured resudtsliD theory and find better
agreement for beams with perturbations in the timegime, where the perturbation
strength is less than 10%, than those with nonlipegurbations. Using fast imaging
techniques that we newly developed, we have, fer filst time, obtained the
progressive time-resolved images of longitudinadesl of a space-charge dominated
beam. These images not only provide us time-reddransverse density distribution
of the beam, but also enable us to take time-regoliransverse phase space
measurement using computerized tomography. By aumdpithis information with
the longitudinal energy measurement, we have, Her first time, experimentally
constructed the full 6-D phase space.

Part of the results from the 6-D phase space meamnt has been used as initial
conditions in computer simulations in order to explthe cause of discrepancies we
have observed earlier between the experimental thedretical models. After
extensive simulation studies, we find that the béass inside the perturbation due to
mismatch or misalignment is an important factort theeds to be included in the

models for better reliability.
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Chapter 1 Introduction

Many modern applications of intense particle beasgsiire the transport of high
guality beams over substantial distances. For wioktese machines, near the source,
the internal repulsion, or space-charge forcegnmortant in determining the beam
characteristics. In a space-charge dominated bealhective nonlinear space-charge
forces can reduce the beam quality.

This collective behavior can be quite complex. Gxample is longitudinal
space-charge waves that can be generated by atydgresturbation or energy
perturbation. Such perturbations can lead to inlgieb that can disrupt the beam
under certain circumstances. As an example, Coh&gamchrotron Radiation (CSR)
can be generated from these perturbations and c#usgrowth of energy spread and
emittance [1]. Today, as a result of growing ingeia intense beam applications such
as accelerator-driven high-energy-density physiele¥P) [2], pulsed neutron
sources [3], and x-ray free electron lasers [4], detailed knowledge and
understanding of space-charge waves has becomeasnegly important for the
successful operation of such machines. In thisedigBon, we present new findings
on both the evolution of space-charge waves and ctireelation between the
longitudinal and transverse dynamics.

In Sec. 1.1 of this introductory chapter, we ddésethe general background and
motivation of the research in longitudinal spacerge waves. A review of some
recent work follows in Sec 1.2. Finally, we presahte organization of this

dissertation in Sec. 1.3.



1.1 Background and Motivation

A charged particle beam is a well confined grouppaifticles moving along a
straight or curved orbit, defined as the longitadidirection, in which the energy
associated with the longitudinal motion is muchagee than that associated with the
transverse motion. During the transport, beamslafecused by space-charge forces
and by the emittance, which is a measure of thdamnthermal motion of particles
inside the beam. Space-charge forces are colleetifexts due to the repulsive
coulomb interaction between particles, and areefbee a function of the particle
distribution and the boundary conditions. Transeefgscusing elements such as
solenoid or quadrupole lenses are generally usedrtgpensate the defocusing effects
from the emittance and space-charge forces. A heapace-charge dominated when
the space-charge forces exceed the outward foreesthe emittance of the beam. In
the terminology of plasmas physics, for a spacegehdominated beam, the Debye
length p in the beam is significantly smaller than the beadius. As a result,
collective space-charge oscillations are not négjég

There is a long history of research on the behavi@pace-charge waves in the
field of microwave generation, which can be trabadk to the 1930s [5-9]. In these
studies, the beam velocity is usually modulatedaldgngitudinal electric field in a
gap. The waves in this case appear in pairs asfasslow waves with almost equal
amplitudes. The early theoretical analyses, caroatl in frequency domain for
simplicity, are more interested in high frequenaogrtprbations for the goal of
microwave generation. In contrast, in our beamwiiagelength of the modulation is

generally long compared to the beam pipe radius.



The theory developed for traveling-wave tubeaswextended to longitudinal
resistive instabilities of beams in particle accatiers in 1960s [10]. Since the early
1980s, due to emerging interest of heavy ion iakrtiision drivers, extensive
theoretical and computational efforts have beendooted on the longitudinal
instabilities of space-charge waves [11-15]. In7,9%mulation results published by
Callahan etc. suggest that “the longitudinal insitglmust be taken into account in a
driver design, but it is not the major factor itsn@nce thought to be” [16].

With more research focused on high brightness Igrces, the effects of
longitudinal space-charge waves on beam qualitye heacently attracted much
attention in the community of particle acceleratéisr example, in a photo-injector,
when a very high charge per bunch is desired, t®inmear effects from the drive
laser can introduce density modulations into thegitwdinal current profile of the
beam [17]Since these density modulations are generated tdodee source, where
space-charge is important, energy modulations esumltrfrom the large space-charge
potential energy in initial density perturbatioddter the photo-injector, the beam is
accelerated to higher energy and the space-chamge is no longer dominant.
However, energy modulations created close to thecsoare frozen-in when the
beam becomes relativistic. Further downstreamhé&rhagnetic bends or bunchers,
these energy modulations can excite Coherent Sgtronr Radiation (CSR), which
can cause emittance growth [1], beam instabilityd anicro-bunching [18]. CSR
tends to modulate the beam energy and increaseningy modulations leading to

stronger CSR. Consequently, the beam quality cdstantially degrade in this



process. Hence, in order to preserve high beamitgudl is very important to
understand the longitudinal beam dynamics in tleesgharge dominated beam.

In other applications, there is interest in modedaelectron beams specifically
for the purpose of generating coherent radiatian. iRstance, in order to generate
terahertz radiation, the electron beam from thetqtaihode can be deliberately
modulated in density by modulating the pulse shafpérive laser [19]. To achieve
high quality light emission, the density modulagsoprofiles need to be stable.
However, experimental observations show that, wtten space-charge effect is
strong enough, transfer between density and energgulations of space-charge
waves partially wash out the modulation comparetth whe initial laser profile [20].
Thus, it is very important to understand and cdntine evolution of longitudinal

space-charge waves.

1.2 Previous Studies of Space-charge Waves at Unisiy of
Maryland

During the past two decades, the charged partetanis group at University of
Maryland has initiated an experimental programttg longitudinal beam dynamics.

In early 1990s, J.G. Wang and D.X. Wang for thatfiime experimentally
observed the evolution of space-charge waves katiogelocalized perturbations of
beam current and velocity [21]. During the expeniethey also successfully
generated a single localized space-charge wavggitleer a fast wave or a slow wave,
instead of generating pairs of waves. The experiaheasults agree with analytical
solutions derived from 1-D cold fluid equation undée assumption of linear

perturbations. Later, they calculated the paramedependence of the geometry



factorg, which measures the ratio between the longitudietl electric field and the
derivative of the ling charge density [22]. Theules showed that the g factor has the

range 2In(b/a)£ g£[1/2+2In(b/a)] . For a space-charge dominated beam,
g=2In(b/ a), and for an emittance-dominated beam, iys1/2+ 2In( /a), with

a beam of radiua propagating through a transport channel with pgdiusb. A
discussion can be found in connection with Eq€98) and (6.69b) of Ref. [23]. The
group then performed further experimental invesioga on the reflection and
transmission of space-charge waves at the endumthied beams [24, 25]. The
speeds of the reflected and transmitted waves megsured. Theoretical analysis led
to a critical condition for the existence of théeetion in the experiment. However,
the detailed reflection process at an eroded bdawulder and the propagation of
transmitted waves on the beam end were not wellenstood because of the
complexity of the highly nonlinear forces at beasge

In the late 1990’s, a series of experiments wergopeed to study the
interaction between a resistive wall and localizeagle space-charge waves. As
before, a grid voltage perturbation generated alioed perturbation to produce
space-charge waves [26]. Consistent with the thieatgrediction, the experimental
results for linear perturbations clearly demonstiahe growth of single slow waves
due to the resistive-wall instability and the deazysingle fast waves [27, 28].
Subsequently, Zou extended the measurement ofrtwetlydecay rates of the fast
and slow waves to the nonlinear regime and thewaste was found to increase with
the increase of the perturbation [29]. In ordecdafirm this unexpected observation,

the resistive wall was replaced by a conducting taibd the other conditions kept the



same. In this case, no growth or decay was obsdovdbe fast wave. There is yet no
theoretical explaining for these nonlinear phencanen

In all the experiments mentioned above, a pertiobatvas generated by
modulating the pulse voltage of the gridded elettyon. In recent experimental work
using the larger propagation path available onUhesersity of Maryland Electron
Ring (UMER) [30, 31], an ultraviolet laser was ugedmpinge on the photocathode
in generating a more controllable perturbation. Theent profiles were measured in
different chambers along the ring and the evolutérihe current modulation was
observed. The experimental results were compardtd simulation results and

showed good agreement.

1.3 Goals and Approach

Though much progress had been made on the expeahstundy of longitudinal
space-charge waves in the past, several unsohauaepns and challenging topics
remain. First, due to the lack of high resolutiolagtostic tools, most previous
studies focused on the evolution of current prefié space-charge waves. There was
no comparison of the shape of energy profiles betwidneory and experiment. A
second problem was the unknown physics of nonlipesturbations. In the linear
regime, experimental results of space-charge weaede verified by the 1-D linear
theory. But there was no clear explanation foruhexpected experimental result in
the nonlinear regime, where the theoretical modehks down. A third issue with the
previous studies is their neglect of the transvelis&ribution and its effect on the

longitudinal dynamics.



Our goals here are to resolve these issues by me&nsore detailed
measurements and self-consistent simulations. $irecmitial conditions of the beam
are critical to accurate simulation of the beamavédr, in order to adequately study
the longitudinal space-charge waves, we need liitd phase space characterization
of both perturbed and unperturbed beams. Howeves, typical width of the
perturbation is only about 10 ns, therefore it alenging to measure the time
resolved information on such a small time scalethla dissertation, we for the first
time measure the time-resolved full 6-D phase spEcbeams with longitudinal
perturbations. The 6-D phase space mapping hasdesbws many details in the
evolution of longitudinal space-charge waves amgjitdinal-transverse correlations.
More important, it is helpful for constructing adfseonsistent model for studying the
complex physics of longitudinal dynamics by comb@qiwith computer simulation

codes.

1.4 Organization of this thesis

In chapter 2, we describe some basic conceptsamfespharge dominated beams
and introduce the 1-D cold fluid model for longitoal space-charge waves.

In chapter 3, we present some high resolution areasents of the energy
profiles of space-charge waves. First, we desdhieeLong Solenoid Experimental
system (LSE), where the measurements are carriéd lous followed by the
experimental results covering both linear and mmdr perturbations, which are
compared with theoretical calculations and compatemlations [32]. For the first
time, both the shape of the current and energyilpsodf space-charge waves have

been accurately measured and compared side by side.



In chapter 4, two fast imaging techniques are desdrin UMER and the LSE
system respectively [33]. In UMER, the optical s#dion radiation (OTR) is used to
produce the image of a longitudinal slice withire therturbation. In spite of the
promptness of the OTR light, its intensity is t@evifor practical application to our
beams. Nevertheless we were still able to obsenee correlation between the
transverse distribution and the longitudinal pdyagion. As an alternative of the OTR,
a fast phosphor screen, with 3 ns decay time, wated and verified as a good
diagnostic tool for our beam. Progressive time Ikesbimages have been taken for a
parabolic shaped beam as well as rectangular pub&zins with and without
perturbations. These 3 ns time resolved imagesadeguate to provide transverse
information along the beam, especially inside tlegtybations. In addition, the
longitudinal energy profiles of these beams hage Aken measured.

In chapter 5, we describe WARP [34] simulationstlod experimental results
shown in chapter 4. By carrying out the simulatiolab frame with detailed initial
condition of the beam such as beam current, velo@hd transverse size, the
simulation results have been demonstrated to b&eobmough to the experimental
results for the parabolic beam and 25mA perturleetiangular beam. However, the
discrepancy between the experimental and simulaésults for the 40 mA perturbed
mean indicates the complex behavior of nonlineaupeations.

Finally, chapter 6 summarizes the new results ©f $kudy and explores some

interesting topics which could be continued foufetresearch.



Chapter 2 Theoretical Background of Space-Charge Waves

To correctly understand and model the longitudishghamics of space-charge
waves, one should carry out 3-D analysis with absrsition of effects from
transverse dynamics. Nevertheless, a 1-D cold fluediel is sufficiently accurate for
beams satisfying the long wavelength limit, whére wavelength of the perturbation
is much larger than the beam transverse radius.nidael provides us a big picture
of the nature of longitudinal waves and helps udeustand the experimental results
discussed in later chapters. In this chapter, a&tbrief review of some concepts of
transverse beam physics in Sec. 2.1, we discussl4becold fluid model with
application to space-charge waves in Sec. 2.2l rec. 2.3 concludes with some

general remarks.

2.1 Space-charge dominated beams and envelope eqoas

For a charged particle beam in acceleration ospart channels, it is convenient
to separate the transverse beam dynamics fromotiggtdidinal dynamics when the
bunch is relatively long compared with the transeesize. Since this thesis addresses
the correlation between transverse and longitudityalimics, it is useful to review
the theory of transverse dynamics before proceedlingliscuss the longitudinal
physics in beams.

Generally, during the beam transport, there arefamtors causing the expansion
of the beam. One is space-charge, originating ftom self forces of similarly
charged patrticles inside the beam; the other igtante, coming from the thermal

motion of particles. External focusing elements aoemally applied to confine the



beam from expansion. In this section, we descramcbconcepts of transverse beam
physics including transverse emittance, the KayirVladimirsky (K-V)
distribution, and the envelope equation (see,rfstaince, section 5.3.2 in [23]).
Particles in a beam will have a random velocity ponent in all directions.
Emittance is used to measure this random spreada Beam with low emittance, the
particles inside the beam tend to keep moving [eral each other, while for a high
emittance beam, it will be difficult to focus thedm into a small spot. The definition
of the unnormalized effective emittance in x dir@ct was first proposed by
Lapostolle (see Eq. (5.206) and related discugsi¢®3]). It can be expressed as:

e = 4\/<x2><x<3> - <xxﬂ2 : (2.1)

where the bracket denotes moments of the brackantiy over the particle

distribution, e.g.<x2> = X2 f(x y % y¥dxdydx®h, and x¢ is the differentiation ok

with respect to the direction of travel. Similarbne can also derive the definition for
y and z emittances.

The K-V distribution, which is described in p. 3df reference [23], assumes a
perfectly uniform beam density all the time. It yides a simple model for
theoretically analyzing beam behavior affected bbjaators mentioned above. In this
model, the space-charge force is linear and thenbphase space area remains
constant. In reality, for the forces to be lingathe transverse direction, the condition
for paraxial motion must be satisfied and the cleanip the beam size must occur
slowly so that the longitudinal forces are negligidunder this condition, the beam

envelope in an axisymmetric focusing transport clehis described by the equation

a"tk,a- K i 0, (2.2)
a

a3
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wherea is the two times rms beam radius, is the second differentiation respect to
the axial distancex,is the external focusing strengthis the transverse emittance,

andK is the generalized beam perveance defined by

K=— , (2.3)

where » andg are the relativistic velocity and energy factoespectively.l is the

beam current andl, is the characteristic current given by

_ 4pgmc
q )

(2.4)

l 0

where g, is the vacuum permittivity, m is the particle masss the speed of light,
and q is the particle charge. For electroRs; 17000A As discussed in Sec. 5.3.4

of Ref. [23], for a beam with a arbitrary trans\edistribution, the K-V envelope
equation is still valid by replacing the beam radiwith two times rms beam width,
and replacing the emittance with four times rmst&nce.

In the envelope equatiork,a represents the inward force from the external

2

. . K
focusing channel, while— andi3 represent the outward forces from space-charge
a a

2

and emittance, respectively. If the condltleﬂ>i3 is satisfied, the beam s
a a

3

: . .. K :
transversely space-charge dominated. By contrdsthe condltlon—<§ is
a a

satisfied, the beam is emittance dominated.
Similarly, the longitudinal envelope equation can dxpressed as the following

equation (see p.425 in reference [23] for details):

11



K, &x g (2.5)

z 2

where 2z is the bunch lengthk,,z is the longitudinal focusing terng,, is the

Z%q;'-kzozm_

unnormalized effective longitudinal emittance, ald is the longitudinal generalized

perveance defined as:

gNr,
- (2.6)
0

bozg

K. =

N w

whereg is the geometry parameter, which will be discussedetail later, N is the

number of particles in the bunch, and=q°/4pemc is the classical particle radius.

WhenK—2L> eézzj, the beam is space-charge dominated longitudinatherwise it is
ya

emittance dominated in longitudinal direction.

For a long bunch beam, since the longitudinal enesgread is low, the

. K. _ €, . - L
condition of —- >-22 is always satisfied. Thus it is always naturaiiace-charge

Zy %
dominated in longitudinal direction for a beam untlee assumption of long bunch.
Therefore, one may conclude that a beam can beesparge dominated in
longitudinal direction, but emittance dominatedransverse direction. We deal with
long bunch beams with high transverse space-chaftgrts, so without any
clarification, all beams in this dissertation angase-charge dominated in both

transverse and longitudinal directions.

12



2.2 Theoretical calculation of longitudinal space-charg waves

In this section, we introduce the theory on theegation and propagation of
longitudinal waves analytically. First, in Sec..2.2a one-dimension model for single
particle, where the beam is assumed to be largagbntransversely to neglect any
boundary conditions, is used to derive the disperfiinction of space-charge waves
(see p.499 in reference [23] for details). In padt this model is applicable to the
perturbations with very high frequency or small retzgeristic length compared with
the beam transverse size. The perturbation of oterast is under the long
wavelength limit, where the boundary conditions cart be ignored. Therefore, in
Sec. 2.2.2, we apply the 1-D cold fluid model toivke the evolution of the space-
charge waves of an infinitely long cylindrical beanside a conducting pipe (see

p.502 in reference [23] for details).

2.2.1Single particle beam dynamics with a sinusoidal desity modulation

In this section, we assume that the beam is cottl ks an infinitely large
transverse size, and travel at a non-relativigteesvy. Since the beam can be treated
as a non-neutral plasma, a local charge perturbatio generate plasma oscillation in
the beam. These plasma oscillations will lead &sipla waves propagating along the
beam. In following, we will derive the dispersiaimttion, phase velocity, and group
velocity of these plasma waves.

