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Chapter 1: Introduction

1.1 Background

Charged particle beams have a diverse history of applications [1, 2]. Physics of
low intensity beams have been well studied since the 1920’s [3], while applications for
high intensity beams have dramatically increased in recent years. Several applications
require beams with unprecedented intensity and quality, e.g. linacs for heavy ion fusion
(HIF) [4, 5, 6], spallation neutron source [7] and free electron lasers (FEL) [8].

The study of beam physics in space-charge dominated regime is of special interest
to many scientists, since “all beams of interest are born in space-charge dominated
regime” [9]. As the beam is accelerated, the emittance plays an increasingly dominant
role in the beam dynamics. However, non-linear space-charge induced phase space
distortions (transverse and longitudinal) will persist as the beam is accelerated and result
in irreversible emittance growth and diminished intensity. The appearance of various
space-charge waves introduces a complex array of modes, resonances, instabilities and
radiations that can potentially degrade beam qualities and limit applications. Many of
these effects are not well understood. In this thesis, a new method to generate controlled
initial density perturbation by laser is discussed. The evolution of the longitudinal
perturbation is experimentally studied and compared with theoretical analyses and
simulations.

Modern accelerators such as heavy ion fusion driver are very large and expensive.

However, to study beam physics, one can build a less expensive and smaller electron ring



to simulate the behavior of the heavy ion beam systems. The low energy electron beam

can have almost the same S (velocity of particles/velocity of light), generalized
perveance K (defined below) and intensity parameter y (defined below) as the high

energy heavy ion beams. Some experimental values of the parameters for heavy ion
beams and electron beams are listed in Table 1.1. Therefore, from a theoretical point of
view, both beams have similar physical properties. The University of Maryland Electron
Ring (UMER) is designed under this concept to study transverse and longitudinal
dynamics of space-charge dominated beams. The schematic layout of UMER is shown in

Figure 1.1.

Table 1.1 Parameter comparison between HIF beam and UMER electron beam

Beam parameters Heavy ion beam Electron beam
Energy 10 GeV 10 keV
p=vic 0.3 0.2

Current 5kA 100 mA

Mass 3.7%10° m, me

Charge state +1 -1

Generalized perveance K | 8.7%10™ 1.5%107




Figure 1.1 Current UMER layout: 2/3 ring + injector + temporary extractor



The Kapchinsky-Vladimirsky (K-V) transverse beam envelope equation in a

symmetric focusing channel can be described as [2, 10]

d’R K &
= +K‘0(Z)R—E—FZO, (L.1)

where R is the beam radius, z is the traveling distance, x, is the external focusing
strength, & is the unnormalized effective (4*RMS) emittance, and K is the generalized
perveance. The intensity parameter y is defined as the ratio of the internal space-charge

force to the external focusing force, i.e.

K
_ = 1.2

where f, is the zero-current betatron oscillation wave number. The range of y is from 0
to 1. If y is less than 0.5, the beam is emittance-dominated in the transverse direction. If
x 1s larger than 0.5, the beam is space-charge-dominated in the transverse direction. The
UMER can operate in a very wide regime, from space-charge-dominated region to
emittance-dominated region, corresponding to the intensity parameter y ranging from
0.99 to 0.2. The betatron tune depression and plasma tune enhancement vs. the intensity

parameter are plotted in Figure 1.2.
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Figure 1.2 The betatron tune depression (k/ ko) and plasma tune enhancement (a) ! a)o)

with increasing intensity parameter. The intensity parameter y for UMER is ranging
from 0.2 to 0.99. The beam with y >0.5 is in the space-charge dominated regime. The
beam with y <0.5 is in the emittance dominated regime.



Similarly, the longitudinal envelope equation for a parabolic line charge density

profile beam is given by [2, 11, 12]

K, ¢,
4 L zz_
Zy tK. oz, —— =0, (1.3)
m Zm

where 2-z, is the bunch length, x ,z, is the longitudinal focusing term and ¢_

represents the unnormalized effective longitudinal emittance, ¢_ =5¢_ , &_ 1s the

unnormalized RMS longitudinal emittance, and K; is the longitudinal generalized
perveance defined as

_3 8N,
2 Byvs

K, (1.4)

Here g is the geometry parameter, N is the number of particles in the bunch, and

r.=q" /4rng,mc’ is the classical particle radius. Similarly, the longitudinal intensity

parameter y, can be define as
X =—", (1.5)

which ranges from 0 to 1. If y, is less than 0.5, the beam is emittance dominated in the
longitudinal direction. If y, is larger than 0.5, the beam is space-charge dominated in the

longitudinal direction. In UMER, the longitudinal generalized perveance is from 1.2%¥107
m (I = 100 mA, R = lem) to 2.6¥10™ m (I = 0.6 mA, R = 0.08 ¢m), which corresponds to
the beam energy at 10 keV, pipe radius of 2.54 cm, and pulse width of 100 ns. If we

assume that the energy spread of the electron beam is 10 eV, the RMS unnormalized

longitudinal emittance &2, :<zz><z'2 > is about 1.6*10° m. The longitudinal intensity

parameter y, , therefore, is from 0.998 to 0.92 for UMER electron beams. This



calculation shows that the electron beam in UMER is extremely space-charge dominated
in the longitudinal direction. Some detailed information about the longitudinally space-

charge dominated beams can be found in John Harris’ master thesis [11].

1.2 Motivation

The transport of intense beams with high beam quality is very important in
advanced accelerator researches. Space-charge effects in this kind of beam play a crucial
role in the beam dynamics, particularly in the formation of longitudinal space-charge
waves. The purpose of this thesis is to understand longitudinal space-charge wave
physics of space-charge dominated beams.

Although a lot of researches have been done on the longitudinal space-charge
wave dynamics since 1980’s, the generation of perturbations always contains both line
charge density modulation and energy modulation. In 1993, J.G. Wang and D.X. Wang
performed a series of experiments using the Maryland Electron Beam Transport facility
[13, 14]. Space-charge waves were produced at the gridded cathode of the electron gun
by creating local perturbations of beam velocity and current. The measurement of wave
velocity agrees well with the theory. At the beam edge, some interesting phenomena such
as the transmission and reflection of space-charge wave were observed.