Now let's assume that at t #d pure sinusoidal velocity modulation is generated
in the longitudinal direction with an amplitude,\and a frequency. This can be

achieved if the beam passes through a small aatielergap in an rf cavity with the

13



resonant frequency . From basic theory in plasma physics, local charge

perturbations in plasma can generate plasma dsmitawith plasma frequency:
2 1/2

= 9% 2.7).
w, amg (2.7)

where q is the charge of the particlgisithe charge densityy is the permittivity of

the free spaceyp is the Lorentz factor; m is the rest mass of theigle. Therefore, if
s(t) represents the particle displacement frometeailibrium position in the beam

frame as a function of time t, the harmonic ostdiaequation of s(t) is:

2
3—tf+ w,s=0. (2.8)

The initial conditions can be defined as:

() =0
ds

a‘tﬂo =V COSWto

(2.9)

By solving Equations (2.8) and (2.9), one can abthie solution of the harmonic

oscillation equation:

(- W)t it \A

e . L g"og It (2.10)
2w,

V.
S(t, tO) = ﬁ e
p

If we use z to represent the traveling distancithefbeam in lab frame, then we have

the relationship ofz= v, (t- ). Hencet,can be replaced bft- z/v,) in Equation

(2.10). The solution then can be rewritten as:

V, (- Vo e
S(t,t)) = —2— P . gk (2.11)
W, 2|Wp

This solution represents two space-charge waves with wave numbek: and the

other with wave numbée¢. The two wave numbers are given by:

14



Kk, = e,
VO
(2.12)
_wrw,
S Vo
The dispersion relation can be derived by rewrittgmiation (2.12):
(w- kw)?= W, @)1
Thus, the phase velocity and group velocity inl#ieframe can be shown as:
—_ w — VO
e T Iw
f P (2.14)
Ww__ M
ok 1+(w,lw)’
_Tw _
v, _W_VO' 2.15)

The wave phase velocity is greater than the beam velocity, and is called fast
wave. The wave phase velocityis smaller than the beam velocity, and called the
slow wave. However, equation (2.15) shows thateeithave’'s energy will travel at
the velocity of the beam. The same result can hévete if an initial density

perturbation is given with the analysis above.

2.2.2 Analysis of space-charge waves using the aigzensional cold fluid model

In the experiments related to this dissertatiotypécal length of the longitudinal
perturbation is about 10 ns, which is more thare#dong for a 5 keV electron beam.
Therefore, the length of the perturbation is mumhger than the size of the beam,
which is of the order of 1 cm. As a result, the@enmodel in the previous section is
not adequate in this case. We need analyze thé&uditpl space-charge waves with
a self consistent model considering the variatibtongitudinal electric fielde,. In

this section, we introduce a more complex modeletiave a self-consistent result.

15



In this model, the beam is considered as an iefyitong cylinder of line
charge density of and radius inside a conducting drift tube of radinsWe assume
that the perturbation is much smaller in densitd &elocity than the unperturbed

guantities. Subscripts 0 and 1 represent the wmbexd and perturbed physical

quantities, respectively. By assuming a perturlsatb the form ofe”**

, the line

charge density, beam velocity, and current can be expressed as

L(zt)=Lq+L 8"
v(z,t) = v, +v, "9 (2.16)

| (z,t) =1, +1g""
where

| =Lv. (2.17)
The continuity equation can be expressed as:

AL Ly (2.18)

z 1t
Under the assumption of small perturbations, athsehigher than the first order can
be neglected. Thus, from Equation (2.16) and (2 \&@&)can derive

I, =L, (2.19)

|, =L v, + v .. (2.20)
From Equation (2.16) and (2.18), one can obtain

L,= W 42)

The longitudinal momentum equation can be expreased

gém%' =qE , (2.22)

16



where gom is the longitudinal mass and remains essentiafigstant under the

assumption of small perturbations. The longituds#f electric fielde, due to space-

charge can be expressed as
E,=EéE" ', (2.23)

Substituting Equations (2.16) and (2.23) into (2.22en one can derive

_ 9K
R (2.24)

Vi

By substituting (2.21) into (2.20), can be represented By. Hence we can rewrite

Equation (2.24) as

2
£ = %MW wK® - (2.25)
S qLO w 1

On the other handg, can also be derived by solving the Maxwell equetigsee
chapter 6.3 in reference [23] or Appendix A in refece [35] for details)

g--—9 (2.26)

7 4ped Tz’
where g is a geometry factor that defines the ptapwlity between the longitudinal
self electric field and the derivative of the licharge density. For space-charge
dominated beams, the g-factor can be expressegl=a#3In(b/a), wherea is the
average beam size. If we substitute Equations 2(2&21), and (2.23) into (2.26),

we can obtain the relationship of

=2 (2.27)
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The right hand sides of the Equations (2.25) an2i7j2will be equal. As a result, the

dispersion equation is:

(w- kv FCKE ﬁz; 0, (2.28)

k?c

where the “sound speed” of the space-charge wayvés defined as

¢ = -9 (2.29)
4pe, @gm

Under the linear perturbation assumption, the tbfiee between the phase velocities

of the two space-charge waves and the beam velscitgry small. Hence, we can
N _ w vy
make the approximation of =kvo, and g7 (1- W)» {63 ?)z 1, therefore,

equation (2.28) can be simplified as:
w=Kk(\, £¢). (2.30)

Thus the phase velocities of the fast wave anda slave can be obtained
Vf = VO + CS

| (2.31)
Vi =V~ G

Equation (2.31) shows that an observer moving with beam velocity can see the
two space-charge waves moving in opposite direst@nthe same speed, i.e,,is
the propagation speed of space-charge waves in fraara. Since it does not depend
on the frequency, the space-charge wave is noredisg.

In order to derive the analytical solution for theopagation of space-charge
waves, the continuity equation and the momentumstest equation can be linearized

as
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&+VOM+LOM:
qt Iz 9z
M+VM»—e = - €9 &
o 4pgmg Tz

0
(2.32)

Furthermore, the initial conditions and boundarnditions are: (a) There is no
perturbation anywhere along the z-axis when t €b).At z=0 for t>0+ a localized
velocity perturbation and current perturbationiateoduced in the form:

v, (0,t)=av, f(t

1(0,t)=av, ()' (2.33)
1L,(Ot)=Alf ¢)

where is a small, positive quantity to specify the sg#n of the velocity

perturbation; is a small quantity to specify the strength of ihéial current

perturbation; f (t) is any smooth function with an amplitude of unitigich represent

the shape of the perturbation and is supposednisivavhen t is equal or smaller than
zero. Thus, by substituting (2.33) into (2.20), line charge density perturbation can
be expressed as
L,O,t)= (7- dk ,f (). (2.34)
By applying the double Laplace transformationsifoth z and t, the equation
(2.32) can be converted to algebraic equationsvfor ; andl; in the k-s domain.
Then the algebraic equations can be solved. By yapmpl inverse Laplace
transformations, the perturbed beam density, vglaand current in the real time-

space domain can be obtained as [21]:

Lz y=- S2[d (h Tt 2

%‘)[dﬁl h g Kt —2,
G ¥t G

(2.35 a)
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(2.35 b)

L@h=-20Y o St 29 oa% om0 g Y 2.
2" ¢ Vo V%-6¢ 2 ¢ ¥ ¥+t ¢
(2.35 ¢)

All these expressions have two terms: the firaintés the slow wave; the
second term is the fast wave. Both the fast wawkthe slow wave maintain the
shape of the initial perturbation, while the amydi#¢ and polarity are decided by the

initial conditions. By usingt , (,,Vy 1), andl, (, to represent the profiles of line

charge density, velocity, and current, respectividy the slow wave and fast wave
components, from equation (2.35) one can derive

hL,
Ll(s,f)(z’ t)= 5 [1- /7 " S), (2.36 a)
Vi, f)(Z = [ S +ZI(1+ S)] f(t- ), (2.36 b)
l(s f)(z t)= [(1 $) - g& Yo &)] f(t- ). (2.36 ¢)
Voo hoG Y Vo

where we take the sign on the top for the slow waaponents and the sign on the

bottom for the fast wave components. Singe Vv, , it yields the following

approximation:

»t =ta, (2.37 a)
h ¢ hc,
El(li&) »g:agl (2.37 b)
h v, h A
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TisYo Gy %y (2.37 )
h ¢ Vv hc,

where we introduce a dimensionlessfactor, defined as

a = : (2.38)
hc,

By substituting (2.37) into (2.36), one can obtain

Loy (z )= h(l—,j)LO f(t- ﬁ), (2.39 a)
(2 9= g 2, (239 b)
hen@0="200 S i o), (2.39¢)

When dealing with mostly current perturbatioas represents the contribution of the

energy modulations, which can be neglected if 1. However, if the ratio of;, and
C, is big enough to result in a non-negligiale we need consider the correction by

taking thea -factor into account. For example, for an electoeam with a radius of
4.9mm, a mean beam energy of 5075 eV, and a umpeducurrent of 94.5mA
moving in a conducting pipe with a radius of 1.9, énthe perturbation current is 7.6
mA and the perturbed energy is 10 eV, we can catlewl=0.08, d=0.00097, and
a =0.167. For this case, the value of tle-factor is big enough to affect the
amplitudes of the fast and slow waves.

When a pure current perturbation is the initial didon, i.e.d=0 anda =0,

Equation (2.35) can be simplified as

Ll(z,t):%f(t- —Z » %f(r Z ), (2.40 a)

Voo G Vo+ G
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hc, f(E z ¥ hc, (i z
2 Vy- G 2 vt G

S

), (2.40 b)

V1(21 t) =-

z

VA
- g). (2.40 c)

L0 ="ep- S0 2o Do S1e

0

Equation (2.40) indicates that energy modulationsl éine charge density
modulations can be generated from initial curreodmations. Note from equation
(2.40) that the fast and slow waves have the saoteity in the current profile, but
the opposite sign in the energy profile. On theepothand, the current profile has
different amplitudes for the fast and slow wave,ilevithe velocity profile has
identical amplitudes for both components. During &xperiment, normally a “pure”
current perturbation is obtained by neglecting tredatively small velocity
modulations.

When the initial velocity perturbation is dominame¢. d /4, using a similar

analysis, we can reduce the equation (2.35) to

Ll(z,t):-%(%+ ) f(t Z y %(% Dfet \6+ZCS), (2.41 a)
S 0 S S
wz=Lo@e Sy -2y Do Syre 2, (241b)
2 Vo (O 2 o %t G
Lay=-Tode Sype 2y Do Sypq 2 ) 0a1¢)
2 ¢, v %-6¢ 26y ¥ G
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2.3 General remarks

We have discussed the generation and propagati@pade-charge waves in
simplified 1-D models. Any density or energy pebations can stimulate space-
charge waves with fast and slow components. Theevihavior is very similar to

that of sound waves, thus the phase velogjtis called the “sound speed”. For the

case of a pure initial current perturbation, acocggdo equation (2.40), one can find
that the amplitudes of fast and slow wave in bailrent and energy profiles are

related toc,. The speed for the separation of fast and slowewaepends on, too.

Therefore, the sound speed is very important toadterize space-charge waves in

beams. The definition of, indicates that the space-charge waves will pragaga

faster with larger unperturbed line charge deraitgt a bigger g-factor, i.e. a smaller
transverse beam size. Furthermore, one can alsduckenthat with higher current or
smaller beam radius, larger energy modulationsbeaabtained with the same initial

pure current modulation strength

Even though our analysis in Sec. 2.2 neglectsriresverse beam dynamics, the
transverse physics still affect the longitudinahep-charge waves via the g-factor,
which depends on the average beam radius in sperges dominated beams.
However, the derivation of g-factor is based onuagstion of a conducting wall
boundary, the long wavelength-limit, and uniformuroe charge density in the beam.
In reality, the beam transport channel cannot belaal conductor due to the small
resistance of the metal pipes and various discomis. The density distribution
inside the beam is usually very complicated andsdoa follow any well known

distribution function. In addition, the average ime@dius along the beam may not be
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constant but varied due to periodic focusing andfesmatching. Nonetheless,
previous experimental observations have verifiedlitear 1-D cold fluid model and
derivation of g-factor for small perturbations [226]. However, for cases of
nonlinear perturbations and more complicated trarsgvdistributions, it still remains

as an interesting topic for investigation.
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Chapter 3 High Resolution Measurement of Energy Profiles

of Space-charge Waves

As indicated by the 1-D theory, one can expectacasictharge dominated beam
with a pure density modulation to develop energyduations further downstream.
However, due to the lack of high resolution enemyalyzers, most previous
experimental studies on space-charge waves focasethe evolution of density
modulations and have no precise measurements oggyen®dulations. To address
this issue, a third-generation high resolution gpeanalyzer has been developed in
the UMER lab and installed in a 2.5 m long beamrngpart line set up at the
University of Maryland to study the longitudinal esje-charge perturbation and
energy spread evolution in a long uniform focusthgnnel [36].

In this chapter, we will present experimental obaBons of the energy
modulation converted from the initial density pepation. The experimental results
are supported by analytical solutions of the omeedisional theory and the patrticle-
in-cell (PIC) code simulations. First, in sectior,3ve give an overview of the long
solenoid experiment (LSE) system, where most expantal studies are carried out
in this thesis. Next, in section 3.2, we descrilevesal different methods for
generating current or energy modulations delibgrat€hen, in section 3.3 and
section 3.4, we show some measurements of energyripaions using high
resolution energy analyzers in LSE and compare rexpeatal results with 1-D

theoretical calculations and PIC code simulatidfisally, we summarize the new
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progress in understanding of space-charge wavesdasuliss some unresolved

problems in section 3.5.
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Figure3.1: Schematic of the long solenoid experimentesyssetup [37].
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3.1 Long Solenoid Experiment System

The Long Solenoid Experiment system (LSE) is th@omexperimental platform
that was used during our experimental studies.elnn S.1.1, we briefly describe the
basic parameters and layout of the LSE system ttaamdin Sec. 3.1.2 and 3.1.3 we
depict more about the electron gun and high resolignergy analyzers. Finally, the
upgraded long solenoid experiment system is detaike well as the reason for the

upgrade.

3.1.1 Overview of the system

The Long Solenoid Experiment system is a lineatesgswith solenoids serving
as the basic focusing magnets [38]. Due to thegsifarward design, the LSE
system serves as both a facility to carry out belgmamics experiments and a test
bed of diagnostic tools for the University of Magt Electron Ring. The schematic
of the system is shown in Fig. 3.1. A Pierce typddged thermionic electron gun is
used as the source of the electron beam. The nbopeaating beam energy of the
LSE system is 5 keV, but the gun could also beatpdrin a large range from 1 kV to
10 kV. With the help of collimating apertures onogating plate near the beam waist,
the size and the output current of the electrombean be varied. The whole system
is about 2.5 m long from the plane of the electyan aperture to the middle plane of
the diagnostic chamber where a high-resolutiongnanalyzer is installed. The long
solenoid S4, which is 1.4 m long, serves as a umiffocusing channel to transport
the beam into the energy analyzer. In order to mtite beam into the long solenoid,
three short solenoids, S1, S2 and S3, are plactiaystem. Another short solenoid

S5 is placed between the exit of the long soleaad the energy analyzer in order to
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control the amount of current injected into therggeanalyzer. The axial magnetic
field profiles along the axes of these solenoidseweeasured with a Hall probe. The
fields off-axis can be obtained using the formulaseference [23] derived from a
Taylor expansion of the measured on-axis field.datatically, the effective length
Less Of each of these solenoids can be defined by:

1 ¥,
B B%(2) dz, @1

where B, is the peak magnetic field along the axis dhdis the axis field as a

Leff =

function of the longitudinal directiom The effective length.es and the distance d
between the center of each solenoid and the dogamtedge of the gun aperture are

shown in Table 3.1. One Bergoz fast current tramséo is located between solenoids

S1 and S2.
Table3.1: Data for the solenoids.
S1 S2 S3 S4 S5
d (cm) 11.0 27.0 51.6 133.5 210.0
Lett(cm) 4.34 4.24 7.28 130.8 5.16

A very high vacuum at lowt0® to high10°® Torr is maintained by four ion
pumps. The first ion pump is located at the electon with a capacity of 8 L/s. The
other three ion pumps have capacities of 40 L/ BrHocated between the second
and third solenoids and two are located at thendistic chamber. The system is
connected with an automated measurement systemdingl a high-voltage power

supply, a Tektronix oscilloscope (TEK DSA 601A) aaccomputer. A MATLAB
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code was developed to guide the setting of thesatsrof the solenoids for matching

the electron beams into the long solenoid.
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Figure3.2: Schematics of the gridded electron gun. [39]

3.1.2 The electron gun

As illustrated in Figure 3.2, the electron gun usedhe system is a variable-

perveance gridded cathode gun [39] developed andtrwted at the University of
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Maryland. It has a standard B-type thermionic disge cathode, using a porous
tungsten matrix impregnated with barium calciumnahate (6BaO-1CaO-2405),
with a radius of 4mm. Due to the small heated artaround 0.5 cff heating
inhomogeneity is not a big concern. The electroanbes accelerated between the
anode mesh and the cathode and focused by theeRiene. The distance between
the cathode and anode is adjustable by means sbméters to anywhere between
9.3 mm and 23 mm, allowing us to change the guweagrce. A collimating aperture
plate, which consists of apertures with differeizies and patterns, is located right
after the anode and can be rotated by a worm tivigelect a specific aperture. Some
of these gun apertures are shown as examples umeF8y3. To protect the cathode,

this gun also has a gate valve to isolate the datfimm the rest of the system.

(a)Full-size (b)Holel (c)Hole2 (d)Hole7

d=12.5 mm d=0.8 mm D=3.2 mm d=8 mm

Figure3.3: Examples of some gun apertures with diffecéatneters d.
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Figure3.4: The diagram of the gun control circuit. [39]

The cathode is biased by a positive DC voltageiveldo the grid to cut off the
beam current. During emission, the grid-cathodegauinside the gun control circuit
produces a negative pulse between the cathodéhargtit to turn on the beam. Thus,
the beam shape and width is dependent on this palssge. The gun control circuit
diagram is shown in Figure 3.4. It consists ofghkvoltage DC power supply for the
anode grid, an AC power supply for the cathodedreatDC cathode-grid bias power
supply, and a grid-cathode pulse voltage generdiois pulse is triggered by an
external triggering circuit. As shown in Figure 3the DC high voltage is applied
between the anode and grid through a\Wksistor, which protects the high-voltage

power supply from damage in the event of a largetdirge when the power supply
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turns off. All the electronics are located in atigpltage deck, which is isolated from
the ground and charged up to —10 kV, except foettiernal triggering circuit, which

generates a trigger signal by detecting the zerceotiof the AC power line and is
connected to the electronics inside the high veltdgck by fiber optics and an
insulated transformer.

The cathode pulser is composed of an externalerigg circuit, a pulse forming
line (PFL), a 2N3507 transistor, and a DC chargiogier supply. When the external
trigger circuit provides a trigger signal, it isugded by the fiber optics and forms a
forward bias pulse between the base and emittdreofransistor. Since the DC bias
of the emitter is -130V and that of the collectsr30V, as soon as the transistor is
turned on by the forward bias pulse, it is workinghe avalanche mode, where the
transistor basically serves as a fast switch farge dc current flowing through the
transistor. When the DC current flows through tBe S5matching resistors, a voltage
drop of about 60V is generated and applied betwieergrid and cathode to turn on
the beam. The avalanche current will be terminatedthe falling edge of the pulse
voltage will form, when the reflection current casniegack from the open end of the
PFL. So the length of the transmission line deteasithe width of the pulse voltage,
hence determines the beam pulse width. Normally,fiwets length to 10 m for
producing a 100 ns beam pulse. A typical grid-caéhpulse signal is below -60 V

with a rise time of 2 ns, running at 60Hz.
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Figure3.5: The schematic of the high resolution energharer [37].

3.1.3 High resolution energy analyzer

At University of Maryland, a high resolution retard potential energy
analyzer has been developed in recent years [40Jmihe LSE system depicted in
Figure 3.1, a third generation energy analyzeoeated in the diagnostic chamber
after 4 short solenoids and a long solenoid. & c®@mpact device with a length of 4.8
cm and a diameter of 5.1 cm, which is convenieningert into the beam line. In
addition, compared with previous generations ofgynanalyzers, the new design of
a focusing cylinder with independently variable guitals greatly enhances its
resolution by properly collimating the beam.

The circuit schematic of the device is illustraiadFigure 3.5. A grounded
steel plate with a 1 mm diameter circular apertate a small amount of beam pass

into the high voltage region. The high-voltage ktsginder with a length of 2.5 cm
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and an inner diameter of 2.5 cm serves as a ré&utiaking electrode in the energy
analyzer. The retarding grid is a molybdenum wiesmwith a transmission of 80%

mounted on a machinable ceramic (MACOR) ring, whidulates the retarding grid

from the focusing cylinder so that the battery desen external box can supply a
voltage difference between the focusing cylinded #me retarding mesh. Both of

them are connected to the same external high-voisagrce through different high

voltage input pins. Behind the high-voltage mesérehis a copper collector plate,
from which the current signal is picked up by a@@BNC connector. As mentioned

earlier, the unique feature of this device compaoeithe preceding generations is that
the focusing cylinder is separated from the retaydinesh which allows different

potentials between them. The difference betweerfdabesing voltage and retarding

voltage has been optimized for different beam emergo that the beam inside the
device is well focused for an accurate measurement.

The high-voltage power supply used to retard themmbés a Bertan 205B, which
has low noise and high resolution, with maximumpattvoltage of 10 kV. The
output high voltage of the power supply can be ibieid locally via a precision front
panel or can be remotely programmed by a 16-bitaligignal. A battery provides
the offset voltage on the focusing cylinder of greergy analyzer, which is in series
with the high-voltage output from the power supphhe energy analyzer output
current signal is sent directly to the oscilloscop® improve the experimental
efficiency and resolution, a computer-controlledoawated data-acquisition system
has been developed [37]. The entire control progsawritten in C language for high

efficiency and low-level controllability. With thisystem, we can set the scanning
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retarding voltage region and voltage step, selgoas channel from the oscilloscope,
set filter on/off, average number, etc. A full eétdata can be taken within several
minutes, which is impossible with manual contralgnfierly the usual method. The
data taken by the computer are then automaticattggssed by a MATLAB code
[37], which can analyze the data and display timetresolved root-mean-square (rms)
energy spread, full width at half-maximum (FWHMEgk, and mean energy along
the beam pulse.

When the proper focusing voltage is used, the wtisols of this analyzer is less
0.2 eV for a 5 keV beam after considering of ersources such as the device
misalignment, ripples of the high voltage powermypbackground noise, and data
acquiring [42]. However, the unknown temporal bebes/of beams inside the device
affect the coherent errors when measuring a beam @&iergy modulations. This
requires more studies in future. In addition, i tturrent density inside the energy
analyzer is higher than a critical value, the ltudinal space-charge effect and the
formation of a potential minimum similar to the tuial cathode in an electron gun
will distort the measured energy spectrum by sidfiit to the low energy end [41].
Therefore, during the measurement, we always trgotatrol the current inside the
energy analyzer to be less than 0.2 mA, correspgnidi an energy analyzer signal of

10 mV, by changing the solenoid strength in franthe diagnostic chamber.

3.1.4 System upgrade of the LSE

As discussed in the previous section, the LSE sygt@vides unique diagnostics
and efficient set up for carrying out experimemésearch on space-charge dominated

beams. In later sections, we present some newtsesadained from this system that
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help us understand the longitudinal beam dynamicpace-charge dominated beams.
However, problems of the experimental system itdal to insufficient mechanical
design and poor vacuum condition limited furthepemmental studies and urged us
to first upgrade the system before any further arpental work.

The major reason for poor vacuum in the old systeas the poor sealing of the
two resistive wall current monitors, which weredted at the entrance and exit of the
long solenoid channel respectively as shown in ifeigul. In addition, the movable
phosphor screen connected to the end of the beamspiortation line relied on a
differential pumping system which contains two uau regions. However, in
practice when one tried to move the screen intestiséem, the pressure could rise to
10° Torr. Therefore, the movable phosphor screenptiigtransverse diagnostic tool
in the system, could not be used for transversaimgaof the beam at all. In the
upgraded LSE system, we have not only fixed thesbl@ms but also implemented
new diagnostic tools into the system.

The schematics of system upgrade are shown in &igud. A new diagnostic
chamber LC1 has been installed to replace the-thegecross in the old LSE system
between the second and third solenoid. The new lbbarhas five ports which
connect to beam lines, the vacuum pump, a view evindnd a diagnostic complex
feed through. Inside LC1, we installed a new enengglyzer, which is identical to
the one previously installed in the chamber aftex bbng solenoid except that a
phosphor screen is attached to the bottom of tleeggnanalyzer. The photo of the
new diagnostic complex is shown in Figure 3.7. Ph@sphor screen is mounted

inside the groove on the surface of a cubic brackemirror inside the bracket is
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aligned at 45 degrees with respect to the phosptr@en and the beam propagation
direction so that the image of the beam in theaniis parallel to the view window of
chamber LC1. Another small mirror is attached t® Itlottom of the bracket and will
be used to direct a laser beam to the cathode doergting photoemission. By
moving the diagnostic complex up and down, onewsmneither the energy analyzer
or phosphor screen to intercept the beam. Hencth the longitudinal energy
information and transverse distribution of the beeam be measured at the same

location.

N?w chamber, which ion purmp m
will be used to replace
- the three way cross
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Figure3.6: The schematics of the upgraded LSE systemhwhaudes a total of two
diagnostics chambers, three Bergoz current monidord a new movable phosphor

screen.

The two resistive wall current monitors were repthdy two new fast Bergoz
current monitors identical to the one installedws=n the short solenoid S1 and S2.
Besides being useful for matching the beam intolding solenoid, these two new

current monitors can provide more information ofrrent profiles and help us
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understand the evolution of the current perturlpstid-urthermore, to increase the
signal to noise ratio, housings to shield eachexurmonitor from external noise were
also added to the system. These housings also ihelpcreasing the system

robustness, supporting the Bergoz monitors away ftee glass gaps.

Figure3.7: Diagnostic complex in the first diagnostic ctieer: energy analyzer (left),

fast phosphor screen with mirror (center), and kmator for laser (right).

An important part of the upgrade is the installatiof a new magnetically-
actuated phosphor screen slider, with excellentimaccompatibility. The new slider
has a range of about 80 cm, covering the entirgeanom beyond the second
chamber to the last 30 cm of the long solenoidsAswn in Figure 3.8, an internal
magnetically-actuated tube holds the phosphor saed its movement is controlled
by a magnetic actuator, which is a slidable alummraollar with built in magnets. A
view window at the right end of the slider enablaage capture using a camera with
a telephoto lens. The whole system can be seplabgta gate valve from the rest of

the experiment.
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Figure3.8: The new movable phosphor screen installedarsystem.

In addition to the planned hardware upgrade, sother®ystem improvements
have also been undertaken necessitated by the afjihg components. For example,
because the dispenser cathode’s time in operatamapproaching its lifetime limit,
its emission became low and instable with time.sbtve this problem, the cathode
has been replaced by a new one. We also practieddlyilt the gun pulsed electronics,
replacing many components and redesigning partthefcircuit for clean output
signal with lower noise. The rebuilt pulse voltageneration circuit is shown in
Figure 3.9 as an example.

As shown in Fig 3.10, the upgraded experimentakesysnow includes a

comprehensive set of diagnostic tools which inclie energy analyzers, three

39



Bergoz current monitors with typical rising time280 ps, and two phosphor screens.
Due to the insertion of new components, the passtiof the solenoid magnets have
been changed and the new data are shown in TablewBere B1l, B2, and B3

represent the three Bergoz current monitors.

Table3.2: Distance in cm from the center of the solesottiagnostic

chambers, and Bergoz current monitors to the doeast edge of the gun aperture.

S1 S2 S3 S4 S5 LC1* LC2** Bl B2 B3

11.0 29.0 55.0 136.0 217.0 40.5 234.0 185 63.0 .07

* This is the distance from the front surface of gi®sphor screen or the energy
analyzer to the gun aperture plate.

** This is the distance from the front surface of #mergy analyzer to the gun
aperture plate.
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Figure3.9: The rebuilt pulse generation circuit of thatrol electronics for the

electron gun.

Figure3.10: The upgraded long solenoid experiment system.
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3.2 Generation of perturbations

In order to understand the physics involved indhelution of the perturbations
in space-charge dominated beams, we need to gerenairolled perturbations to the
beam. We have several ways to introduce initialsdgnor energy modulations
deliberately to the beam: an induction module (Se2.1), an optical method (Sec.
3.2.2), and an electronic method (Sec. 3.2.3).tRerexperimental work related to

this thesis, we used the electronic method, wtsatescribed in great detail later.

3.2.1 An induction module

The induction module is installed in the ring sestat UMER and has the main
purpose of focusing the beam longitudinally andsprging the beam end expansion.
Recently, others have been able to apply a pulsédge of about 600 V in 8 ns to
the beam longitudinally [43]. As a result, the beanergy can be modulated by the
voltage pulse, and by changing the amplitude of pldse signal, the energy

perturbation strength can be changed accordingly.

3.2.2 Laser induced perturbations

Both the cathodes of the UMER and LSE electron qresdispenser cathodes
with photo emission capability. Thus, we can imgirglaser beam onto the cathode
to generate pure density perturbations over theriloeic emission when the cathode
is operated in the temperature limit regime [3Q,44]. In both systems, a Minilite Il
Q-switched Nd:YAG laser from Continuum has beenduaed the third harmonic
laser which has a wavelength of 355 nm and 5 ns FWItths directed into the

vacuum chamber and the cathode eventually by af sgtical mirrors. By tuning the
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laser power, we can vary the perturbation strengftisout changing the thermionic
emission. In addition, it is also possible to geabermultiple perturbations by
increasing the laser power high enough to achierdimear oscillation in the laser
profile. However, because the cathode needs tpbrated in the temperature limited
regime where the thermionic emission is very samstb the variation of temperature,
it is very critical to keep a stable heating cutrehthe cathode in order to generate a

stable beam profile with laser induced perturbation

3.2.3 Generate perturbations electrically

The original technique, which has been used to rgémealensity perturbations
during past years [21], is to deal with the gridhcale pulse voltage of the electron
gun, of which the circuit schematics have beenutised earlier. A gridded cathode
gun has a triode structure; hence, the gun carpbeated in three regimes: cut off,
amplification, and saturation. In saturation, thepot current of the electron gun is
not sensitive to the shape of pulse voltage, he.durrent pulse shape shows a nice
rectangular shape without any signatures of theenfieption of the grid cathode pulse
voltage. Hence, normally the bias voltage is chdseoperate the gun in saturation
mode. If the bias voltage is increased from thenmabrsetting, the gun then will be in
the amplification mode, where the fluctuationshe tontrol voltage pulse are being
amplified and appear in the output current profilas a result, the amplification
mode provides a way to modulate beam current byutatidg the gun pulse voltage.

A cable loop is connected to the middle of the @gjsneration transmission line
through a “T” connector. As a result, a perturbati® generated at the center of the

voltage pulse due to the mismatch. By connectinglisconnecting the mismatch
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cable, we can turn on or off the density modulatiothe beam. As shown in Figure
3.11, the trace obtained from the oscilloscopehes fiulse voltage signal with the
mismatch modulation generating from the cable lobipe amplitude of the pulse
voltage without perturbation is about -67.5 V, @hdt of the perturbation is about 15
V. The typical nominal beam energies are 5 keVelgperiments at LSE, so we can
estimate that the relative strength of the voltpgeurbation is in the order of £0

However, one should note that the pulse signaigaré 3.11 was taken without any
beam, thus the exact voltage signal applied betweegrid and cathode during beam

emission is unknown and may be different from whatare shown here.

Figure3.11: The pulsed voltage signal between the gritlcathode when the

perturbation cable is connected to the PFL.
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The analysis in Ref. [45] shows that the pertudratgenerated using this
method is always predominant by the current mothratather than the velocity

modulation, i.es d, whereh andd are defined in equation (2.33). However, one

should note that we can neglect the initial velpoatodulation for the evolution of
space-charge waves only when the dimensionlessnetea , which is defined by
equation (2.38), is much less than 1.

Typical current waveforms with perturbation resudtifrom the perturbed pulse
voltage are shown in Figure 3.12. For the caseositipe perturbation, the polarity of
the current perturbation is consistent with thathe pulse voltage signal. In other
words, the beam gains more current at the locatfadhe perturbation. However, we
found experimentally that by increasing the AK gapthe gun or applying a gun
aperture, a negative current perturbation, whicluces localized beam current, could
be generated using the same pulse voltage signalnsin Figure 3.11. An example
has been shown on the left in Fig 3.12. The meshamf the generation of negative

perturbations can be found in Ref. [45] and Re3].[2

Figure 3.12: Beam current profiles with negative (left) damositive (right)

perturbations.
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3.3 Observation of energy modulations converted fim current

modulations in the LSE before upgrade

One way to verify the one dimensional cold fluid dabis to experimentally
measure the evolution of space-charge waves. Ri®wstudies have successfully
demonstrated the propagation of space-charge whyeseasuring the current
profiles [21, 30]. In this section, we report thestf precise measurement of energy
profiles of space-charge waves in the LSE systdoré@pgrade. Using the electrical
method mentioned earlier, we generated beams \fiigreht current perturbations
from the gun (Sec. 3.3.1) and measured the enexfilgs with the high resolution
energy analyzer in the downstream diagnostic chani®ec. 3.3.2). As the one
dimensional theory predicts, energy modulationsewslstained downstream. In Sec.
3.3.3, we compare the experimental results withlytical results from one

dimensional theory and simulation results from WARP

3.3.1 Initial current perturbations

In order to generate current perturbations witliedéint strengths, we managed
to operate the gun in amplification mode and chdntje bias voltage to obtain
different perturbation strengths. Four groups efcegbn beams with different main
beam currents and different strengths of currertugeations are achieved, as shown
in Table 3.3, wher¥®,, represents the bias voltaggrepresents the main beam current,
I, represents the perturbation current, ands the current perturbation strength,

defined ad4/lo.
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Table3.3: Data for current perturbation generation atghn.

Vo(V) lo (MA) h(mA)
Case (a) 2 69.6 3.97 0.057
Case (b) 14 77.4 10.85 0.137
Case (¢) 30 67.2 16.00 0.226
Case (d) 32 45.6 13.20 0.29
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Figure3.13: Four initial beam currents profiles with diént perturbation strengths.
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The current profiles in Figure 3.11 are acquirexhfithe Bergoz current monitor
between matching solenoids S1 and S2. Consistéhttiae previous analysis for the
different working regimes of the electron gun, gteength of the current perturbation
increased with the bias voltage due to the incngaamplification factor. But this is
not necessarily true for the perturbation amplitatter comparing the value of for
the case of =30V and \\=32V. It is also not unexpected to see that thenrbaam
currents are affected by the changing bias voléagkthe current shapes are not clean
due to operation in amplification mode. Howeverge amay expect a monotonic
decreasing of the main beam current when the létage is increased. The three
cases for bias voltage of 14V, 30V, and 32V compith this expectation, but the
case for the lowest bias voltage of 2V has lesseatithan the case for a higher bias
voltage of 14V. The reason for this conflict is dese we had an aged cathode with
low emission and less stability over a long timertkermore, due to the low emission
of the aged cathode, even when the bias voltageowys2V, the electron gun still
worked in the amplification regime. In spite of #fie abnormal behavior of the
cathode, we found that the beam was still relagigghble during our data collection
period, which was about 5 minuets in each caserefbre, for the experimental
results presented in the following section, théhadé condition is not a significant

consideration.

3.3.2 Measurement of energy modulations

According to the theoretical predictions we diseassn chapter 2, any

perturbations in the beam can launch space-chaagesyv As shown in Figure 3.13,
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the current perturbations can be obtained from ldmgitudinal current profile

measured by the Bergoz current monitor. In ordemeasure energy profiles of
space-charge waves in beams, we need to use thedsglution energy analyzer,
which can measure the time resolved longitudinargy spectrum in the beam. By
integrating the energy spectrum, the longitudinahmenergy profile along the beam

can be calculated.