In the late 1990’s, H. Suk and Y. Zou began to study the space-charge wave
dynamics in a resistive-wall pipe [15]. As before, a grid-voltage perturbation generates a
localized perturbation to produce space-charge waves. The perturbation currents were
measured by current monitors, and the propagation of the space-charge wave was studied

experimentally in linear region. Y. Zou measured the growth rate/decay rate of the



longitudinal energy width of the space-charge waves with the new designed retarding
voltage energy analyzer in both linear and nonlinear regime [16]. In the linear regime, the
energy width of the slow wave was observed growing, while the energy width of the fast
wave decaying. In the nonlinear regime, the decay rate of the energy width associated
with the fast wave was more complicated. Furthermore, the experiment with a conductive
pipe showed that the growth rate of energy width is zero, as expected.

Similar investigations have also been conducted in other labs. Some of the most
important work was done by D.A. Callahan in 1997 in Lawrence Livermore National
Laboratory [17]. An RZ particle-in-cell code was setup to simulate the longitudinal wall
impedance instability in a heavy-ion fusion driver. The growth rate of instability was
calculated in both theory and simulation. The results showed that the longitudinal wall
impedance instability is not a serious threat to the success of heavy-ion driven inertial
confinement fusion.

In all these previous experimental studies, the perturbations were produced by
perturbing the cathode grid voltage. The combination of energy modulation and charge
density modulation makes it hard to obtain the exact initial condition needed for
theoretical calculations, and difficult to understand the physics concepts clearly.
Therefore, the generation of an initial longitudinal pure-density perturbation is import in
the study of space-charge wave dynamics.

In this thesis, a new experimental method to generate initial pure-density
modulation is discussed. An ultraviolet laser impinges on the photocathode. The
photoemission electrons, whose energy distribution is almost the same as that of the

thermionic emission electrons, form the initial longitudinal pure-density perturbation.



The photoemission schematic and the perturbed beam current are shown in Figures 1.3
and 1.4, respectively. The initial pure-density perturbation gives a clear initial boundary
condition, and allows direct comparisons with the theory, simulation and experiment. The
new WARP RZ simulation of the longitudinal space-charge waves in UMER agrees with
the theory and experiment.

Further research can be carried out using the knowledge obtained here, such as the
longitudinal resistive-wall instability, the noise response of space-charge dominated

beams, and the radiative properties of longitudinal modulated beams.
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1.3 Organization of the thesis

In Chapter 2, the theoretical analysis of space-charge wave dynamics is studied
first; then the WARP 2D (RZ) simulation results are discussed. The single density
perturbation and small sinusoid modulation of the beam current are examined according
to the analytical and simulation results. The experiments of the longitudinal space-charge
wave are presented in Chapter 3. The sound speeds are calculated for the different
combinations of main beam currents and perturbation currents, and compared with the
theory and simulation. In Chapter 4, the reconstruction of the transverse phase space of
an 8 mA photoemission electron beam is discussed. Finally, a conclusion is given in

Chapter 5.

11



Chapter 2: Theory and Simulation of Longitudinal Space-

Charge Wave

The theoretical analysis and simulation results of the longitudinal space-charge
wave produced by pure-density perturbation are presented first.

In the first part, the single particle dynamics is studied and the dispersion equation
is given. The two eigenvalues of the fast space-charge wave and slow space-charge wave
are shown and the sound speed equation is derived by using the cold-fluid model. The
analytical results of the evolution of the localized perturbation are calculated and plotted
under the initial pure-density modulation assumption.

In the second part, the WARP 2D (RZ) simulation results are shown. The single
density perturbation and small sinusoidal modulation beam are simulated and plotted.

The simulation results are compared with the theoretical predictions.

2.1 Theory of longitudinal space-charge wave

2.1.1 Single particle dynamics in a sinusoidal density modulation beam

From plasma theory, for a small sinusoidal modulation of the electron beam, the

single particle dynamics equation is expressed by a harmonic oscillation equation as

Frw’s=0, 2.1)

12



where s(t) denotes the particle displacement from the equilibrium position in the moving

2 1/2
beam frame as a function of time t, and the plasma frequency o, =[ 9 Mo J [18]. The

3
&My,

solution of this harmonic oscillation equation is
s(t)=Ce™" +Cye ™, (2.22)
$(t)=iw,Ce"" —in,C,e ", (2.2b)
where c; and c; are complex coefficients determined by the initial condition. For a pure-

density modulation at the initial time, ty, the boundary condition can be written as
s(t,) =L, cos(mt,), (2.3a)
5(2,)=0. (2.3b)
So the coefficients can be expressed by

L ilo-w, )t
cl=?le( ”)0, (2.4a)

i(a)+{u[,)t0

¢ = %e (2.4b)

By substituting the coefficients into equation (2.2a), the displacement of a single particle

can be derived as

S (t) = ﬂ[ei([‘)_wﬁ)% eiﬂ’pl‘ n €i(w+a)p)t0 ei"’pf}

2 (2.5)
Since the relationship between the beginning time ty and distance z is given by
z
t,=t——
Vo, (2.6)

where vy 1s the main beam velocity , equation (2.5) can be expressed by ¢ and z in the

form

13



L | e ) o
s(t,z)==Le™|e Y te Y0 |=ZLe| e e 2.7
(’ ) s

2

w-o,

kf: — (2.8a)
0
w+o,

k, = — (2.8b)
0

They also satisfy the dispersion relation, which applies for such modulation in a cold

beam and which is given by
(0-kv,) =’ (2.9)
The group velocity v, in the laboratory frame can be derived from the dispersion relation

as

Vg —a—k—Vo (2.10)

3

which means the whole wave energy propagates at vy. The phase velocity can be derived
from equation (2.8a) and (2.8b), as

1) Vo

Vf:k_fzm, (2.11a)
_o _ Vo
v, = A —1+(a)p /a)). (2.11b)

Transforming the phase velocity into the beam frame, one obtains

®
V, =V, =V =Vy——, (2.12a)

a)—a)p

14



w,
V_ZVS—VOZ—VOa)+a) . (2.12b)
P

The equations (2.12a) and (2.12b) show that there are two kinds of waves, one being a
fast space-charge wave, since the phase velocity is greater than the beam velocity (ve&vy
or v;>0); the other being a slow space-charge wave, since the phase velocity is less than
the beam velocity (vs<vy or v.<0). The displacements of particles is correlated with the
velocity v(t,z), the line space-charge density A(t,z) and the current I(t,z). The
superposition of the fast and slow waves leads to modulation of the electron beam

current.