(@) (b)

(c) (d)

Figure3.14: Mean energy waveforms derived from energyyaeasignals for

different cases.
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In Figure 3.14, we plot the mean energy along #enbat a distance of 2.3 m
after the gun for the four different beams corresidog to those shown in Table 3.3
and Figure 3.13. Because we are only interestédeinocalized space-charge waves
stimulated by current perturbation near to the beanter, in Figure 3.14, the energy
profiles have been zoomed in and do not show thentedges. As one would expect,
with an initial condition of “pure” current moduiahs, energy modulations can be
achieved, which split into two peaks at the beantare One is positive and close to
the beam head, corresponding to the fast waveptther is a negative peak and near
to the beam end, corresponding to the slow waveo/ling to the one-dimensional
cold fluid theory, the peaks of the fast wave dmel glow wave should have the same
amplitude. However, here we see some inconsistertbythe theoretical predictions.
Especially for the result of case d, the amplitafithe slow wave is much larger than
that of the fast wave. The reason for this is hearcup to now. However, it may be
related to the following aspects: First, in casand case d, strengths of current
perturbations are more than 20% of the main beamemt) so nonlinear effects
should not be neglected, while the one-dimensi@orh has the assumption of
linearity, which implies that the strength of therforbations must be small in
comparison with the beam current, say <10 %. Secdadng the experiments, the
beams are not stable enough due to the aging pnplkeich could also cause minor
errors of the measurements.

Another observation is that some other peaks atair@a for these four
groups of results. Compared with the initial cutsein Figure 3.11, it is apparent that

they are due to the bumps near the beam head amd &ed. In other words, these
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fluctuations are due to the imperfect rectanguteape of the beam current, which
results from the oscillations in the waveform oé thulse voltage signal. Here we
only focus on the peaks for the slow wave andvaste at the beam center, which is

stimulated directly by the intentional current mtadions we introduced.

3.3.3 Comparison of simulations, experimental restd and theory

For more complicated cases, where it is not easyatoy out an experiment,
numerical simulations are more flexible for prentigtthe evolution of the space-
charge waves. However, before using the simulatiote to predict new physics
results, we need to first validate the code itsHflerefore, to check the prediction for
the evolution of space-charge waves by the sinaulatode, we want to benchmark
simulations with the experimental data presentedthe previous section and
analytical results from the one-dimensional coldidl theory. In addition, by
comparing these results, we can discover new phyisicthe experiment. In the
following paragraphs, we will describe the simuwatprocedure in more detail.

WARP is a particle in cell (PIC) code. It uses noaparticles to do the
numerical calculation. Each macro-particle represarlarge number of real particles
in the experiment. Before starting the simulationtial conditions such as density
and velocity distribution of macro-particles needbe specified first. In addition, to
calculate the field distribution, a number of grid=ed to be defined in space. On each
grid point, the self-consistent electric and magnéelds are calculated from the
distribution of macro-particles and boundary caoods$. The macro-particles are

pushed by the fields, which is interpolated frone thelf-consistent fields on the
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neighboring grid points, to new positions with awndlistribution. Then the

calculations of new fields and new particle digitibns are iterated until the end of

simulation.
() (b)
() (d)

Figure3.15: The initial current profiles imported into VRAor the 4 different cases.
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First, the current profiles of different beams wtirturbations, measured by the
Bergoz current monitor, were imported into the WAB®RIe to serve as the initial
conditions for the longitudinal current distributg@ Figure 3.15 shows the current
profiles used in the WARP code. A considerable amhad digital noise is observed
in these current profiles which are shown in redoider to reduce the noise, the data
was smoothed before the WARP simulations were estarfThe smoothed current
profiles appear as the black solid lines in Figg33ince we used the beam frame as
the reference frame in WARP, the current profileswansformed from lab frame to
beam frame by multiplying the time by the nominaain velocity. We also assumed
that there were no energy perturbations initiallgen, the parameters such as beam
radiusa, main beam curredy and main beam kinetic energywere set up in the
WARP code. Using the magnetic field strength ofltmg solenoid channel from the
experiment, the matched beam radius could be eémilaccording to the following

envelope equation:

ka- X g 0 (3.2)
a a

where R is beam radiug, the transverse emittance. K is the generalizednbea

perveance defined as equation (2&)is the external focusing strength defined by

k= D502 (39
2mcbg

whereB, (2) is the axial magnetic field, m is the mass of attebn, c is the speed of

light, q is the charge of an electron, and z isakial distance.
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Table3.4: Beam parameter settings in WARP

lo/mA B/eV a/mm
Case (a) 69.6 5055 5.3
Case (b) 79.2 5092 5.6
Case (c) 67.2 5074 5.2
Case (d) 45.6 5077 4.4

In the WARP simulations, a “smooth uniform fielddrcesponding to that of the
long solenoid was used to represent the magnedid ¥ariation along this channel.
The comparison between measurements and simulatimvs that this approximation
has only a negligible effect on our results. Thi#dahtransverse distribution of the
electron beams in WARP is a semi-Gaussian distabutvhich is uniform in space
and Gaussian in velocity space, with a uniform terapre. Since the external
focusing magnetic lenses are solenoids, which havsversely angular independent
field distribution, a WARP-RZ code was used for siation the experiments.
Different settings for each group are shown in €&# Other numerical settings for
the simulation are: the length of the beam puls&08 ns; the particle number is
50000; time step for pushing particles is 2.36¥1€econd; the number of cells in the
r direction is 64; the number of cells in the zediton is 256. All these numerical
parameters have been tested with different valndsage found that the values listed

above are optimal in terms of speed and accuraayuiosimulations.
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Figure3.16: The results of mean energy vs. time for diffe: initial beam radii in

WARP

After the initial settings, simulations were cadrieut in the r-z geometry for a
channel length of 2.3 m, which is the distance betwthe Bergoz current monitor
and the retarding field energy analyzer in the expent. One major concern in the
accuracy of the simulation was whether our resid#gend on the beam radius and
hence on the extent of transverse mismatch. To @n8ws question, we performed

WARP simulation studies for each group by chandhegvalue of the beam radius.
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The mean energy, the initial current, and the foxgugelds remained unchanged, but

for each case, the initial radius was changed @4,5120%, 80%, and 50% of the

matched beam radius. By doing this, we could vettify effect of the transverse

mismatch on the longitudinal energy profiles. Tasults of these WARP simulations

are plotted in Figure 3.16, which clearly showg thay are insensitive to transverse

beam mismatch.
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Figure3.17: Comparisons of the profiles of the mean enéagthe experiment

results (black solid lines), WARP simulation (reast dot lines) results and one-

dimensional cold fluid theory (green dash lines).
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In order to compare the results with the one-dinwrad linear theory, the
analytical solutions for each group were found gsguation (2.40) by assuming the
initial velocity perturbation is zero. All the rdmifrom WARP, the 1-d theory and
the experiment are shown in Figure 3.17. From tlcesees, similar shapes of energy
perturbations for WARP simulation, experimentalutess and the one-dimensional
cold fluid theory can be observed in each caseidBsghe fast wave and slow wave
generated near the beam center, some other pdrturh@eaks with positive and
negative polarity can be observed near the beam &ed beam tail. In case (a) and
(b), we find very good agreement among experimesialulation, and theoretical
results. This verifies the linear theory when timial perturbation strength is
relatively small. In case (c) and (d), although téesults from 1-d theory and WARP
are very close, they have obvious discrepancy wite experimental results.
Especially in case (d), the experimental resulicaigs a decrease of the amplitude of
the fast wave and a growth of that of the slow watde the simulation and theory
predict a symmetric pattern for fast and slow waves

In order to quantitatively compare the experimengsllts with simulation and
theory, it is useful to compare the peak-to-peakies of the energy waveforms,
which are defined as the difference between th& palues of the fast wave and the
slow wave. The values for the energy perturbatieakgto-peak strengths dB/E
predicted or measured at z = 2.3 m using the @iffiemethods and initial current

perturbation strengths are shown in Table 3.5.
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Table3.5: Energy perturbation peak-to-peak strengths and

dE/E
Experiment WARP 1-D theory
0.057 0.0056 0.006 0.0056
0.137 0.0152 0.0144 0.0179
0.226 0.0312 0.027 0.0283
0.29 0.0331 0.0328 0.0345

0.04
D> Experiment
0.035} Exp(LSF)
O WARP
0.03f ===-=- WARP(LSF) .
A 1-D Theory
0.025+ e 1-D (LSF) i

0.02+

0.015¢

0.01¢

Energy Perturbation Strength: dE/EO

0.005

O | | | |
0.05 0.1 0.15 0.2 0.25 0.3
Initial Current Perturbation Strength: h

Figure 3.18: Energy perturbations strengths versus initairent perturbations
strengths for experimental data, WARP simulati@ms] 1-D theoretical calculations.

The least square fit (LSF) results are also pldidedomparison.
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Figure 3.18 shows the relationship between dBfttl based on the data in
Table 3.5. The experimental results show very gagceement with both WARP
simulation and analytical results based on the dimeensional cold fluid theory. All
these results show that the peak-to-peak strengtk,df the energy modulation
grows linearly with the current perturbation strdng, and the slope is about 0.1.
Using the least square method, the slope can loelatdd: for the experiment data,
which yields 0.127; for the WARP simulation resultss 0.119, and for the one-
dimensional theoretical prediction, it is 0.124 eféfore, the conclusion can be drawn
that good predictions of the energy perturbatioengjth evolution can be derived
from the WARP simulation and the one-dimensionéd ¢loid theory.

In both the 1-D model and WARP simulation mentiordxave, we assume
that the initial velocity perturbation is equal t@ro. However, according to the
analysis in chapter 2, amplitudes of space-chargeew are affected by velocity
perturbations via thea -factor. Whena >0, equation (2.39b) shows that the
amplitude of the fast wave increasesdtimes, and that of the slow wave decreases
by a times, while the peak-to-peak value of the enengglulation does not change.
If amplitudes of initial energy perturbations arg 4V for all cases above, we can
derive that the value of -factor is 0.42, 0.17, 0.10, and 0.096 for case(dn)
respectively. Only in case (a), the effect of adittelocity perturbation is significantly
big, but it still does not affect the comparisosukés in Table 3.5 and Figure 3.18. In
addition, after considering the -factor in case (d), we still cannot explain the
asymmetry pattern of the slow wave and fast wavenfexperimental observation.

Furthermore, we only have one data point of energyile in each case, which is not
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adequate to analyze the effect of the initial viéyoperturbation. Therefore, we will
discuss more about the effect @tfactor with more data points in the next section

instead of this section.

3.4 Observation of space-charge waves in the upgrad LSE system

Lack of knowledge of initial conditions in previo@xperiments motivates us
add new diagnostics in the upgraded LSE systemh Wibre diagnostic tools
installed, we are able to obtain more information the evolution of longitudinal
space-charge waves originated from density moduiatiat the beam source. For
example, the evolution of the current perturbatioas be measured at three different
locations and the energy profiles can be measunéd &t the beginning and the end
of the transportation line. So, we can repeat simgxperiments presented in the
previous section but with ability of obtaining mawseful information on the initial
conditions of beams.

In Sec. 3.4.1, we demonstrate an experimental rdethaneasuring the sound
speed, defined in equation (2.29), and discuss réhated errors. Next, in the
following Sec. 3.4.2, we present experimental tssoh the evolution of current
modulations and energy modulations of differentnbeavith matched radii of 4.9
mm in the long solenoid channel of the new syst&hen, in Sec 3.4.3, we show
some preliminary experimental results on the stofiyhe relationship between the

space-charge wave propagation and the matched iaekuns.
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3.4.1 Separation of fast and slow waves

Before presenting the experimental results, it égessary first to discuss the
relationship between the sound speedard the peak-to-peak time difference in
energy and current waveforms of the perturbed beaAssuming a linear
perturbation, the shape of the perturbation isgmesl in both energy and current
profiles. With a pure density initial perturbatiaime current modulations will have

the same polarity, but the energy will have theasiie polarity. If we define the time

Dz .
- —— , where v is beam
V-G W G

S

separation between the fast and slow wavegby

velocity, andDzis the distance traveled by the beam, it will beyda calculate thesc
using the following formula with the assumptionttis@aund speed is much smaller

than the beam velocity:

C, =£v2 (3.4)
2Dz

However, as we will discuss in the following sentidghe measured value of
time separation T is not always equal taT . Assume that the fast and slow waves

have a Gaussian distribution:

_ 1 (-gz)
h(t)——s N e (3.5)

where s =0.5. Then we can simulate the process of the agparof the fast and slow
waves in both current and energy waveforms as shoawkfigure 3.19. In current
waveforms, with a small separation of the fast atwv wave, the sum expands
longitudinally and changes in amplitude rather tis@owing two peaks. When the

separation becomes significant compared to thehwofithe perturbation, two peaks
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in current profiles appear andl' can be measured. Even though is smaller than

T initially, they are still close in value. Thush® would expect a slightly smaller
sound speed when replacing by T in Equation (3.4). Due to opposite polarities of
fast and slow waves, the evolution of space-chargees in energy profiles is very
different from that in current profiles. As showmkigure 3.19(b), with a very short
distance of propagation, the sum of the energyilpeobf fast and slow waves shows
two peaks that are separated by a significantlgeoristance thanT. With further
propagation of the waves, the two peaks of the ggn@erturbation increase in
amplitude and move toward each other until the faave and slow wave are
separated completely. As a result, the measurewiens from the energy profile
overestimates its value.

In summary, one can calculate sound speed by megdte separation time

of fast and slow waves. However, the result using turrent profile tends to
underestimate the real value, and that from theggngrofile could overestimate the

real value. We will describe these errors in tHBtang experimental results.
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3.4.2 Observation of space-charge waves in beamgw4.9 mm radii

By modulating the pulsed voltage between grid aathade and changing the
working condition of the gun, we managed to obiififierent current profiles with
both negative and positive initial perturbations. this section, we describe the
measurement results of the evolution of these gmations by both taking the current
profiles with three Bergoz current monitors and suesg the mean energy profiles
at two chambers. As an important parameter charaicig the propagation of space-
charge waves, sound sperds also measured from the separation time betvlezn
peaks of energy and current modulations using emu#8.4). In addition, we also
compare the 1-d theoretical predictions with expental results.

During the experiment, the AK gap of the electram gvas changed to 22 mm
from the original 17.6 mm so that both negative poditive perturbations could be
achieved by varying the bias voltage of the elecgan. In addition, there was no
aperture plate in use. For all cases, the strengjtlsolenoids were chosen to match
unperturbed beams into the long solenoid with acheat beam radius of 4.9 mm.
When the bias voltage was set to 30 V and 35 V, pblkarities of the current
perturbations were found to be negative. On therokiand, when the bias voltage
was increased to 48V and 52 V, positive perturlpatiovere introduced to the main

beam current.
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Figure3.20: Current profiles of the 4.9 mm beam meashsethree Bergoz current
monitors when the bias voltage was set to 30 W 3%8 V, and 52 V, respectively.
When W4,=30 V and 35 V, current profiles measured by B2 BBdare shifted up by
10 mA and 20 mA, respectively. Whep=248 V and 52 V, current profiles measured

by B2 and B3 are shifted up by 20 mA and 40 mA eeipely. The beam currents

are represented by positive values.

65

Current(mA)

Current(mA)

120

115

110 [

105

100

95

90

85

80

140
130
120
110

50

"'hy/"‘“‘\-""'\ I"'I‘ (At Ll it 1
]

L
]
1

"

20 40 60 80

Time(ns)

Vb:52 \Y

20 40 60 80

Time(ns)



(8) V=30V (b) V=35V

5100 ¢ 1 5100 1
A [
1 [A)
AT, Vv ) ! ~
> \ 7 ! < *W-“/\\WM
L}
4 1
< 5050 ) 1 2 5050 v \
2 2
[} [}
c c
L L
5000 ¢ 8 5000 ¢ 8
40 60 80 100 40 60 80 100
Time(ns) Time(ns)
(c) V=48V (d) v, =52V
5100 | 1 5100

5050 5050

Energy(eV)
<

\\
]

{

B
Energy(eV)

5000 ¢ 8 5000 ¢

40 60 80 100 40 60 80 100

Time(ns) Time(ns)

Figure3.21: Mean energy profiles measured at LC1 (bladkl dines) and LC2 (red

dash lines) for 4.9 mm beams with different biakages.

66



Table3.6: Parameters of current and energy profilescahcllation of sound speed

Vp=30 V WLW=35V \L=48V \WbW=52V

l1 -7.6 mA -8.5 mA 13.0 mA 22.5 mA

Current lo 94.5 mA 95.6 mA 80.8 mA 69.8 mA
Modulations -0.08 -0.09 0.161 0.32

c | 2.76x10 m/s 2.67x10Gm/s 3.52x1G m/s 3.34x16 m/s

c3 -3.8% -7.3% 32.3% 34.1%

Theory cs |2.87x10m/s 2.88x10 m/s 2.66x10 m/s 2.49x10 m/s

Eo 5075 eV 5070 eV 5057 eV 5053 eV

1 0.0026 0.0034 0.0067 0.01

Energy ) 0.0075 0.0081 0.011 0.027
Modulations| ¢’ | 7.88x10m/s 8.70x10m/s 1.53x10m/s 1.44x10m/s
Tt 174.6% 202.1% 475.2% 478.3%
c? | 2.51x16m/s 2.44x10m/s 3.04x10Gm/s 2.88x16m/s

| -12.5% -15.3% 14.3% 15.7%

Note:

1= dB/ Eo; o= dBEJ/ Ep where di and dk represent peak to peak values of the

energy perturbations in LC1 and LC2 , respectively.

. _Cl-cq. .
Dc; =———"100% x=b3,el,or ez

C

S
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All the current profiles measured by the three Bergurrent monitors (B1, B2,
and B3), which are located 18.5 cm, 64 cm, and@@downstream respectively, are
presented in Figure 3.20, where the current pfdee zoomed in to enhance the
visibility of perturbations near beam centers. Bymparing the total charge of
different current profiles, we found that even le tworst case, about 95.7% of the
beam was transported through the whole beam Imeadtition, most of the beam
losses happened between Bl and B2, which inditlaé¢she beam was well matched
in the long solenoid channel. Therefore, the beaseds of all the four cases are low
enough to be negligible to our experiment.

In Figure 3.21, mean energy profiles at LC1 and a2 plotted for these four
different cases with different bias voltages. Ualtke current profiles in Figure 3.18,
where two peaks are observed after the long salectwannel, signatures of fast and
slow waves are present in all energy profiles iguFé 3.21. For the beam with a
positive initial current perturbation, we obtairsiailar energy profile to the earlier
experiment, with a positive fast wave and a negagiow wave. However, for beams
with negative initial current perturbations, theeggy profile consists of a negative
polarity fast wave and a positive polarity slow wav

In Table 3.6, we list some parameters such as tha& rheam currenty)]
perturbation current | initial current perturbation strengtk 1,/1, main beam energy
Ey etc. for reference. In addition, using equatio®)3we derive sound speed from
the current profiles measured by B3, the energyilpsoin LC1 and LC2, and list
them as &3 ¢ and ¢ Sound speeds calculated from equation (2.29)ats®

listed as ¢ for comparison. For all the four cases, valuesdfhave extremely large
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deviations from the theoretical calculation. Tmslicates that in LC1 fast and slow
waves are still very close and the two peaks aremgaoward each other, hence, as
discussed in Sec 3.4.1, the measurement from empaiyes can overestimate the
sound speed. Whenis relatively small, i.e. the cases for the biakage of 30 V and
35 V, values of £ are smaller than theoretical calculations by ldsan 8%.
However, when the perturbation strength is incredsether to more than 16%, the
experimental results are more than 30% bigger thalues derived from one
dimensional cold fluid model. Absolute values af? are consistent for different
cases with a range from 12.5% to 15.7%. Howevepeemental measurements
underestimate the sound speed for beams with sgedlirbations and overestimated
the sound speed for beams with larger perturbatidlisough clear explanations for
the inconsistency are not available now, nonlinefiects and complexity in the
experiment compared with 1-D model may be relevAfgo, one should note that
since all experimental measurements of sound spmdgsise one data point, random
errors could also contribute to the deviation.

To compare the experimental results of the evatuwd current and energy
perturbations with the 1-D theory in more detaie meed solve numerical solutions
using equation (2.35). In order to study the effettdifferent initial velocity
perturbations on the evolution of fast and slow @m\vor each case we assume three
different amplitudes of the energy perturbationse\Md 15 eV, and 30 eV. IfE;

presents the amplitude of the energy perturbati@yelocity perturbation strength

can be estimated by’:%. Therefore, we can calculate tlkwe-factors using

equation (2.38) for each case accordingly. In Table we list the calculate results
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for each case along with the initial current pdraion strength for comparison.
From these calculated values gfwe can see that the effect of velocity pertudrati
iIs more significant for cases with lower bias vg#a, i.e. smaller current

perturbations.

Table3.7: Relationship between the initial energy pdyation anda -factor for

different beams

E;=0 Ei=15eV BE=30 eV
Vp=30V | -0.08 0 0 0.0015 -0.26 0.003 -0.52
Vp=35V | -0.09 0 0 0.0015 -0.225 0.003 -0.45
V=48V | 0.161 0 0 0.0015 0.135 0.003 0.27
V=52V | 0.32 0 0 0.0015 0.075 0.003 0.15

For each case, we show current profiles of spaaegehwaves at the location of
B3 calculated from the 1-D model in Figure 3.22nglavith the experimental results.
WhenV,=30 V or 35V, amplitudes of the current profiles of fast anohslwvaves are
sensitive to the initial energy perturbations. Izero initial energy modulation is
assumed, the amplitude of the fast wave is lafggan that of the slow wave, which is
opposite to the experimental observation and 1-fulte with a non-zero initial
energy perturbation. This is can be explained alyamg equation (2.39¢). When
the beam has pure initial current perturbation,atmplitude of the current profile of

the fast wave is always larger than that of thevsieave due to a zero value of
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factor. But wherma <0, in the current profile, the amplitude of the fagave

hl,la . .
decreases by an amount@fy , While that of the slow wave increases by theesam

amount. Wherja| is significantly large, the amplitude of the slovave exceeds that

of the fast wave eventually. Thus from the commaris Figure 3.22 (a) and (b), we
can conclude that the initial velocity perturbatiganerated from the gun is not
negligible for beams with smaller current pertuityag. In addition, one can see that
the 1-D results is closer to the experimental tedny assuming;=15 eV tharE;=30

eV for both cases &f,=30 V and35V. The separation of the fast and slow waves for
the cases with bias voltage of 30V and 35 V showrssistent results between the
experiment and theory for all conditions of initeadergy perturbations.

When V,=48 V or 52V, the current profiles of fast and slow waves are
relatively less sensitive to the initial conditiohenergy perturbations due to smaller
values of the -factor. As indicated by equation (2.39c), the dtage of the fast
wave is always larger than that of the slow wavemd >0. The two peaks in the
beam current waveforms of the beam with bias veltafj 48V and 52V separate
further in the experiment than the theoretical mtoh, which is consistent with the
discrepancy of sound speed between experimentakurezaent and theoretical
calculation shown in Table 3.6. Furthermore, bynparing the experimental results
with the 1-D predictions, one can notice beam tdshie perturbations for both these
two cases in experiment, especially for the cas®,e62 V. We will discuss the

effect of beam loss on the evolution of space-chargves later.
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Figure3.22: Current profiles at the location of B3 ca#ted from 1-D theory along
with the experimental results (black solid linds)the 1-D theory, the amplitude of
initial energy perturbation is assumed to be 0Ey/¢V, and 30 eV, respectively. The

beam currents are represented by positive values.
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Figure 3.23 and 3.24 show the comparison of enprgiiles at LC1 and LC2
obtained form the experiment and analytical calemts using 1-D theory with
varied initial conditions of energy perturbatio®smilar to the current profiles shown
in Figure 3.22, amplitudes of energy modulatiores sansitive to the change of initial
energy modulations at LC1 and LC2 for both caseg,880 V and35V, while those
for beams withv,=30 V and35V are less sensitive.

In Figure 3.23, the 1-D theory predicts larger pdyation strengths for all these
beams in LC1. In Figure 3.24, even though the stjosr time between peaks of
energy modulations agrees between the experimehttteeory, the amplitudes of
energy modulations exhibit bigger discrepancy betwtheory and experiment than
those in LC1. There are several possible reasonsxpbain the different results
obtained from the peak separation time and pertiarbatrength: first, it is possible
that the relatively large beam size in the matclgagtion of the transportation line
slows down the propagation of the space-charge svau®l leads to smaller
perturbation amplitudes; second, some other meshmarsuch as nonlinear effects,
beam loss, or transverse-longitudinal coupling, megntribute to limit the
perturbation strength growth; finally, we are stitht clear about the characterization
of the transition response of the energy analymbich can increase the error of the

measurement of the energy profiles.
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Figure 3.23: Energy profiles at LC1 calculated from 1-Dedhy along with the

experimental results (black solid lines). In th® Iheory, the amplitude of initial
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energy perturbation is assumed to be 0 eV, 15 B¥ 38 eV, respectively.

74



(V=30 V (b)V,=35 V

5150 ‘ ‘ ‘ ‘ ‘ 5150

5100 5100
S s
2 2
Py P
=2 2
Q ()
c c
w [

5050 5050

—— 1D,E =15 eV
1D,E,=30 eV
5000 : : : : : 5000 : : : : ‘
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Time(ns) Time(ns)
(c)Vb:48 \Y
5200 5200
5150 5150
5100
< 5100 S
2 2
5 § 5050
[) b ] -
5 5050 fe S
5000
5000 4950
4950 L L L L L 4900 L L L L L
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Time(ns) Time(ns)

Figure 3.24: Energy profiles at LC2 calculated from 1-Dedhy along with the
experimental results (black solid lines). In th® Iheory, the amplitude of initial

energy perturbation is assumed to be 0 eV, 15 B¥ 38 eV, respectively.
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3.4.3 Observation of space-charge waves in beamgtwiifferent radii

We have discussed in detail the accuracy of 1-Drthéor modeling the evolution
of space-charge waves. One thing that the 1-D minaelsimplified is the transverse
complexity often existing in practice. The averdégam radius is the only parameter
correlating the transverse dynamics with the 1-8otl. In this section, we describe
some preliminary experimental research in the imHahip between matched beam
radius and the propagation of space-charge waves.

When the beam was transported through the longgimehannel, we changed the
strengths of the solenoid magnets so that a matobach radius of 4.9 mm, 3.9 mm,
and 2.9 mm inside the long solenoid channel coelabltained. Then we repeated

the experiment with these beams by measuring tirertuand energy profiles.
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Figure3.25: Energy profiles measured at LC2 for beamh diitferent match radii
(a=4.9 mm: blue dotted lines; a=3.9 mm: black shtids; a=2.9 mm: red dash lines)

in the long solenoid.
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Figure3.26: Current profiles measured by B3 for beamb ditferent match radii
(a=4.9 mm: blue dotted lines; a=3.9 mm: black shitids; a=2.9 mm: red dash lines)
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values.
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Energy profiles and current profiles for differdsgam radii are shown in Figures
3.25 and 3.26, respectively. Because the stremgthwsatching solenoids did not vary
much for beams with the same bias voltage, cupssftles measured by B1 and B2
are almost identical for beams with different radiut with the same bias voltage.
Therefore, in Figure 3.26, we only show currenffipge measured by B3.

Before discussing the experimental results, lettzall the 1-D theory and see what
it predicts for the radius change. When the beatliusadecreases, the g factor will
increase. The definition of sound speed indicabes tor the same type of particle
beams with the same main beam energy, the sourd sp@roportional to (go)*>
Hence, a decrease of beam radius results in aeaserof sound speed. On the other
hand, equations (2.35b) and (2.35c) suggest thhtlariger sound speed, the fast and
slow wave separate further for the same transpomtadistance and have larger
amplitude as well.

In Figure 3.25, for the cases of,aB80V and 35V, both the modulations
amplitudes and peak-to peak separation time dochange much for different
matched beam radii in the long solenoid channel.eiVithe bias voltage was
increased to 48 V and 52 V, both the perturbattoengiths and the separation of fast
and slow waves are relatively more sensitive tardicius change. For current profiles
shown in Figure 3.26, one can observe more conipticahanges in current
perturbation profiles than the 1-D theory predistsen the beam radii are changed.
For all cases, the decrease of beam radius bréakpréserved shape of the initial
single perturbation. In particular, for the highbras voltages case, multiple

oscillations occur inside the perturbation. As sufg it is very hard to estimate the
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difference of sound speed from the amplitude arak{e-peak separation time in
current profiles of space-charge waves.

We are not very sure if this indicates the existen€ the coupling between
longitudinal and transverse dynamics. Here, we ashpwed some preliminary
measurements to introduce this topic. To furthgestigate it, it would be helpful to

carry out more measurements on the transverse ioelud\perturbed beams.

3.5 Summary

We conducted the first high resolution measureroargnergy profiles of space-
charge waves in the LSE system before upgradeh&urheasurements have also
been conducted in the new system with more diagirsoptoviding more details of
the evolution of space-charge waves. All theseltesiave been compared with 1-D
theory and they show that 1-D theory is a good rhfmtgoredict the general trends of
the evolution of the space-charge waves.

However, some discrepancies between the 1-D modelthe experimental
results indicate the complexity of the evolutionsphce-charge waves. To investigate
the cause of these discrepancies, the simple 1-@eh® inadequate to include more
complicated issues such as envelope oscillatiomsnaich of the beam radius, and
other nonlinear effects.

From the preliminary results shown in Sec 3.4.8,dbpendence of space-charge
waves on transverse beam radius is beyond thecticediof 1-D theory and still

required further investigation.
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Chapter 4 Fast imaging of the longitudinal perturbations

In order to better understand the longitudinal ayita of the perturbed space-
charge dominated beam and probe the correlatiortsveba transverse and
longitudinal time-resolved distributions, we dissusxperimental measurements of
the transverse distributions in this chapter. Beeatlne width of the perturbation is
about 10 ns, which is small compared to the lerajththe whole beam, which is
typically 100 ns wide, we needed to develop a teplen that capture the beam
images in a time interval as small as several recwsls.

We have three different imagers for measuring trarse distributions of
electron beams: a P43 screen, an optical transiidiation (OTR) imager, and a fast
phosphor screen. The P43 screen has the advantadgghodamage tolerance of
charge densities and high intensity of light outfut it has an intrinsic 1.3 ms decay
time, which is very large compared with our typideam length, i.e. 100 ns.
Therefore, the P43 screen is used for fully tintegrated imaging of our beams. As
will be discussed in detail later, the light getedafrom the OTR imager, a silicon
based aluminum mirror, is prompt, but the intengtyery low because of the low
energy of our beams. Thus, to achieve clear tincedltransverse images of beams
with OTR, a large number of frame integrationsdidferent beam pulses is required,
which leads to a long data acquisition time. Th& fzhosphor screen, which has a
decay time of about 3 ns, is a new diagnostic towbduced to research in beam
physics for the first time by us. We have demomstteexperimentally that it is

suitable for beam diagnostic purposes. Furthermtire, light output of the fast
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phosphor is sufficient to perform progressive timselved imaging. The robustness
and practical lifetime of the fast screen stilluggs further investigation.

In this chapter, we show the first time-resolvedtpl of different electron
beams from each of the OTR screen (Sec. 4.1) anthgh phosphor screen (Sec. 4.2).

A brief summary ends this chapter in Sec. 4.3.

4.1 Fast imaging using the OTR light

In this section, we present the time-resolvemhdverse measurement of the
perturbation using an OTR imager. Since OTR scregase first installed in
diagnostic chambers in the University of Marylanttddon Ring (UMER), this
experiment was carried out using the UMER beamthin following, the UMER
system is briefly introduced first (Sec. 4.1.1)idtfollowed by an overview of the
application of OTR as a diagnostic tool for reletic beams (Sec. 4.1.2). Next, the
OTR diagnostics at UMER are described succinctgc($.1.3). Finally, we discuss

experimental results obtained from the fast imagisigg the OTR screen.

4.1.1 UMER system

As shown in Figure 4.1, the UMER, designed for $port studies of space-
charge dominated beams in a strong focusing latisca small scale electron storage
ring with a comprehensive set of beam diagnostitstp46]. The design parameters

of the UMER can be found in Table 4.1.
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Table4.1: General parameters of the University of Mamgll&lectron Ring

Energy 10 keV
Current 100 mA
Generalized Perveance 1.5e-3
Rms emittance, 4xrms, norm | 3 m
Pulse length 50-100n
Circumference 11.52m
Pulse Rep. rate 60 Hz
Mean beam radius <lcm
FODO period 0.32m
Zero-current Phase advancé,
Zero-current Betatron tund) | 7.6

Tune depression 0.2

83

Figure4.1: The photo of the University of Maryland ElectrRing (UMER).



A gridded, variable perveance Pierce-type electan is used as the beam
source. The structure of this electron gun is wemjlar to the one in the LSE system,
so by using the same methods applied in the LSEretegun, we can generate initial
current perturbation from the electron gun by mating the gun pulse voltage. In the
injection section, a short solenoid, 6 quadrupokedhorizontal/vertical magnetic
steers, and Helmholtz coils for earth’s magnegtdficompensation are used to match
the beam. After the matching line, two large apertmagnetic quadrupoles, a pulsed
dipole, and two steering magnets can inject thanbe#o the ring sections and
recirculate the beam. The ring sections of the UME&Rsist of 36 alternating-
focusing (FODO) periods over an 11.5 m circumfeeeitach FODO period contains
a 10 degree bending dipole and two quadrupole magAs indicated in Figure 4.2,
one unique feature of the UMER magnets are themtga circuit design which
benefit from the relative low field strength reaqadrby the UMER beam.

To allow detailed comparison between theory andegrpent, UMER has a
comprehensive set of beam diagnostics. There avediagnostic chambers in the
injection line and 13 diagnostic chambers along tihg. Inside these diagnostic
chambers, capacitive beam position monitors ard tesdetermine the beam centroid
and current; phosphor screens are also installetbking the transverse images of
the beam. In addition, a fast (200 ps rise time)gBe current monitor is installed
right after the first injection chamber (IC1) inder to monitor the longitudinal

current profile of the beam.
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Figure4.2: Components of one UMER ring lattice. Top: dssembling of one 64 cm
section in the ring including a diagnostic chambBnttom: a printed circuit

guadrupole and a printed circuit dipole.

4.1.2 OTR as a diagnostic tool for relativistic beas

When a charged particle beam with a constant uglqmasses through two
different mediums with different dielectric constafor example, from the vacuum to
a metal plate, the fields generated from the dartteam will change quickly and
some of the field energy is converted to opticahsition radiation (OTR) [47]. This
process can be described by a collapsing dipole.th&s charge particle beam
approaches the metal surface, the image chardsoi@pproaching the metal surface.
When it reaches the surface and stops suddenigti@adis generated.

The first theoretical prediction of the OTR was mdy Ginsburg and Frank in
1945 [48]. Later, in 1959, Goldsmith and Jelleyesosd the OTR from high energy

protons and confirmed the existence of the OTR.[#Bg first work utilizing OTR as
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beam diagnostic tool was made in 1979s by Wangkg demonstrated that the OTR
image can be used to measure beam intensity goétel the angular distribution of
the OTR pattern can be used to measure the enéeghighly relativistic beam [50].
Since then, OTR has been widely used for measuremkrthe beam energy,
divergence and emittance of the high energy be&djs For this application, a thin
foil is generally used to let the beam pass thodgha result, both backward OTR,
which is generated when the beam enter the metal the vacuum and the forward
OTR, which is generated when the beam enter thewadrom the metal foil. The
magnitude and angular distribution of them are shme. However, the center of
backward OTR intensity is in the direction of spacueflection of the incident beam
and that of the forward OTR is consistent with direction of the beam propagation
[52]. In order to measure the beam divergence, &R Onterferometer generally
consists of two parallel thin metal foils, orientdd degree with respect to the
incident beam. When the distance between thesefdug is comparable with the
vacuum coherent length, the visibility of the iféeence pattern between the forward
OTR from the first foil and the backward OTR frolretsecond foil can be used to

calculate the rms beam divergence [53].

4.1.3 OTR diagnostics at UMER

Even though the OTR has become a diagnostic todlifhly relativistic beams
for a long time, it has not been widely used fav lenergy beams because of the low
light yield and large angular distribution of thedration pattern. Because of the need
for time resolved imaging of the UMER beam, a fasaging technique using the

OTR radiation has been recently developed and imgheed in UMER. The OTR
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imager is a rotatable silicon screen which haslarth Al coating on one side and a
P43 phosphor deposited on the other side. It haa berified experimentally that
OTR observed from the OTR imager can be used fagrdistic purpose for the 10
keV UMER electron beam [54].