2.1.2 Derivation of sound speed using a one dimensional cold-fluid model

In the previous section, the single particle dynamics equation is derived under an
ideal condition. In this section, a more realistic description is considered by assuming an
infinitely long matched cylindrical electron beam with beam radius @ inside a conducting

i((ut—kz)

drift tube of radius b [2]. We assume a perturbation in the form of e . The total line-

charge density A, velocity v and beam current I are defined as

A(z,1)= Ay + A, (2.13a)
v(z,t)=v,+ v, e ) (2.13b)
1(z,0)=1,+ 1, (2.13¢)

where the relationship of these three quantities is

I=Av. (2.14)

15



Note that the subscripts 0 and 1 represent the unperturbed and perturbed quantities
respectively. By neglecting the second-order terms, one obtains from (2.13a), (2.13b),
(2.13¢c) and (2.14)
I, =Ayv,, (2.15a)
I, =Ayv,+Av,. (2.15b)
The one-dimensional cold-fluid model, which neglects the longitudinal momentum
spread of the beam, is used. The continuity equation yields

6(AV) +6_A _
0z ot

0. (2.16)
Substitution of equation (2.13a), (2.13b) and (2.15b) into equation (2.16) yields
A =—. (2.17)

The relativistic form of the longitudinal motion equation can be written as

. dv

m =qF
Yo dtq

zo

or

o+ 9 g, (2.18)
0Oz ot yym

where E. is the longitudinal electric field produced by the space-charge waves in this
ideal case and is expressed as E_ = E_exp [i(a)t—kz)]. Substitution of equation (2.13b)

into equation (2.18) yields

. gE
e E— (2.19)
ygm(a)—kvo)

Vl:

Using equations (2.17) and (2.19), one obtains from (2.15b)

16



I, (2:20)

The longitudinal electric field Es can be also derived from Maxwell’s equations as

E =--% (a—A+%a—]j, (2.21)
‘ dre,\ Oz ¢ Ot

where the geometry factor g is defined as

g=2m2, (2.22)
a

for the space-charge dominated beam, where A/C > &/k,. Substitution of equation

(2.13a), (2.13c) and (2.17) into equation (2.21) yields

(2.23)

Equaling equation (2.20) and equation (2.23), the dispersion relation can be derived as

2

J/Sm(a)_kvo)z_ 8 K o
o )

g, w - 4re, w

or

2
(0—kv,) = 72C?K° (1— ‘;’2]=0, (2.24)
‘ kc
where the wave speed C; is defined as

1/2

A

C = (Lg] . (2.25)
‘ 4re,y,m

The speed of the wave, C;, is called the ‘sound speed’, in analogy to the mathematically

equivalent problem of the propagation of a perturbation in a non-relativistic cold fluid.

17



Since in the UMER system, the difference between the phase velocities of the two
space-charge waves is very small compared to the beam velocity vy, we can assume that

® = kv,. The equation (2.24) can be written in a simple way as

(0—kv,) —Ck* =0. (2.26)
The solution of this equation is

w=k(v,xC,). (2.27)

The phase velocities of two space-charge waves are

1)
v, =—=v,+C,
g k B
N

=v,-C.. (2.28)

As an example, we substitute parameters for UMER in equation (2.25). It is assumed that
the beam current is 20 mA and the electron energy is 10 keV. The mean beam radius is
about 0.4 cm and the pipe radius is 2.54 cm. The sound speed can be calculated from

theory as, Cs = 1.26%10° m/s.

2.1.3 The evolution of space-charge waves produced by initial density perturbation

The sound speed of the space-charge wave is calculated in the previous section.
The evolution of the density perturbation, velocity perturbation and current perturbation
is discussed in this section.

The one-dimensional cold-fluid model is still used to solve the localized space-
charge wave in the time domain. Unlike solving for the eigenmodes from the dispersion

equations of a sinusoidal wave in the previous section, specific solutions are calculated

18



under the given initial and boundary conditions [16, 19]. The total line-charge density A,

velocity v and beam current I are defined as

A(z,0)= Ay (2.0)+ A, (2:1), (2.29a)
v(z,t)=v,(z,t)+v,(z.1), (2.29b)
I(z,t):]0 (z,t)+[1(z,t), (2.29¢)

where the subscripts 0 and 1 represent the unperturbed and perturbed quantities
respectively. Considering the initial and boundary conditions, the localized velocity and

current perturbation are determined by
v,(0,6)=6v,h(1), (2.30a)
Il(O,t):nIOh(t), (2.30b)
where h(t) is any smooth function with amplitude of unity, which represents the shape of
the perturbation; 6 and n are small, positive quantities to specify the strength of the

perturbation. With the relationship of these three quantities in equation (2.14) and

omitting the second order term, the density perturbation is determined by

A, (0.0) = (7~ 8)A (1) 0

Substituting equation (2.29a), (2.29b), (2.30a) and (2.31) into the continuity equation and
the momentum transfer equation (2.16) and (2.18) and omitting the second-order term,
one obtains

O Ly O g Mg (2.32a)
ot oz 0z

ov, v ov, ¢ g _ eg O\,

M _ oA 2.32b
oo "oz myd T Amemy’ oz ( )
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where e/ (m73) denotes the ratio of the charge and the longitudinal mass of the charged

particles with y being the relativistic factor, E,(z,t) is the longitudinal electrical field

-g O\
—= 1

in the long
e,y Oz

induced by the AC component of the beam current, which is

wavelength limit, i.e., the perturbation wavelength is much larger than the pipe radius, &
is the permittivity of free space, and g is the geometry factor.
By applying the double Laplace transform from time-space domain to the k-s

domain, the differential equations (2.32a) and (2.32b) can be converted to an algebraic

equation of ¥,,A,. Applying the initial condition, the perturbed beam parameters are
determined by

A, (k.s)=[h(s)/ D][ smiy +k(n-5) A, (v2-C?)].