The angular distribution of OTR obtained from aec#don incident on a perfect
conductor can be described as the following equd&8]:

d'w _ €b® sin@g- %) . Sing
dwdW 4p°c 1+bcosg- ¥ ) kb cog

(4.1)

where W is the energy of the radiation,is the angular frequency of the
radiation, is the solid angle, e is the electron chargis, the velocity of the electron
divided by the speed of light,is the observation angle in the horizontal plarenkd
by the velocity of the electroN and n, the normal to the screen,s the angle
betweenV and n. The orientation of the OTR imager relatovéhe incident beam and
the field of view angle of the OTR light is illuated in the Figure 4.3. During the
experiment, we choose=35°. This angle is determined by the compromise beatwee
maximizing the light intensity inside the field efew and avoiding the refection of
the cathode light by the mirror. One should alstertbat since the beam energy is
very low, the electron beam has been fully stoppethe OTR imager. As a result,
there is no forward transition radiation in thisseaand the light observed is totally
from the backward radiation. The locations of thEROstations at UMER and the
measurement system setup are illustrated in Figude The OTR imagers are
installed in two diagnostic chambers: IC1, aboutB6away from the gun aperture;

and the eighth ring chamber (RC8), about 6.4 m cbream.
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Figure4.3: Angular distribution of the OTR light emittédm the OTR screen in

UMER [54]

Figure4.4: The OTR experiment setup in UMER.
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With the advantage of the prompt (~fs) time respoas OTR light, one can
obtain time sliced images of the beam using a b@hsitivity intensified gated
camera with multiple frame-integration. In our expent, we view the OTR screen
installed in IC1 with a fast (1 ns rise time) Hanasu photomultiplier tube (PMT)
with 1 ns response time to acquire the opticalaigh the OTR light so that we can
compare it with the current signal from Bergoz eatrmonitor. In RC8, a gated 16-
bit PIMAX2 ICCD camera with a minimum gate width ®ns is used to capture the
time resolved beam images. The gate pulse candgggmnmed and controlled by a
computer. By carefully synchronizing the gate pulgth the beam current signal,
sliced images for different parts of the beam cawlitained. Since the beam from the
UMER gun is relatively stable and reproducibleprmder to achieve a good signal to
noise ratio for each sliced image, multiple framese applied for each exposure of

the ICCD camera.

4.1.4 Experimental results

To generate initial current modulation in the UMB&am, we used the electrical
method by connecting a cable to the pulse generatrouit of the electron gun. For
the UMER electron gun, when the bias voltage iselothan 45 volts, the beam
current has a single positive perturbation whicltagsistent with the shape of the
modulated pulse voltage. When the bias voltageneased further, the single
perturbation on the current waveform becomes negafis discussed earlier in
chapter 3. A bias voltage of 45 V was selected rivedthe electron gun in the

amplification mode and keep the perturbation amg@étbig enough for observing the
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correlation between the transverse and longituddysamics. In addition, a gun
aperture was in use and the unperturbed beam ¢twvesnabout 25 mA.

When the bias voltage is set to 45 volts, the careeaveforms of both the
perturbed and unperturbed beam measured by Bergoghawn in Figure 4.5, in
which current profiles measured by the photo mlidiptube are also plotted for
comparison. The current profiles derived from botethods agree very well except
that the PMT signal has a relatively slower respaiesthe perturbation compared to
the Bergoz signal. This is mainly due to the resgotime of the PMT is about 1 ns,
while the typical response time of Bergoz curremnitor is 200ps. The measured
perturbation width is about 10 ns for both methddisnce, in terms of response time,
the OTR signal is more than enough for probing tfa@sverse details inside the

perturbation.
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Figure4.5: Perturbed and unperturbed beam current psafl& MER (a) without
perturbation measured by PMT at IC1 (black sohé)iand Bergoz current monitor
(red dotted line), and (b) with perturbation measuny PMT at IC1 (black solid line)

and Bergoz current monitor (red dotted line).
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Figure4.6: lllustration of the position and width of tgate window. The 15-ns gate
window covers the whole perturbation, while thes3gate window is inside the

perturbation.

Since later the OTR screen in IC1 was contamindtethg the experiment, we
were not able to carry out time-resolved imagingreéh In chamber RC8 of UMER,
we tried various gate widths of the ICCD cameraaking the sliced images of the
perturbation shown in Figure 4.5. Figure 4.6 shgwsitions and widths of two
different gate windows. A 15 ns wide gate with ®@Grame integrations was used
first to cover the whole perturbation which is abd® ns wide. Then, a smaller
window of 3ns was applied inside the perturbatids.shown in Figure 4.7 (a) and
4.7 (b), only a subtle difference in the transvelistributions can be observed for the
beam with and without perturbation for the 15-nsesl images. This indicated that
15 ns is too long an integration time to reflec ttetails in the change of transverse

distributions resulted from the longitudinal pelation.

92



The measurement results are quite interesting Her 3-ns sliced images as
shown in Figure 4.7 (c) and 4.7 (d), which exh#éisubstantial change when the
perturbation is turned off. Transversely the beamages for both cases include a
halo and a beam core. But when the perturbatiadlded, the size of the beam core
becomes smaller and the distribution of the beame less uniform than that of
the unperturbed beam. Another interesting obsemwais that the perturbation
affects the size and profile of the beam core &amtly, but not the halo. The halo
remained the same for both cases. Since the 3tasngadow cuts down a lot of
light intensity from the OTR which is not quite emise for low energy beam, for the
photos shown in Figure 4.7 (c) or (d), frame inéigns as many as 170,000 (47
minutes for the UMER beam operating at 60Hz) weseduin order to get a clear

image.
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Figure 4.7: Sliced images of the perturbed and unpertuitbesims at RC8 (left:
grayscale; right: color coded). (a) 15 ns withowrtprbation; (b) 15 ns with

perturbation; (c) 3 ns without perturbation; (d)S8with perturbation.
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To confirm that the 3-ns sliced images taken frbim ©®TR are useful, we also
tested the beam stability by taking three wholenbemages during a two-hour
interval. The results are shown in Figure 4.8 amdicate that the UMER beam is
very stable and repeatable for a long term. Thesefthe integrated image for
170,000 pulses can still provide us relatively aatal information of the beam’s
transverse behavior that affected by the pertwhatMore importantly, this is the
first comparison of transverse profiles of a beaihvand without a deliberate

longitudinal perturbation.

(@) (b) ()

Figure4.8: Beam images at RC8 obtained from the OTR laghdifferent time. (a)
the first image (top: grayscale; bottom: color abd¢b) 30 minuets later (top:
grayscale; bottom: color coded) (c) 2 hours laigp:(grayscale; bottom: color coded)

All the photos were taken using the same cametiaget
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4.2 Fast imaging using a fast phosphor screen

The fast phosphor screen is composed of a ZnO:@asded quartz plate with
thin transparent aluminum coating. The peak lightpat of this screen occurs at a
wavelength of 390 nm, and the beam image is vigdkhe unaided eye. Since there
iS no previous experimental testing data of the imam current density current
tolerance, normal life time or spatial resolutioraigable to us from the commercial
manufacture, we need test the screen experimeritellgre utilizing it for beam
diagnostics.

In the following, we first briefly describe the esqimental setup for the fast
imaging experimental using a fast phosphor screeBeic 4.2.1. Then, experimental
results of parabolic beams are discussed thoroughbec 4.2.2. Next, in Sec. 4.2.3,
we apply this fast imaging technique to rectangbl@ams with both negative and
positive perturbations. Finally, we present thegitudinal energy profiles of the

beams we have measured.

4.2.1 Experimental setup

The fast phosphor screen was first installed inli8& system for testing. As
shown in the Figure 4.9 (a), the fast imaging mesment was carried out at the front
part of the LSE system. The screen is installedhi& bracket under the high
resolution energy analyzer in LC1.

During the experiment, beams with different currg@mofiles but the same
nominal energy of 5 keV are generated from thetelacgun. From the gun aperture
to the chamber, the beam is focused by S1 and &&gebn which a Bergoz current

monitor is used to monitor current profiles. Simtia the OTR experiment in UMER,
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the PMT and the ICCD camera are used for obtaitiagptical signal emitted by the
fast phosphor screen in LC1. The setup of the obatrd data acquisition system is
illustrated in Figure 4.9 (b), where a computensgd to control the PIMAX 2 ICCD

camera through a digital controller.

(@)

(b)

Figure4.9: System setup for the fast imaging experimehiSE. (a) the beam line
used for fast imaging in LSE system; (b) set uthefdata acquisition system of fast

imaging experiment in LSE.
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4.2.2 Time resolved measurement on the parabolic ape beam

By connecting a low-pass filter to the transmissiable of the pulse voltage, the
pulse voltage can be modified to a nearly paratsii@pe. When the gun is working
in amplification mode, the beam pulse will have imilar shape. Since the
longitudinal current of the parabolic beam is nohstant, it is a very good candidate
to test the response characteristics of the fagsgior screen. At the same time, it
will also be interesting to see the correlatiorwasin the transverse and longitudinal
dynamics of the parabolic beam. An aperture witlagius of 1.6 mm is applied to
reduce the beam current since we do not know tlaegehcollection limit of this
screen. By changing the bias voltage of the elacgn, beam current profiles with
different peak current values can be generatedhib experiment, we used two
different beam profiles with the peak current ofrfZ8and 13 mA respectively. We
can also achieve moderate current by increasingpiigevoltage without applying an
aperture. However, in this case we need operatguheclose to the cut off mode,

where the beam is relatively unstable in practice.
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Figure 4.10: Parabolic shape beam current profiles medshye Bergoz current

monitor (blue and black solid lines) and PMT (rexd green dotted lines).

As mentioned earlier in the OTR experiment, theckgest way to measure the
response time and charge linearity of the fast phasscreen is to compare the beam
current profile, which is measured by capturingliet signal from the screen with a
PMT, with that measured by a Bergoz current moniidre comparison has been
illustrated in the Figure 4.10. Since the biasagét for the 13 mA parabolic beam is
higher than that of the 23 mA parabolic beam, tidthy defined as 20%-t0-20% of
the maximum amplitude, of the former is 27.4 nsaléen than that of the latter one,
i.e. 41.2 ns. For both beams, the results indith#t the light signal from the
phosphor responds nearly as fast as the Bergoal sgoept for a relatively slow tail

from 20% of the maximum amplitude to zero. Further the good fit of the pulse

99



shapes for both signals also proves that the fassghor has a linear response to the
charge impinging on it. Given all these featurég, tast phosphor signal is reliable

for diagnostic purpose on the beam. However, amlthtiissues such as life time and

the maximum charge density tolerance of the scva#rstill require more detailed

experimental investigation.
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Figure4.11: The image of the 23 mA parabolic beam, irgtegt over the entire beam

pulse (left: greyscale; right: color coded).

Before taking the sliced images, a 150 ns long galse was applied to the
ICCD camera so that an integrated image of the &vB8ImA parabolic beam can be
recorded. The result is shown in Figure 4.11. Fhmth the grayscale and the color
coded version of the beam photo, one can findttitebeam has a relatively smooth
distribution transversely, more or less like a Gaus distribution. During the
experiment, the currents of solenoids S1 and SZ2veat to 4.7 A and 3 A,

respectively.
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Figure4.12: Progressive 3 ns sliced images along the®anabolic beam. Top:

color coded; bottom: grayscale.
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Since the light intensity of the fast phosphorighhenough that the beam image
can be directly seen by eyes, it only took 6 framegrations, about 0.1 second for
the 60Hz beam, to obtain this integrated imagéefthole beam. By simple scaling,
one can estimate that a clear 3-ns sliced photiotakie about 10 times more frame
integrations than that of the whole beam imageclwig still about 1 second only.
Therefore, by moving the 3-ns gate window of th€BCcamera from the beam head
to the beam tail with a time interval of 3 ns, aeseof 3-ns sliced beam images can
be taken progressively along the beam quickly dficiently.

Figure 4.12 shows the progressive images of thenhesing this method. The
current value in each image is calculated fromdteed total light intensity of that
image, which is proportional to the total chargetire 3 ns window and hence
proportional to the average current as well. TheetD ns represent the start point of
the imaging process which is chosen to be neabé¢hen head. One can easily notice
that the 0%-t0-0% pulse length obtained from theedl images is more than 70 ns,
while the 0%-t0-0% pulse length measured by theg&elis only about 54 ns. The
reason for that is partly because of the relatigbbyv falling tail of the light signal.
On the other hand, the dynamic range of the 1@dntera is so wide that we can
capture the 3-ns sliced beam image with a curremdwa as 0.19 mA, which can not
be detected by our oscilloscope from the BergonaigOther than that, more
interesting correlations between transverse anditietinal dynamics are shown in
the sliced images. Both the beam sizes and trases\distributions are changing all
the time along the beam affected by the parabohgitudinal current distribution.

Consistent with the symmetry of the longitudinalreat profile, the images with
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similar average current have almost identical dhatron. None of these sliced

images has a similar distribution with the wholeameimage in Figure 4.11 even

though the same image as Figure 4.11 can be achlevedding up all the sliced

images. The distributions at the low current paftthe parabolic beam, i.e. close to

both beam head and tail, are more or less symmetdcsimilar to the whole beam

image. For the high current parts of the beam,between 24 ns and 51 ns, the

internal transverse density distribution of therheshows a changing structure. This

structure appears to show higher order modes ofy bgdsma waves. These

transverse waves may be originated from the nofermiemission from the cathode,

which introduces transverse perturbations and gatearansversely [56].
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Figure 4.13: The total light intensity of each sliced ireagcaled

beam current profile.

80

according to the

As mentioned earlier, the light intensity of eaditcesl image can be used to

estimate the average current for the beam thatlited image represents. Figure 4.13
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shows that these average current estimates fitthtlcurrent profile measured by the
Bergoz current monitor very well. This is also aywegood evident for the charge
linearity of the light output from the fast phosplsoreen.

From the 3-ns sliced images along the beam, weealéne two times rms radius
of the beam envelope, which we plot as a functibtinee in Figure 4.14, where X=
2xms and Y= 2yms stand for the radius of the beam envelope in bated and vertical
directions, respectively. As a result of the asyimimelistributions and exotic patterns
for the higher current part of the beam, i.e. betw27 ns to 48 ns, the beam has a

larger radius in the vertical direction than in tlaizontal direction.
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Figure4.14: The rms radius (X: horizontal, Y: verticaf)tbe envelope for the 23mA
parabolic beam, measured from the sliced photos.atleuracy is about 1% resulting

from the error in estimating the spatial resolutddreach pixel.
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4.2.3 Time resolved imaging on the longitudinal peuarbations

The experimental results from previous sectiongisive parabolic beam validate
the new type of phosphor screen as a fast imagiobdn our beam. In order to
achieve the information of the correlation betwé®ntransverse distribution and the
longitudinal current perturbations, we carried edperiments of the time resolved

imaging on the longitudinal perturbations.

Figure 4.15: Current profiles of rectangular beams witlal avithout perturbations.

Bias voltage is 59V for both cases.

Both negative and positive perturbations were ohiced into the rectangular
beams at LSE system. For each of these cases/dtigor gun was operated in
amplification regime by setting the bias voltages® V. If a gun aperture, which is
1.6 mm in radius, is in use, a negative currentupleation can be observed as shown
in Figure 4.15 (a), in which the main beam currentabout 25 mA and the
perturbation strength is about 20%. Furthermonecsangular beam with a positive

perturbation can be achieved when the beam apeduremoved. Figure 4.15 (b)
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shows the beam current profile with a positive ydtion when the aperture plate is
not applied. The main beam current is about 40 mé\the perturbation strength is
over 100% which will introduce extremely nonlineaffects. By connecting or

removing the perturbation cable from the controtwt of the electron gun, we can
turn on and off the perturbations in both the 25 bgam and the 40 mA beam.

Beams without the perturbations are also presantEdjure 4.15 for comparison.

x 10"

16

Figure4.16: Integrated images for the whole beam. Topm25beam with a negative
perturbation; Bottom: 40 mA beam with a positivetpebation. For both cases, the

bias voltage is 59V; the current for S1 and S24aré and 3.4A, respectively.
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Using the same technique as for the parabolic béaith, time-integrated images
and progressive time resolved images were takethé25 mA beam and the 40 mA
with the perturbations turned on and off. The indgd images of these two beams
with perturbations are shown in Figure 4.16 alonighwhe color-coded version
respectively. The time-integrated images for thge beams without perturbations
look the same as those with perturbations, thezefoe do not show them here. The
photos in Figure 4.16 are taken with the same \atis exactly same focal length, so
they have the same spatial resolution per pixeérdiore, we can directly compare
the beam sizes from these photos and find thad@m@A beam has a slightly smaller
beam size. This is because the envelope oscillatbnhe two beams were different
due to the same magnets strengths using in exparinhe addition, the internal
particle density distributions of both beams aré¢ nniform and show different

structures which may indicate some sort of higheottbdy waves.

107



Figure4.17: Progressive 3-ns sliced images of the 25 edxrbwith a negative

perturbation (grayscale).
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Figure4.18: Progressive 3-ns sliced images of the 25 edrbwith a negative

perturbation (color-coded).
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Figure4.19: Progressive 3-ns sliced images of the 40 esbwith a positive

perturbation (grayscale).
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Figure4.20: Progressive 3-ns sliced images of the 40 eabwith a positive

perturbation (color-coded).
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Figure4.21: Comparison of the total light intensity aner§oz signal. (a): perturbed

25 mA beam; (b): perturbed 40 mA beam.

The progressive sliced 3 ns images for the 25mArnbedth a perturbation are
shown in Figures 4.17 (greyscale) and 4.18 (cotated), covering a length of 126 ns
from the beam head to tail. The labelled currettiesin the images are calculated
from the scaled light intensity as we did with tparabolic beam earlier. The
comparison of the current profiles derived from fight intensity and Bergoz
monitor is shown in Figure 4.21 (a), which is halpfor locating the longitudinal
position of each image. The 25 mA beam has a velstiflat top, i.e., a constant
current, except for the perturbation region whee gerturbation was turned on.
Consequently, the time-sliced images show almodlifierence for the unperturbed
part of the beam between 22 ns and 84 ns, indga#inconstant transverse
distribution due to the constant beam current. Bygaring these images with the
integrated image shown in Figure 4.16, one can tliadl they have extremely similar
transverse distributions. It is quite obvious tteg images with average current of

22.8 mA and 22.4 mA, which were taken inside thetyskbation, have slightly
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smaller sizes and different internal density dmttions than images taken at other
locations along the beam. Another interesting olzem is that, for both perturbed

and unperturbed parts of beams, the image of tlanbeonsists of a dense core
surrounded by a faint halo.

Progressive sliced images covering the perturbatfdhe 40 mA beam are shown
in both Figure 4.19 and Figure 4.20. Average cusr@alculated from scaled light
intensity are shown in Figure 4.21(b) along witle tBergoz signal and also are
indicated on the top of each sliced image. Theeturprofile of the 40 mA beam is
tilted with a slope, which leads to a continuousent decrease along the beam. As a
result, the beam size varies accordingly and becontieeably smaller towards the
beam end. From Figure 4.19 or 4.20, the imagedersie perturbation can be easily
identified and correspond to average currents o2 A, 68.6 mA, and 51.1 mA,
which have significantly bigger current values tlwdiner images.

For better comparison of the beam with and withgerturbations, we show the
sliced images covering the perturbation along with images taken at the same
location for the unperturbed beams in Figure 41@Figure 4.22(b), the first photo
was taken at the onset of the perturbation andotimth photo was taken at the end of
the perturbation. Photos in Figure 4.22(a) werenakt the same locations with those
in Figure 4.22(b) but without a perturbation. Tloeif photos in Figure 4.22(a) are
almost identical, as expected from the constantgitodinal distribution. By
comparing the second and the third photos in Figu2@ (a) and (b), one can find
that both transverse distributions and sizes chadrgenatically in the perturbed

region when the perturbation is turned on. Inslik perturbation, the beam core is
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more intense and smaller than any other parts ambewhile the halo ring around

the core is smaller and weaker. Nevertheless, lmeaas for all cases show a hollow
distribution, which may be a sign of the existentéransverse space charge waves.
The correlation between transverse and longitudirsales can be a very interesting

topic for future study.

Figure4.22: Comparison of sliced images of perturbedwargerturbed beams. (a)
unperturbed 25 mA beam; (b) perturbed 25 mA beajmyrfperturbed 40 mA beam,;

(d) perturbed 40mA beam.

In Figure 4.22 (c) and (d), we compare the 40 mAnk®e with and without a
perturbation. Similar to the 25 mA beam, inside pleeturbation of the 40 mA beam,

the beam core is more intense and the halo becammaser. But, due to the positive
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polarity of the perturbation, the beam core ishtkg bigger than other parts of the
beam. Hollow distributions of the beam cores efostall the 8 photos even though
the hollowness is not so obvious for those indmeerturbation.

Following a similar procedure as to the parabokarh, we can also calculate the
rms radius for the envelope of the 25 mA beam a@hdnA beam. Furthermore, the
time resolved current density along the beam candrered from the current and

envelope information.

Figure 4.23: The rms radius of beam envelope for differbeams. (a) 25mA
perturbed beam; (b) 40 mA perturbed beam; (c) 25unperturbed beam; (d) 40 mA

unperturbed beam.

115



The rms radius of the envelope for the perturbedl @mperturbed 25 mA beams
calculated from the sliced images can be foundiguré 4.23(a) and Figure 4.23(c)
respectively, which indicate smaller transversenbeadius inside the perturbation.
Due to the positive perturbation of the 40 mA betime, beam sizes increase slightly
inside the perturbation as shown in the plot ofegheelope along the perturbed beam
in Figure 4.23(b) in comparison with the unpertarbdgeam envelope in Figure
4.23(d). Although the perturbation amplitude of #temA beam is much higher than
that of the 25 mA beam, the increase in beam sizéhe 40 mA beam is much
smaller than the decrease in beam size of the 25b@#m. There is no clear
explanation for this observation now, but it majate to the envelope oscillation

causing by the two matching solenoids S1 and S2.
If we define a quantityd, :%, where | is the current, by normalizidg along

the beam pulse, we can derive the normalized cudemsity as a function of time. In
Figure 4.24, we plot the normalized beam curremt emrent density for both the
perturbed 25 mA beam and perturbed 40 mA beam. diesee for both cases, the
current density increases inside the perturbategandless of negative or positive
current perturbation. This is consistent with tlaetfthat both beams are actually
identical inside the gun and the gun aperture cabg down the current rather than

change the density.
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Figure4.24: Normalized current density profiles and ndrnea current profiles of

the perturbed 25 mA (left) and 40 mA (right) beams.

4.2.4 Correlation with the longitudinal energy proile

Fast imaging over the beam pulse provides us taselved information of the
transverse configuration space. With the energyyaeain LC1, we can measure the
longitudinal phase space at the same location effdst phosphor screen. Also,
comparing the energy profiles measured at LC1 a@P Lwill add to our
understanding of the evolution of the longitudidghamics of the parabolic beam
and the space-charge waves of the two rectangakms. In this section, we present
these energy measurements results of the 23 mAgardeam, 25 mA perturbed

rectangular beam, and the 40 mA perturbed rectangpeglams.
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Figure4.25: The longitudinal mean energy profiles of plagabolic beam measured at

two chambers ((a): LC1; (b): LC1 and LC2).
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Figure4.26: The longitudinal mean energy profiles oftive rectangular beams
measured at LC1 (black dotted lines) and LC2 (adidl éines). ((a): 25 mA beam; (b):

40 mA beam).
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The measurement results of mean energy profilekeoparabolic beam in LC1
and LC2 are shown in Figure 4.25. At both locatighe energy profiles exhibit very
similar shapes of a roughly linear tilt at the ezrand two ear shapes structure at the
head and tail. The tilted mean energy is due tos#lé electric field inside the
imperfect parabolic beam. Equation (2.26) indicdled the self field is proportional

L . o .
to 9‘21—. If we assume that the g factor is a constant langitudinal velocity
z

variation is small, the distribution of line chardensity L has a parabolic shape too.
Thus, the self electrical field is a linear functialong the longitudinal direction of

the beam. However, the g factor is not a constimmigathe beam due to the envelope
oscillation, as indicated in Figure 4.14. Therefatee shape of the mean energy

profiles in Figure 4.25 may suggest that near thanb center, the value of the
longitudinal self field is dominated b% exhibiting a linear relationship with z, but
z

at both the head and tail, it is dominated by th&ue of g, where the self field
decrease with the increasing beam size.

The measurement results in Figure 4.26 are consigfiéh earlier measurements
shown in Figure 3.19, but some discrepancy stilstex Due to the negative current
perturbation of the 25 mA beam, the energy prafdilespace-charge waves should
have a negative peak of fast wave and a positiak& peslow wave. However, in LC1,
we observed a small energy modulation with two pdakving opposite polarities. It
is possible that at LC1, the 25 mA beam still peses the signature of the

modulation in the gun pulse voltage.
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4.2.5 Time resolved transverse phase space measuesin

By illuminating an object from many different ditems, the cross-sectional
imaging of the object can be reconstructed fromegitransmission or reflection data.
Such a technique that is referred as tomographybbas widely used in medical
imaging and many other non-medical applicationceRgy, it has been employed as
a technique to construct the transverse phase sigatg quadrupole magnets [30, 57,
58] and solenoid magnets [56]. The fast phosph@escprovides us the capability to
constructed time-resolved transverse phase spadhisl section, we present some
preliminary results of time-resolved phase spacasmement of the 23 mA parabolic
beam using the tomography technique. For more Idetdout the tomography

technique, please see reference [59].

Figure4.27: lllustration of positions where the transegphase space are measured

in the 23 mA parabolic beam [59].
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During the experiment, we choose five differémtations along the beam to
construct the phase space as shown in Figure ZI2§.measurement results are
shown in Figure 4.28 along with the transverserithistion of the beam, i.e. XY
configuration space. For the parabolic beam, tlarbeurrent is symmetry as well as
the transverse distribution. Consistent with thensyetry parabolic beam, both the
configuration space and phase space are almodtadkior longitudinal beam slices
with similar average current. For the beam slicewnore structures in configuration
space, such as the slice between 33-36 ns, theréeaer structures in the phase

space than those have more smooth distributioonfiguration space.

Figure4.28: Time-resolve&XXdphase space of the 23 mA parabolic beam (left:

configuration space; right: phase space) [59].
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We can obtain the time dependent slope and emétanafile from the time-
resolved transverse phase space. They will be lusafuhe simulation study of
longitudinal beam dynamics in future. Furtherma@nbining with the longitudinal
energy profile measured by the energy analyzerCit shown in Figure 4.25(a), we
have constructed full 6-D phase space distributiamsch can be beneficial to future

3-D simulation by providing detailed initial conidits.

4.3 Summary

In this chapter, we demonstrated two techniquesfdst imaging of the
longitudinal modulations in space-charge domindtedms. With OTR stations in
UMER, we observed that the transverse distribusioth beam size are affected by the
longitudinal dynamics in space-charge dominatedriseddowever, even though the
beam in UMER was extremely stable, a fact veriiegberimentally, the low light
intensity still became a major limitation. Thus, alternative diagnostic technique
using a fast phosphor screen has been developedudindvalidated in the LSE
system. Progressive time resolved images haveth&en for different beam profiles:
a parabolic beam, two rectangular beams with arowt perturbations. The results
are very promising and encouraging in the sense ttiea time resolved images
provide a lot of information which an integratianage could not show. In addition,
the fast phosphor screen and the high resolutienggnanalyzer enables us, for the
first time, experimentally construct the 6-D phapace distribution of a space-charge

dominated beam.
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The sliced images are beneficial to the simulastudies of the space-charge
waves in chapter 5 by providing detailed initiartsverse envelope profiles. Also, at
the same position of the fast phosphor screen, ave lthe high resolution energy
analyzer, which can provide the time resolved engigofiles along the beam.
Therefore, we can set up the WARP simulation stgrirom LC1 instead from the
gun aperture, where the initial conditions of tleamms are not very clear for us. In
next chapter, we will present our efforts in WARR@lations using more realistic

initial conditions measured from the experiments.
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Chapter 5 Simulation Study on Space-Charge Waves

Computer simulations are particularly useful fosadivering and explaining the
unknown physics encountered during the experimé&Mith proper modeling,
simulations can also be used to direct the experiahstudy and predict new results.

In this chapter, we apply WARP simulations to irtigege the physics that
cannot be fully understood using 1-D theory. Sek describes simulation of the
23mA parabolic beam. Then in Sec. 5.2, we studyebaution of space-charge
waves in the 25 mA and 40 mA perturbed rectangoéam using the new WARP

codes in lab frame. Finally, Sec 5.3 concludes waime general remarks.

5.1 Simulations of the Parabolic Beam

The 23 mA parabolic beam has been used to tesash@hosphor screen in the
pervious chapter. In a similar manner, we staristhmulation study with this beam by
comparing the simulations results in both the beand lab frame with the
longitudinal energy profiles measured by the higgoiution energy analyzers.

WARP [34] has the capability of simulating the beanthe beam frame or in the
lab frame. In WARP beam frame simulation, we filgad a 3-D distribution of
particles conforming to the measured current wavefat B1. We then make
assumption regarding other parameters such as dbm radius and slope to be
constant. WARP then moves the beam center angatilbs grids for a distance equal
to the length of the beam transport line. As alteall the simulation data is acquired
at different spatial locations but at the same tiomike the experiment where data is

collected at the same location as a function oétim
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Lab frame simulations in WARP involve injecting peles as a function of time
from one end of a fixed grid. We have full contoder the injected particle density,
energy, radius, and emittance at each time stepyialy us to completely match our
input distribution to measured experimental datatpOt data are similarly extracted
as a function of time at a given location, exaedy/the experiment. This promises

better agreement between them.

Figure 5.1: The initial condition for the beam current tine simulation. In the
simulation, we use positrons instead of electrdmsrefore, the current profile shows

positive amplitude here.
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First we simulated the transport of the parabo&arb in the LSE system using
WARP-RZ code in beam frame. We assume uniform fogu® represent the long
solenoid with focusing strengtki=70.5m?>. As shown in Figure 5.1, the current
profile measured by B1 was imported into WARP asitfitial condition of the beam
current. Since the simulation is in the beam frame,need transfer the measured
current profile, a function of time, into the bedmmme by multiplying the time axis
by the main beam velocity. We use a semi GaussmantHe initial transverse
distribution, which is uniform in space and Gaussravelocity space, with a uniform
temperature. We assume a constant initial radics%Mmm, the matched radius of 14
mA beam inside the long solenoid, a zero slope, aednstant longitudinal kinetic
energy of 5050 eV along the beam. Numerical settfogsimulation are: the particle
number is 200,000; time step for pushing partite®.36x10"° second; the number
of cells in the x or y direction is 32; the numloércells in the z direction is 256; the
grid spacing in x or y direction is 5.95%4én; the grid spacing in z direction is
8.24x10° m. These numerical parameters have been testechdoree adequate
accuracy.

We took a snapshot of the mean energy profileshefliteam when the beam
center was transported for 40.5 cm and 234.0cmthesdistance from the aperture
plate to front plates of two energy analyzers ifElsystem. The simulation results for
the longitudinal mean energy profiles at LC1 and2L&e compared with those
measured by energy analyzers in Figure 5.2. Oneldghmte that the vertical scales

of Figure 5.2(a) and 5.2(b) are different.
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Figure5.2: Comparison of mean energy profiles of the 28parabolic beam
between the WARP simulations in the beam frameckbtiash lines) and the

experimental results (blue solid lines). (a): atl,.(b) at LC2.
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In LC1, the simulation result has a good fit wikie texperimental measurement
for the center of the beam, namely from 30 ns tasSMut a relatively large
discrepancy for the beam head and tail. The sinmaesult shows higher energy for
the head and lower energy for the end than thosasuned in the experiment. In
addition, the energy profile from the simulationogls more oscillations than the
experimental results On the other hand, there ggedri difference between the
simulation and experimental results in LC2. The wation result exhibit a larger
slope for the beam center. Since the tilt of theamenergy profile is due to the
longitudinal electric field, the differences in Eig 5.2 between the simulation and
the experiment indicate that the longitudinal elecfield calculated in WARP is
different from the real field in the experiment.eldiscrepancy can be due to the
following facts: First, in beam frame simulatioreadm head travels longer distance
than in experiment, while the tail travels shoéstance. Second, the beam frame
simulation does not have adequate transverse iaftwmof the beam. Third, there is
a discrepancy between the uniform focusing modeMWARP and the solenoid
channels in reality.

To address these issues, we set up a lab frame \WRYRSImulations for the
parabolic beam with individual solenoids that h#ve same strengths as those used
in experiment. Here, we start the simulation frdme front surface of the energy
analyzer in LC1 instead of the gun aperture. Bezaus have both a fast phosphor
screen and an energy analyzer at this plane, &t teae step we inject a different
energy and transverse radius. Like the beam framalaion, we still use a semi

Gaussian for the initial transverse distribution.
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(a) (b)

Figure5.3: Lab frame simulation input parameters forgheabolic beam. (a): On-
axis magnetic fields strengths of solenoids; (gated beam current profile; (c):

beam envelope profile; (d): longitudinal mean véioc
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Each of the measured mean energy and currefiegrhas a time resolution of 0.2
ns, but the transverse envelope profile shown guié 4.13 has a resolution of 3 ns
only. For the convenience of particle injections WMARP, we interpolate the
measured data of envelope radius linearly so tl@a2 s resolution can be achieved.
We assume zero slope and a constant emittance omndiitially. The time step in
the simulation is 2.09x18 second, thus about every 10 steps, we changeithent,
energy and radius of the injected beam. In additwa inject 40 particles per mA
each step and about 1.5 million for the whole satiah. Since we start the
simulation from LC1, only S3, S4, and S5 are useset up the focusing channel. In
order to minimize the boundary effects on the sanoh result at the end of the
transportation line, we transport the beam 31 cyoheé the front plate of the second
energy analyzer before it hits the boundary. Tlhugrder to focus the beam in this
short distance, we placed a solenoid identical3anShe simulation. This solenoid,
S6, will not affect the simulation results becaitsis placed 12 cm away from the
energy analyzer in LC2, which is a relatively ladistance compared to its effective
length shown in Table 3.1. The on-axis magnetid$istrengths in WARP are shown
in Figure 5.3 along with the current profile, mearergy profile, and envelope profile
measured at the starting point as functions of .tifugthermore, the number of cells
in the x or y direction is 32; the number of cefisthe z direction is 2048; the grid
spacing in x or y direction is 6.25x1fn; the grid spacing in z direction is 1.10%10

m.
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Figure5.4: Comparison of WARP simulation results (beaamfe: black dashed line;

lab frame: red dotted line) and the experimentsliitgblue solid line) at LC2.
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Figure 5.5: Current profiles of the parabolic beam obtdifeom WARP and

experiment. (a): current profiles measured at L@t @otted line), B2 (blue dashed
line), and B3 (black solid line) in WARP, respeeli;, (b): comparison of current
profiles measured by B3 obtained from WARP (blagkdsline) and experiment (red

dotted line).