N (2.33)
9, (k.s)=[i(s)/ D]{s[ 6% +(n-0)CT ] wkov, (vi~C2)}.

where Cs is the velocity of space-charge wave in the beam frame, defined in equation

(2.25), and D =(s+kv, )2 —(kC, )2 is the dispersion function. The /=A4v is transformed to
I (k,s)=voA, (k,s)+ A9, (k,5). (2.34)
Using the inverse Laplace transform, the result is transferred from k-s domain to

time-space domain. The perturbed beam density, velocity and current in the real time-

space domain are given by

s V0 T
(2.35a)

A 524 (n-5) || t-———1|,
2 Cs VO+CS
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(2.35b)
+—°{5+(n—5)vs}h[t—v JZrC j,
0 0 s
1 (2.1) -{50 n+(77—5)$§}h[l—vi j
’ ° ¢ (2.35¢)
iy| <V C, z
olse —8)== |h| t- .
+2{ CS+77+(77 )V0:| ( V0+CS}

These equations show that each perturbed beam parameter consists of two terms: One is
the fast wave with h(t-z/(votc;s)), the other one is the slow wave with h(t-z/(vo-cs)). The
amplitude and polarity of each wave are determined by the coefficients.

Considering the pure-density perturbation case, the velocity perturbation is zero,

0 =0. Therefore, equation (2.35a), (2.35b) and (2.35c) can be expressed as

z ]+h(t— z H (2.36a)
v, —C, v, +C,
vl(z,t)=gs ;{—h(t—v ic ]+h[r—v j-c H (2.36b)
il(z,t):%on{[l—fsjh[t—v ic J+[l+$sjh(t—v ic ﬂ (2.36¢)

In non-relativistic case, the kinetic energy of the electron beam, ¥, can be calculated as

W:Emv :%m(VOJer)Z. (2.37)

By neglecting the second-order term, the energy perturbation can be expressed as

W, =W —W, ~ mv,v,(zt). (2.38)

With the velocity expression in equation (2.36), the energy perturbation is written as
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Wi(z,t)= %mVOCSU {—h (z -

z J+h(f— z ﬂ (2.39)
v, —C, v, +C,

The perturbation profiles of electron energy, velocity, line charge density and
current in equation (2.39), (2.36b), (2.36a) and (2.36¢), are respectively plotted in Figure
2.1 [20]. Several assumptions are made in this calculation. The main beam current is 20
mA and assumed to be infinitely long. The perturbation current is a Gaussian pulse and
the magnitude of the perturbation is 2 mA. The beam energy is 10 keV. The beam radius
is 0.5 cm and the pipe radius is 2.54 cm. A uniform magnetic field is applied to
transversely confine the matched beam. At the beginning, the energy distribution of the
pure-density modulated beam as well as the velocity distribution is uniform. The line
charge density curve has the same shape as the current curve. After the beam propagates
several meters, the initial Gaussian density perturbation spreads and splits into two peaks,
which is due to the propagation of the fast and slow space-charge waves. The original
uniform energy and velocity curves exhibit a positive pulse, which represents the fast
space-charge wave, and a negative pulse which represents the slow space-charge wave in
this case. In the Current vs. Time figures, the magnitude of the first perturbation is larger
than that of the second one. This is because the figure is plotted in the laboratory frame.
The difference between the velocities of the fast and slow space-charge waves generates
the different beam currents for the same density perturbations. If the current is plotted in
the beam frame, the currents will be equal, which will be shown in the simulation results
in the later section of this chapter. At 20 m from the beginning, the single Gaussian
current perturbation splits into two small Gaussian perturbations. As calculated in the

previous section , the sound speed is 1.26%10° m/s.
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Figure 2.1 Evolution of space-charge waves produced by initial Gaussian pure-density
perturbation. The figures are taken at location from 0 m to 22 m with adjacent spacing of
2 m. The figures in each column correspond to electron energy, electron velocity, line
charge density and current of the perturbation. All the figures are plotted in the rest
laboratory frame. (Continued on next page)
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Figure 2.1 (Continued) Evolution of space-charge waves produced by initial Gaussian
pure-density perturbation.
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Using equations (2.36) and (2.39), the evolution of the small sinusoidal
perturbation can be plotted and shown in Figure 2.2. The magnitude of the sinusoidal
modulation current is 2 mA. Other parameters are same as before. At the beginning, the
energy distribution is uniform for the pure-density modulation electron beam. After 7-
meter-propagation, the original density modulation changes into the energy modulation
[21]. The perturbed line charge density and current curve almost go to zero and the
perturbation energy and velocity curve reach a maximum. Then after another 7-meter-
propagation, the perturbed energy distribution goes back to zero and the perturbed current
goes reaches a maximum as before.

In order to show the detailed information of the transformation from all the
density modulation to the energy modulation, a set of figures are plotted around 6.75 m
and shown in Figure 2.3. The density modulation of the perturbed beam goes to zero.
However, the current curve never goes to zero. This is also because the velocities of the
fast and slow space-charge wave are not same. This result also can be seen from equation

(2.36), where the coefficients of the current modulation are not same.
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Figure 2.2 Evolution of a sinusoidal perturbation. The figures are taken at location from 0
m to 18.6 m with adjacent spacing of 1.69 m. The figures in each column correspond to
electron energy, electron velocity, line charge density and current of the perturbation. All
the figures are plotted in the rest laboratory frame. (Continued on next page)
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Figure 2.2 (Continued) Evolution of a sinusoidal perturbation.
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Figure 2.3 The transformation of a pure-density sinusoidal modulation to energy
modulation. The figures are taken at location from 6.65 m to 6.85 m with adjacent
spacing 0.05 m. The figures in each column correspond to the electron energy and
velocity, the line charge density and the current of the perturbation. All the figures are
plotted in the rest laboratory frame.
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2.2 Simulation of longitudinal space-charge wave

To test the analytic theory studied in the previous section, we conduct numerical
simulations of the longitudinal space-charge waves using the WARP code. WARP is a
particle in cell (PIC) code, which uses thousands of macro-particles to do the numerical
calculation. Each macro-particle represents a large number of real particles in the
experiment. The initial density and velocity distribution of micro-particles are given. The
potential and electric field is calculated from the distribution of macro-particles and
boundary conditions. The macro-particles are pushed by the electric field to new
positions with a new velocity distribution. Then the calculations of new electric field and
new particle distribution are iterated until the end of simulation.