In Figure 5.4, we present mean energy profilesinbtafrom the experiment,
and from WARP simulations in both the beam andftames. It clearly shows that
using the simulation in the lab frame, we achiewgcimbetter agreement with the
experimental measurement of the mean energy prafibevever, some discrepancy
still exists. For example, the measured energyilprat the beam center is not as
linear as that predicted by the simulation. Thiggasts that the longitudinal electric
fields calculated in the simulation are more lindan those acting on the beam in
experiment. Since the longitudinal electric fi€gis related to the derivative of line
charge density, we should be able to find somesalueurrent profiles. Figure 5.5(a)
indicates that the current profiles are almost tidahat different locations from LC2

to B3 in the WARP simulation. The preservation ofrent profiles during the beam
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transport can lead to invariance Bf On the contrary, by comparing the current
profiles at B3 obtained from the simulation andemmpent in Figure 5.5(b), one can
find some beam loss that occurred in experimenta Assult, the current profile has a
different shape after the transport, especially ¢herent modulation at the beam
center. Also the longitudinal self electric fielddomes more complicated due to the

beam loss.
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a
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Figure5.6: Simulations results of mean energy profiles @2 with different initial
conditions for the parabolic beam. Sim I. injectasared current, envelope, and
energy profiles (black solid line); Sim II: injesteasured current, energy profiles and
a constant beam radius of 5 mm (red dotted ling) 18: inject measured current,

envelope profiles and a constant beam energy d 895(blue dash line).
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To study the sensitivity of the simulation resutisdifferent initial conditions,
we performed two more simulations by changing thi&al condition at injection.
These include fixing the initial beam radius at 5nmand injecting a beam with a
constant energy of 5050 eV. We demonstrate all Isition results in Figure 5.6. The
output energy profile does not change much whemjeet a constant beam radius of
5 mm instead of the measured beam envelope prdiile,it change significantly
when we inject constant beam energy. When theaingtnergy is fixed at 5050 eV
longitudinally, the peak value of the mean energyfile in LC2 is reduced by about
18 eV in WARP. On the other hand, the mean energfil@, measured at LC1 in
experiment, has a peak value of about 5068 eVhawrs in Figure 4.24(a). These
may indicate that the energy gain in longitudinadction is not sensitive to the initial
energy profile too. Furthermore, we also compaeectirrent profiles measured at the
location of B3 for different simulations. They acgally identical and consistent with
the profile injected initially.

All the above observations can be explained byfeHewing facts. In LC2, the
ratio of the velocity modulation over the nomina@lacity of the beam is less than
0.6%. It is still too small to affect the line char density distribution and the
longitudinal self electric field significantly. laddition, the beam pulse is more than
2.5 m long, leading to the slow variation of theelicharge density. Thus the beam

will not expand noticeably for a distance of 2.3 m.
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5.2 Simulations of rectangular beams with perturbabns

In this section, we apply the simulation technigiseng WARP in lab frame to
the 25 mA and 40 mA perturbed rectangular beams;hMhave been discussed in
chapter 4. As discussed in the previous sectioa,ttAnsport channel in WARP
consists of 4 solenoids starting from LC1. The rgites of the solenoids are set
according to those used in experiments. Since éneupations for both beams are
less than 10 ns wide and the longitudinal shapeshefunperturbed beams are
rectangular, we inject only a part of the beam adothe perturbation in order to
improve the efficiency of computation. Longer beash$0 ns have also been tested
to ensure that the truncation does not affect thrulation results. As before, we
compare the beam current profiles and mean energijles from simulations to
experimental data and analytical results from lalzwation for both cases. We also
present sensitivity studies to investigate effedtslifferent initial conditions on the
final results. Sec. 5.2.1 shows results for thenZobeam, and Sec. 5.2.2 shows those

for the 40 mA beam.

5.2.1 Simulations of 25 mA beam

For the 25 mA perturbed beam, we inject part ofitbam, 38 ns out of the full
length of about 100 ns. The initial transverse besre, longitudinal current and
mean energy profiles are injected by importing tiieasured data shown in Figures
4.22(a), 4.20(a), and 4.25(a), respectively. We theesame numerical settings as
those in the lab frame simulations of the paraboiam. Figure 5.7 shows the initial

transverse beam size, current and velocity profdad on-axis magnetic fields.
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Figure5.7: Initial conditions and solenoids settingstfoe 25 mA beam. (a): On-axis
magnetic fields strengths of solenoids set upinjected beam current; (c): the beam

envelope; (d): the beam longitudinal mean velocity.

137



5120

5100

5080

Energy(eV)
3
3

a
o
B
o

5020

5000

30 35 40 45 50 55 60 65 70 75
Time(ns)

30

250 A SN

20+

15+

Current(mA)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
\
————— WARP :
1
1
1
1
1
1
1
1
1
1
1
\
\
\

AY
L 1 \

1 1
30 40 50 60 70 80 90
Time(ns)

Figure 5.8: Comparison of results from the experiment €bswlid lines), WARP
(black broken lines), and 1-D theory (red dotte@d) for the 25 mA beam. (a): mean
energy profiles at LC2; (b) current profiles at BE3urrent profiles have been flipped

to show positive current values for the convenierafe indicating negative

perturbations.
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In addition to the WARP simulation, we also try geedict the evolution of
space-charge waves of this perturbed 25 mA beanguke 1-D theory. In the 1-D
model, we assume the following beam parametersdaus of 2.7 mm; a nominal
beam energy of 5050 eV; an unperturbed main beamerduof 25 mA; an initial

current perturbation strengthof 0.2; an initial energy perturbation of 10 e\erite,
we can derive the sound spegd=1.87" 10m /sand thea - factor a =-0.11. In

Figure 5.8, we present both mean energy profildsC& and current profiles at B3
obtained from the experiment, WARP simulation, atdD cold fluid theory,
respectively.

In energy profiles, the peak-to-peak amplitudeghef energy modulations are
close for all cases, namely 90 eV, 94 eV, and 100f@ the results from the
experiment, WARP, and theory, respectively. Theassjon time between the two
peaks of energy modulations are also consistert thi¢ difference of the peak-to-
peak amplitudes: the 1-D result has the largesaragipn and the experimental
measurement shows the smallest. These suggesh tegperiment the space-charge
wave has a smaller sound speed than those prediciedboth WARP and 1-D
theory.

The current profile from the 1-D model exhibits thtart of separation of fast
and slow waves, but both results from WARP and ewxpnt indicate a single
negative peak in the current waveforms. Also, thepldude of the experimental
results is the largest among these three tracesieAsave analyzed in Figure 3.17(a),
when the two wave components are moving apartdrctinrent profile, their sum will

first exhibit a single peak with smaller amplituailed wider shape before developing

139



into two clear peaks. Thus, the comparison in FEgGr8(b) leads to the same
conclusion as that in Figure 5.8(a): the averagendospeedc,in experiment is
smaller than the theoretical prediction and nuna¢isanulation. However, the result

from the WARP simulation is closer to the experitaénesults than that from the 1-

D model.
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Figure5.9: Simulation results of mean energy profilek @2 with different initial
conditions for the 25mA beam. Sim I: inject meaduwrerrent, envelope, and energy
profiles (blue solid line); Sim II: inject measuredrrent, envelope profiles and a
constant beam energy of 5050 eV (black dash |@i@); 1ll: inject measured current,

energy profiles and a constant beam radius of 3m(rad dotted line).
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To test the sensitivity to initial conditionse ran additional WARP simulations
with different initial data. From the results shownFigure 5.9, one can see that the
longitudinal energy profiles are not affected by thariation of particle injection
methods. As shown in Figure 4.25(a), the energyulatidn in LC1 is relatively
small, therefore there is almost no difference leetwthe longitudinal energy profiles
obtained from SIM | and SIM Il. Furthermore, acdogito the 1-D theory, the g-
factor depends on the average beam radius of tae.b®n the other hand, the
change of radius initially still produces a simitarerage beam radius to that of SIM I.
Thus, we obtain similar results from SIM | and Wccording to the above analysis,
the physics in longitudinal space-charge waves gowg the WARP simulations is
still consistent with the 1-D cold fluid theory neoror less. In other word, the
longitudinal and transverse dynamics are still $yngorrelated through the g-factor.
However, the WARP simulation is still a simplifiedodel, a full 3-D simulation,
which can include the details of the transvers&iligion, may be required to study

the longitudinal-transverse coupling.

5.2.2 Simulations of the 40 mA beam

We now turn to the 40 mA beam. In Figure 58, illustrate the initial conditions
and on-axis magnetic field distribution used in WARP simulation. Here we only

inject a beam 40 ns long instead of the whole pulse
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Figure5.10: Initial conditions and solenoids settingstfur 40 mA beam. (a): On-

axis magnetic fields strengths of solenoids se{lojpinjected beam current; (c):

beam envelope ; (d): longitudinal mean velocity.
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In the 1-D model, the beam radius is 4.3 mm; thminal beam energy is 5050
eV; the unperturbed main beam current is 40 mA;ithigal current perturbation

strength is 1.19; the initial energy perturbation is 10 ¢iénce, we can derive the
sound speed, =2.07" 10 m /sand thea - factor a =0.017.

In Figure 5.11, as one may expect for the extremehlinear perturbation, very
large discrepancies exist for the results fromekperiment, WARP, and theory. As
to the peak-to-peak amplitudes of energy modulatidghe 1-D theory and WARP
simulation predict a value of 630 eV and 541 eVspeztively, which are
corresponding to 12.5% and 10.7% of the mean beasrgge. However, in
experiment, we obtain a much smaller energy moidmatvith the peak-to-peak
amplitude of 309 eV. Also the shapes of the fast slow waves are not preserved in
the experiment. It seems like some mechanismssetxisiamp the increase of energy
modulation.

The comparison of current profiles shown in Figbrgl(b) also exhibits much
difference. The width of the current perturbation eéxperiment is close to that
calculated from theory and simulation, but its heignd shape are very different.
These suggest that there is beam loss in the expeti As we discussed earlier for
the parabolic beam, this may be a reason for teere@fpancy that observed in the
energy profiles from the experiment, 1-D theory,d aw ARP simulation. To
investigate the effect of the beam loss on thelresuhe longitudinal beam energy,
we ran additional WARP simulations by applying wat conducting tubes with

different radii.
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Figure 5.11: Comparison of results from the experimenudbsolid lines), WARP
(black broken lines), and 1-D theory (red dotteedi) for the 40mA beam. (a): Mean
energy profiles at LC2; (b) Current profiles at B3urrent profiles have been flipped
to show positive current values for the convenierafe indicating positive

perturbations.
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Figure5.12: lllustration of applying two virtual conduegj tubes in WARP code and
the particle distribution in X-Z plane at t=57.2 e units of both axes are meter.

The perturbation is located from 1.22 m to 1.7 m.

In WARP, we are able to insert a virtual conducttoge concentric with the
beam pipe. All particles that hit the wall of thige will vanish. This tube is virtual
in the sense that it does not affect the field isghduring simulation. In other words,
it is only used to catch particles wandering beyanckertain boundary, i.e. the wall
radius. Figure 5.12 illustrates two different waltlii that were used in the simulation:
8 mm and 9 mm. As our simulation is in RZ geomettng, projection of the particle
distribution in X-Z plane is equivalent to thatthre R-Z plane. The simulation results

of current and energy profiles are presented inur€ich.13, wherg, represents the

radius of the virtual tube.
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Whenr,=1.9 cm, the virtual tube has the same radius@b¢lam pipe, thus the

simulation result is the same as what we have ptedesarlier. The current profile

becomes close to the experimental result wher® mm. At the same time, although

the energy profile in this case still has a sigaifit larger modulation than the
experimental result, it is much closer comparedhhe simulation without any beam
loss. If the radius of the virtual tube is furtteeit down to 8 mm, we obtain a energy
profile that is very similar to the experimentabué. However, the current loss is
more than the experiment in this case.

We believe that there are two possible reasonswloy we cannot get the
agreement with the current and energy profilebatsame time. First, in experiment,
the beam loss may occur earlier than that in trulsition. Thus, for losing the same
amount of particles, the longitudinal field is dasdpearlier in experiment. As a result,
we obtain a smaller energy modulation from the erpental measurement. Second,
in practical the beam loss may be caused by thenatch or misalignment, which

can offset the beam from the center of the pipewasdiscussed in chapter 2, the
longitudinal self electric field is proportional ge% When the beam is off center,
z

the g-factor may become different and probably tandlecause of the non-uniform
field of image charges. To better understand theabthe g-factor here, more studies

are required.
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Finally, we also conducted the sensitivity studyttoé 40 mA beam. As shown
in Figure 5.14, the WARP simulation results are setsitive to the change of initial
beam radius and energy. Due to the lack of a thieatanodel for the evolution of
nonlinear perturbations, it is difficult to judgethe beam loss is the only reason for
the discrepancies shown in Figure 5.11(a). Othetofa, such as the transient
behavior of the energy analyzer and the longituenaasverse coupling, should also

be investigated as future work.
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Figure5.14: Simulations results of mean energy profilekG2 with different initial
conditions for the 40mA beam. Sim I: inject meadutarrent, envelope, and energy
profiles (blue solid line); Sim II: inject measuredrrent, envelope profiles and a
constant beam energy of 5050 eV (black dash l@ey; Ill: inject measured current,

energy profiles and a constant beam radius of 6(rachdotted line).

148



5.3 General remarks

In this chapter, we present a method to investigadongitudinal space-charge
waves using WARP simulations in lab frame. The Ipalia beam is first used to
benchmark the validity of this method. It showstthath the ability to set more
details of the initial conditions in lab frame silatons, we can achieve better
agreement with the experimental results than tlaenbieame simulations.

When this method is applied to the 25 mA perturbeam, we still can get good
agreement between simulation and those results tihenexperiment and 1-D theory.
Thus, although the 20% negative perturbation inkibam cannot be treated as a
small perturbation, it still evolves more or lessa@ding to the law defined by the 1-
D linear theory. Yet, things become complicated nviiecomes to the 40 mA beam
with an extremely large perturbation. We found tbaam loss due to transverse
mismatch or misalignment of the transport systenuldcobe a source of the
discrepancy between experimental results and tfrose the simulation and 1-D
theory. Further experiment in UMER, which has bredlegnment and a larger radius
of beam pipe, will be useful to verify the studiese.

We did not observe any sign of transverse-longitaldcouplings from studies
on sensitivity of output energy profiles to thetiedi conditions. This may be because
of the short distance in our simulation or the e@aate simulation model. In all the
beam frame simulations described above, we assurtte the beam slope and
emittance are constant. Using data provided frome-iesolved tomography

measurement, in future, one will be able to injixette dependent beam slope and
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emittance. Furthermore, one can extend the modea faoll 3-D simulation with

complete measured 6-D phase space initially.
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Chapter 6 Conclusion

Section 6.1 summarizes new results which have Ipeesented in this thesis,
while section 6.2 addresses some unresolved ismugssuggests some interesting

topics for future studies.

6.1 Summary

As discussed in the introductory chapter, high ltggmm measurement of energy
modulations, transverse-longitudinal correlationand unexpected nonlinear
phenomena occurring during the propagation of kualgnal space-charge waves
have been major unsolved problems in study of dhgitudinal dynamics of space-
charge dominated beams. In this thesis, we haveeptred both experimental and
numerical results to address these issues.

Using a high resolution energy analyzer installethie LSE system, we have, for
the first time, experimentally measured the detladeergy profiles of space-charge
waves. The measured results show good agreemeht bath 1-D theoretical
calculations and WARP simulations. However, there discrepancies in the
amplitudes of modulations for the nonlinear peratidns. To measure the evolution
of space-charge waves in more detail, we upgraued $E system by inserting more
diagnostics. The new system enabled us, for teetfine, to obtain a complete set of
experimental data for both current and energy l@®f the space-charge waves. By
comparing the experimental results with analytszdutions from the theory, we have
demonstrated that the 1-D cold fluid model is gémdpredicting general trends of

the evolution of space-charge waves. In additws,also found that, in spite of its
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small amplitude, the initial velocity modulation uadly cannot be neglected for
beams with small current perturbations.

Two different fast imaging tools, an OTR imager anfdst phosphor screen, have
been developed to study the correlation betweersterse and longitudinal dynamics.
Using each of these two techniques, we imaged todigial slices of the beam as
short as 3 ns. The experimental results providethedirst data of the transverse-
longitudinal correlation. With the fast phosphorresn, we were able to take
progressive 3-ns sliced images along the beam. mplaying the tomography
technique, we have constructed the time-resolved@lspace with a resolution of 3
ns. Combining all this information with the longiinal phase space measured by the
energy analyzer, we have, for the first time, aobikethe capability to map the time-
resolved full 6-D phase space of a space-chargendded beam.

We have demonstrated that the lab frame WARP stioul#s a better model than
the beam frame simulation. The results from theffame simulation show good
agreement with experimental results for both thealpalic beam and the 25 mA
rectangular beam with a 20% perturbation. For teanb with an extremely large
perturbation, we observed a large discrepancy leetwiee experimental results and
those from the simulation and 1-D theory. Furtherutation studies suggest that the
beam loss due to mismatch or misalignment can iboér to inconsistent results

between the experiment and simulation.
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6.2 Suggestions for future work

As summarized above, even though we have subdtargisshed the envelope
in our understanding of the longitudinal space-ghawaves, the new results
presented here opened the door on many more udspteblems. Based on the new
findings and progress, we have the following sutiges for a continuation of this
research:

First, much opportunity remains in the simulatidritee nonlinear perturbation.
For example, using the existing WARP lab frame $ation code, one can inject the
beam slope and emittance profiles obtained fronetiesolved tomography using a
fast phosphor screen. Eventually, it is necessarmatry out a full 3-D beam frame
simulation using the measured 6-D phase spacébdistm as initial conditions. They
can help us simulate the mismatch of the nonlipeaturbation more accurately, and
test sensitivity to misalignment. They may alsovje some clues about the beam
loss and its relationship with g-factor. Anotheteresting topic can be studied using
simulation is the time resolution of the energylgrer. Using a simulation technique
developed for a gridded cathode electron gun, tleggy analyzer can be studied in
the same way [60]. With a better understandinghef transient behavior of the
energy analyzer, we will be able to estimate theorsrin measuring energy
modulations more accurately.

Second, carrying out an experiment of nonlineatupkeation without any beam
loss will be beneficial to completely understance thhysics of the nonlinear
perturbation. This experimental work can be dond .8t by using the movable

phosphor screen to aid better alignment and maictiarthermore, the 6-D phase
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space distribution measured at LC1 can also befdietp find the source of
misalignment or mismatch. In addition, the expentmean also be done in UMER,
which has better alignment and a bigger pipe radius

Last but not least, it is important to measureghe cathode pulse voltage with
electron beam emission. As discussed earlier, titgali velocity modulation is
generally not negligible for a small perturbatidime amplitude of the initial velocity
perturbation depends on the grid-cathode pulsageltWe have measured the signal
of this pulse voltage without electron beam emissidowever, when the beam is on,
the input impedance between the grid and cathotlebwidifferent, hence, the real
voltage that is applied between the grid-cathodegay be different from what we
measured before. One may be able to measure thégeasignal more accurately by
connecting the grounding of an oscilloscope to high voltage in the gun control
circuit.

In summary, many new findings and results have hmesented in thesis,
however, more interesting and challenging work bandone in simulation studies

and experimental work.
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