A WARP 2-D (RZ) simulation program is used [22]. The simulations assume that
the main beam is a rectangular 20 mA beam with pulse width of 100 ns; the pipe radius is
2.54 cm; the electron energy is 10 keV. The magnitude of the uniform magnetic field is
calculated to matching the 20 mA electron beam. 500,000 particles are used in the
simulation. The longitudinal direction is divided into 256 grids and the radius direction is

separated to 64 grids.

2.2.1 Simulation of electron beam propagation with initial single density
perturbation

The first simulation case is a 20 mA 5 ns parabolic density perturbation at the
center of the main beam. The current curve is shown in the first plot in Figure 2.4.

Although the nonlinear effects are very significant, the basic physical concept is shown
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very clearly in this case. The simulation results are shown in Figure 2.4. At the end of the
simulation, the single parabolic perturbation splits into two perturbations. The positive
and negative peaks in the energy vs. position figures also represent the fast and slow

space-charge waves respectively.
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Figure 2.4 The simulation results of the large perturbed beam evolution. The figures in
the first and third column are the current of the perturbation beam in the beam frame. The
figures in the second and fourth column are the electron velocity of the perturbation beam
in the rest laboratory frame. Each pair of current and velocity figures is taken at same
location, z=0, 2, 4, 6, 8, 10, 12, and 14 meters.
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In Figure 2.4, at z = 8 m, the current curve has three peaks. This is due to the
initial perturbation distribution. In this simulation case, a parabolic perturbation is
assumed. In the analytical calculation in the previous section, since the Gaussian
perturbation is assumed at the beginning, none of this kind of three-peak phenomenon
appears. As discussed in the next chapter, there is no this kind of three peaks phenomena
in the experimental results. So the initial pure-density perturbation in the experiment is
more like a Gaussian perturbation.

The current curves in the analytical calculation are asymmetrical. However, the
current curves in each figure are symmetrical in the numerical simulation. As discussed
in the previous section, the velocity of the fast and slow space-charge wave is different in
the rest laboratory frame. So the current is asymmetrical in the analytical calculation,
which is calculated in the laboratory frame. In the numerical analysis, the current curve is
plot in the beam frame, where velocities of fast and slow wave are symmetrical. So the
current curve is also symmetrical.

Since the perturbation current is the same as the main beam current, the nonlinear
effect is also significant in this case. One phenomena is that extra spikes appear at the tail
of the fast wave and the head of the slow wave, which can be seen at z = 14 m. This
phenomenon may also be induced from the instability of the numerical calculation. In
order to eliminate this kind of effect, a small perturbation current is simulated and shown
in Figure 2.5. The magnitude of the perturbation current is only 2 mA. The sound speed
can be calculated from the simulation result, Cs=1.3*10° m/s, which agrees with the

theory calculation.
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Figure 2.5 The simulation results of the small perturbed beam evolution. The figures in
the first and third column are the current of the perturbation beam in the beam frame. The
figures in the second and fourth column are the electron velocity of the perturbation beam
in the rest laboratory frame. Each pair of current and velocity figures is taken at same
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location, z=10, 2, 4, 6, 8, 10, 12, and 14 meter.
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2.2.2 Simulation of electron beam propagation with a small sinusoidal modulation

Another simulation is the 20 mA main beam with small sinusoidal modulation.
The beam current is shown in the first plot of Figure 2.6, where the peak-to-peak
magnitude of the perturbation is 4 mA. In these figures, the modulation of current (line
charge density) transfers to the modulation of velocity (energy) and then goes back.

At z =7 m the density modulation disappears and the velocity (energy)
modulation goes to its maximum, which is shown in Figure 2.7. At z = 14 m the density
modulation goes back to its maximum and the velocity (energy) modulation disappears.
This phenomena is same as the theoretical prediction, in which the density modulation
transfers to energy modulation at z = 6.8 m. From the simulation results, the transfer

distance is also 6.8 meter.
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Figure 2.6 Simulation results of the small sinusoidal modulation beam evolution. The
figures in the first and third column are the current of the perturbed beam in the beam

frame. The figures in the second and fourth column are the electron velocity of the
perturbed beam in the rest laboratory frame. Each pair of current and velocity figures is

taken at same location, z=0, 2, 4, 6, 8, 10, 12, and 14 meter.
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Figure 2.7 The oscillation of density modulation and energy modulation. The left column
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2.3 Summary

The analytical theory and numerical simulation of longitudinal space-charge
waves produced by a pure-density perturbation at the beginning are discussed in this
chapter. The sound speed is derived in equation (2.25). Both theoretical and numerical
simulation results indicate that initial single pure-density perturbation on a main beam
will splits into two peaks. Also, the transformation of the small sinusoid density
modulation to the energy modulation is seen in both theory and simulation. The results

from WARP 2-D simulation agree with the analytical theory from cold-fluid model.
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Chapter 3: Experiments of the Localized Space-Charge Wave

The theoretical analysis and simulation results were studied in Chapter 2. The
experiments of the longitudinal space-charge wave are discussed in this chapter.

A brief introduction of the UMER system is presented first. The mechanism of the
photocathode is discussed, along with the setup of an ultraviolet laser and the generation
of pure-density perturbations. Space-charge waves produced by the pure-density
perturbation are studied and current of a special perturbed electron beam is plotted at
different position. The sound speeds are calculated for the different combinations of main
beam current and perturbation current. The experimental results are compared with the

theoretical predictions and the simulation results.

3.1 Experimental Setup

3.1.1 UMER system

Figure 3.1 shows the schematic layout of UMER in May 2004 [23]. The UMER
system consists of an electron gun, injection/matching chambers, ring chambers and
extraction/diagnostic chamber.

The injection/matching section consists of two straight chambers, IC1 and IC2,
shown in Figure 3.2. A large Helmholtz dipole is used to cancel the vertical component

of earth magnetic field. This section has 6 quadrupoles, 1 Panofsky quadrupole, 12
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steering dipoles and 1 pulsed dipole. All of them are computer-controlled to generate a
matched beam for the ring section.

The ring section consists of 18 chambers, RC1 to RC18. The radius of the ring is
1.8 m and circumference is 11.52 m. The detailed specifications of UMER are given in
Table 3.1 [24, 25]. Each chamber consists of 2 FODO periods, shown in Figure 3.3. Each
FODO period is 32 c¢cm long and consists of two printed-circuit (PC) quadrupoles to
confine the electron beam and one PC dipole. The beam is bent about 10 degrees in a
FODO period by both the dipole magnetic field and the earth magnetic field. A series of
steering dipoles are also used to do the fine adjustment for alignment purpose. Table 3.2
and Table 3.3 give the general design characters for dipoles and quadrupoles [26]. A
computer control system built by Dr. H. Li controls all the magnetic components [27].
This system allows a high quality beam by optimizing the beam steering, rotation and
matching. Presently, a total of 14 ring chambers have been set up and a very good beam

has been achieved at RC12.
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Figure 3.1 Layout of Current University of Maryland Electron Ring (UMER)
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Table 3.1 Specifications of UMER for the 10 keV Electron Beam

Energy

B(=vic)

Current

Generalized perveance
Emittance (4*RMS, norm)
Pulse length
Circumference

Lap time

Rep. Rate

Mean beam radius
FODO period

Phase advance, o

Betatron tune,vg
Tune depression

10 keV
0.2

100 mA
0.0015
10 um
100 ns
11.52m
197 ns
10,15,60 Hz
<l cm
0.32m

76°
7.6
>0.12

Table 3.2 Design characteristics of the PC dipoles

Dipole field

Current

Physical length

Effective length

Radius

Field integral

Resistance

Allowed harmonic content
Transverse alignment error

154 G (5.2 G/A)
3A

4.4 cm

3.8cm

2.8 cm

20 Gem/A

3Q

<1%

<0.05 mm

Table 3.3 Design characteristics of the PC quadrupoles

Field gradient

Current

Physical length

effective length

Radius

Field integral

Resistance (room temp.)
Allowed harmonic content
Transverse alignment error

4.1 G/em/A
2A

4.4 cm

3.6 cm

2.8 cm

15 G/A
7Q

<1%

<0.05 mm

42



The extraction/diagnostic chamber is connected to the ring chambers by a Y-
section shown in Figure 3.4. A pulsed dipole and a Panofsky quadrupole are used to bend
the beam 10 degrees left into the extraction chamber or 10 degrees right into the normal
ring section. In the diagnostic chamber, several measurement instruments are set up, such
as Bergoz Current Transformer, Phosphor Screen, Faraday Cup, Slit-Collector and

Pepper-pot mask.

3.1.2 Photocathode on UMER

A standard B-type thermionic dispenser cathode, porous tungsten (W) matrix
impregnated with barium calcium aluminate (6BaO-1Ca0-2Al1,0;) with integral filament
and grid, was used on UMER. By adjusting the A/K gap, grid voltage and internal pulse-
forming cable, a pulse length of 100 ns, current of 100 mA and energy of 10 keV
rectangular electron beam is generated. The operating temperature is about 900°C. The
photoemission properties of this kind of cathode were studied by B. Leblond in the
1990’s [28]. The achieved electron/photon quantum efficiency is 10, which is defined as
the ratio of the number of photoemission electrons to the number of photons. The similar

method is used on UMER to generate a localized longitudinal pure-density perturbation.
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Figure 3.5 Layout of the diagnostic chamber. The energy analyzer will set up soon.
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3.1.3 Beam current measurement instruments on UMER

Two kinds of equipment are used to measure the electron beam current: Bergoz
Current Transformers and Beam Position Monitors (BPMs). The Bergoz current
transformer, model number FCT-082-20:1, is placed at the injection section, 62 cm from
the electron gun. The measured rise time of a 25 mA rectangular beam is 2.8 ns.

The BPM is designed to achieve both good spatial and temporal resolution [29].
The upper part of Figure 3.6 shows the schematic layout of a BPM. The rise time is 1.7
ns for a 25 mA rectangular beam at 80 cm from the electron gun. Currently, 13 BPMs are
set up at each chamber and the distances from the electron gun to each BPM are listed in

Table 3.4.

Table 3.4 The distance between BPMs and the end of electron gun

Window : IC1 0.36 m
Bergoz current transformer 0.62 m
BPM : IC2 0.80 m
BPM : RCl1 1.91 m
BPM : RC2 2.55m
BPM : RC3 3.19m
BPM : RC4 3.83m
BPM : RC5 447 m
BPM : RC6 5.1 m
BPM : RC7 575m
BPM : RCS8 6.39 m
BPM : RC9 7.03 m
BPM : RC10 7.67 m
BPM : RC11 831 m
BPM : RCI12 8.95m
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These two kinds of equipment associated with the HP Infinium Oscilloscope
(Agilent Models 54846B), with sampling rate of 8 GSa/s, give the time evolution of

electron beam current at different positions with a 0.25 ns time resolution.

3.1.4 Phosphor screen on UMER
Fourteen phosphor screens, shown in the low part of Figure 3.6, are set up in all

the existing chambers. The cross-section beam distribution is shown by phosphor screen
and sent to a computer through CCD camera to calculate the beam center, radius, and
rotation. With a computer controlled optimization program, a 25 mA good quality beam

can be achieved and shown in Figure 3.7 [27].

3.2 Pure-density perturbation generation

3.2.1 Physical concept of photocathode
Figure 3.8 shows the mechanism of the photoemission beam generation. The

thermionic 100 ns, 108 mA electron beam current is generated without using drive laser.

In thermionic mode, the cathode operates at 900°C, and the electron gun runs in the

space-charge limited region. A thermionic emission electron beam with lower current is
generated when the cathode works at lower temperature, shown in Figure 3.9(a). If a laser
beam with proper wavelength shines on the cathode, many photoemission electrons are
generated at the photocathode and form a short current spike, shown in Figure 3.9(b).
When the cathode temperature is below the threshold temperature of thermionic
emission, only photoemission current remains. The photoemission electron beam current

is shown in Figure 3.9(c).
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Figure 3.7 Transverse distribution of 25mA electron beam

Electron Beam

>

Heater Photocathode

Drive Laser
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Figure 3.9 Beam current measured by Bergoz current transformer. (a) 100 ns thermionic
emission electron beam only, (b) combination of photo and thermionic emission electron
beam, (¢) 5 ns photoemission electron beam only.
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3.2.2 Drive laser setup and pure-density perturbation generation

Figure 3.10 shows the schematic layout of the drive laser for photoemission beam
generation. A Minilite Q-Switched Nd:YAG laser is used as the laser source [30]. The
wave length of this laser is 1064 nm; the maximum pulse power is 50 mJ; the peak power
is 8.3 MW; the full width at half magnitude (FWHM) of the laser pulse is about 5 ns and
the repetition rate is 10 to 15 Hz. A second-harmonic crystal, Potassium Titanium Oxide
Phosphate (KTiOPO4, KTP) crystal, is used to generate a green laser at 532 nm, whose
maximum pulse power is 25 mJ. Then a beta-BaB,04 (BBO) crystal is used to generate
an ultraviolet laser at 355 nm, whose maximum pulse power is 8 mJ. The ultraviolet laser
is reflected by two high power dielectric mirrors. These mirrors also act as a filter system,
whose center-wave of reflection is 355 nm. The high intensity (small cross section)
ultraviolet laser beam is expanded by a telescope in order to illuminate the entire cathode.
A laser mask may also be used to modulate the laser beam transversely. With three more
mirrors and one mirror in the first injection chamber (IC1), a pure ultraviolet (355 nm) 5
ns laser pulse impinges on the cathode to generate the photoemission electrons. An
ultraviolet laser is chosen since the higher photon energy gives higher quantum
efficiency. The same amount of photoemission current is generated with a low power
ultraviolet laser or a high power green laser. Pictures of drive laser and mirror in IC1 are
shown in Figure 3.11 and Figure 3.12.

The flash lamp of the Nd:YAG laser is triggered by a pulse generator at 10Hz or
15Hz repetition frequency. The pulse width of flash lamp output is about 250 ps. About
150 ps after the flash light triggers on, the Q-switch triggers, and about 60 ns later a laser

pulse is generated with FWHM of 5 ns. The Q-switch trigger pulses also trigger the
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electron gun to generate an electron bunch with 100 ns pulse width. As a result, a pulse
width of 5 ns photoemission current is generated at the center of a 100 ns rectangular

main beam, which is shown in Figure 3.9(b).
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Figure 3.10 Schematic layout of drive laser
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Figure 3.12 Picture of mirror in the first injection chamber (IC1)
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The photon energy of the ultraviolet laser (355 nm) is 3.50 eV. Under normal
thermionic emission condition, the work function of the cathode material is minimum,
Waom= 2 eV [31]. When the temperature decreases, Wgy; increases to approach the value
Wan= 2.7 €V of Ba. This means that the energy spread of the photoemission electrons is
less than 0.8 eV. The energy spread of the main beam electrons at the end of the electron
gun is usually 1 eV, larger than photoemission energy spread (0.8 eV). The final energy
modulation, which is produced by the initial density perturbation, is several tens of
electron volts, which is much larger than 0.8eV. Also consistent with previous work, the
grid voltage induced perturbation is several tens of electron volts. So the energy
distribution of the photoemission electrons is almost the same as that for thermionic
emission electrons.

The relationship between the electron beam current I, the longitudinal line charge
density A and the velocity of the electrons v is / = A*y. The same energy distribution for
both photoemission electrons and thermionic emission electrons yield the same velocity
distribution for all electrons. So the current modulation is only due to the modulation of
the longitudinal line charge density.

In conclusion, this laser produced current perturbation is a localized longitudinal
pure line charge density perturbation. The following experiments examine the space-

charge wave behaviors of this localized density perturbation on a 100 ns main beam.
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3.3 Experiments on localized longitudinal space-charge wave

3.3.1 Typical example from experiments

Before the general discussions of the space-charge wave behaviors of the pure-
density perturbation, a typical case (with 20 mA 100 ns main beam and 20 mA 5 ns
perturbation) is presented first. A 20 mA perturbation beam is chosen since it is easier to
see the evolutions of the perturbation, although the nonlinear effects are also important
here.

Figure 3.13 shows the beam current measured at a Bergoz current transformer at
62 cm from the electron gun. This electron bunch transports through 12 ring chambers.
Beam current is measured by BPMs at each chamber, shown in Figure 3.14. All the
current signals are normalized to allow the main beam current to read unity.

From RC1 to RCS5, 191 cm to 447 cm from electron gun, the pure-density
perturbation spreads wider and wider due to the space-charge force. At RC6, 511 cm
from the beginning, the perturbation splits into two peaks. Then these two peaks, called
two space-charge waves, keep moving away from each other. This longitudinal space-
charge wave behavior is the same as the prediction from theory and simulation in Chapter
2.

In order to show the evolution of the perturbation clearly, perturbation current is
calculated by subtracting only the thermionic contribution from the total beam current,
which includes both photoemission and thermionic emission electrons. This calculation is
shown in Figure 3.15. The perturbation current is calculated at each chamber in a similar

way and results are shown in Figure 3.16.
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Figure 3.13 The current for the perturbed electron beam at 62cm from the electron gun
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Figure 3.14 Evolution of perturbed electron beam, 20mA main beam current and 20mA
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Figure 3.15 Example perturbation current calculation
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Figure 3.16 Evolution of perturbation (subtracted by main beam current)
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In Figure 3.16, the shape of the head of the fast space-charge wave and the tail of
the slow space-charge wave do not change from the beginning to the end. The same
results are obtained via simulation.

According to theoretical discussions in Chapter 2, these two longitudinal space-
charge waves travel at twice of sound speed C; leave away from each other. The time
spans between these two peaks are plotted in Figure 3.17. Since each BPM has four
channels, four slightly different span times arrive at each position, each represented by a
blue star in the graph. The mean value of the four span times at each position is
calculated and showed by a red circle. A line is fitted for these mean time spans by using
the least square root method. Speed of sound can be calculated by using,

A(Distance between two peaks)  Arev A
AT Az/v Az

2%C, = (Bey? 3.1)

where At is the time increase between two peaks when the beam travel for Az meters,
and At/Az is also the gradient of the fitting line. From Figure 3.17 and equation (3.1),

one can calculate the sound speed from experimental data, Ci=1.38*10° m/s.
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Figure 3.17 The separation times between two current spikes at different positions
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In order to calculate the sound speed C from equation (2.25) in theory, the beam
radius must be calculated first. There are two ways to arrive at beam radius: one way is to
calculate the match beam radius for the FODO period from envelope equation; the other
way is to use transverse beam distribution figures from the phosphor screens at each
chamber to calculate the mean radius. Figure 3.18 shows transverse beam distributions
from RCI to RC11. The RMS beam radius at each chamber is measured and averaged.
The mean value of the beam radius is 0.4 cm. Setting a = 0.4 cm in equation (2.25) with b
=2.54 cm, A = I/v =3.33*10"'% C/m, the sound speed is equal to 1.26*10° m/s. The result
from experiments is therefore larger than the theoretical prediction. This is because in
theory, a small modulation is assumed. However, in this example experiment, a huge
perturbation, the same amplitude as the main beam, is used. The nonlinear effects of

strong space-charge force make the two peaks separate at a higher speed.
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Figure 3.18 Transverse beam distributions from phosphor screen at RC1 to RC11



3.3.2 Experiments of different main beam current and perturbation current

A 20 mA 5 ns perturbation on the 20 mA 100 ns main beam is discussed in the
previous section. The initial single density perturbation generates two space-charge
waves, one fast wave and one slow wave. The relative speed between the two space
charge waves is equal to twice the sound speed, where C¢=1.38*10°m/s. Some different
combinations of main beam current and perturbation current are discussed in this section
to study the space-charge wave characteristics.

First, the change of sound speed is considered for the same perturbation on the
different main beams. In order to eliminate the nonlinear effects, an 8§ mA 5 ns
perturbation is studied in this set of experiments. The main beam current is changed to 20
mA, 37 mA, 50 mA, 65 mA, and 80 mA, respectively. The evolutions of the electron
beam current at the beginning and end are shown in Figure 3.19.

As discussed in previous section, the sound speed is calculated for each case and
presented by squares in Figure 3.20. The sound speed also can be calculated from
equation (2.25) and plotted in Figure 3.20 by triangles. The results are listed in Table 3.5.
The radius for different main beam is calculated by a match code, MENV [27], and listed
in Table 3.6. The difference of beam radius between the simulation and experiment is

about 10%, resulting in about 3% difference for the sound speed calculation.

63



Main beam current Distance: z=1.91m from electron gun Distance: z=8.95m from electron gun

20 mA

S<DODQLTDVT OC—~DS—+
2
S<OXPQTOVT OC—DHS—+
2

]
}

°
gl

“s0 -100 50 0 50

“s0 -100 50
Time (ns) Time (ns)

37 mA

S<OXDQTDVT OO+
=
S<DOVDQTDVT OC—~DS—+

50 100 -50 50 -100 -50 0 50
Time (ns) Time (ns)

50 mA

S<ODQLTDVT OC—~DS—+
=
S<DODQLTDVT  OC—~DS—+

50 100 -50 50 -100 -50 o 50
Time (ns) Time (ns)

65 mA

S<OODLTDVT  OC—~DS—+

o 2 8 8 R % 8
o=

“S<OVOQTMVT OC—~+OS~+

o 28R 8 % 8 8

50 -100 -50 50 100 -5‘0 o 5‘0
Time (ns) Time (ns)

80 mA

~S<ODQTDVS  OC—~DS—+
- 888888¢8¢88
S<DODQLTDVT  OC—~+DS—+
o 2 83 838 8 8 % 8 8

s -100 50 0 50 “s0 -100 50 [ 50
Time (ns) Time (ns)

Figure 3.19 The beam current for different main beam current and same perturbation
current at beginning and ending of electron ring. The main beam current is 20 mA, 37
mA, 50 mA, 65 mA, 80 mA, respectively.
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Figure 3.20 The sound speed for same initial perturbation with different main beam
current. The squares in the figure represent the sound speed measured by the experiment.
The triangles in the figure represent the sound speed calculated by the theory.
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Table 3.5 The sound speed calculation for different main beam current

Main beam Perturbation Cs (m/Sec) Cs (m/Sec)
current (mA) current (mA) (Experiment) (Theory)

1 80 8 2.07E+06 1.97E+06
2 65 8 1.85E+06 1.86E+06
3 50 8 1.50E+06 1.72E+06
4 37 8 1.48E+06 1.56E+06
5 20 8 1.16E+06 1.26E+06

Table 3.6 Beam radius for different current beam

Main beam Mean Beam
current (mA)  radius (mm)

20 4.624
37 6.137
50 7.076
65 8.022
80 8.868

In Figure 3.20, the sound speed is increasing when the main beam current is
increasing. This result agrees with the theoretical prediction. Since in the equation (2.25),
the sound speed is proportional to the square root of main beam line charge density. This
phenomenon is similar to sound wave propagation in different media such as air, liquid or
solid. The only difference is that sound waves are formed by the molecular vibrations
produced by recovery force, while space-charge waves are formed by the electron
vibrations produced by space-charge force. For sound waves, the wave traveling speed in
a solid material is faster than that in liquid, and the speed in liquid is faster than that in
gas. The same is true for longitudinal space-charge wave, the sound speed is faster in a
larger current main beam. The main beam is very important because it gives a medium

that permits the space-charge wave propagation. In contrast, Figure 3.21 shows the
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evolution of a parabolic electron beam in UMER without a main beam. The parabolic
electron beam only spreads in the first 12 ring chambers without splitting into two

bunched electron beams like the perturbation discussed in this chapter.
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Figure 3.21 The spread of a parabolic beam (no split)
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Considering the second set of experiments, the same 20 mA 100 ns main beam is
used with different perturbations at 8, 14 and 20 mA, respectively. The evolution of these
electron beams is plotted in Figure 3.22. The sound speed of the space-charge wave is
calculated and plotted in Figure 3.23. The results are also shown in Table 3.7. Since the
main beam current doesn’t change, the sound speed calculated from the equation (2.25)
doesn’t change. However, in the experiment, the sound speed is increasing while the
perturbation is increasing. This is due to the nonlinear effects, which is not included in
the theoretical analysis. In the 20 mA perturbation case, the magnitude of the perturbation
is same as the main beam current, and the nonlinear effects seriously impact the beam
propagation. The larger space-charge force pushes the two perturbations apart at faster
than twice of sound speed calculated from the theory. Some interesting longitudinal
instability phenomena in nonlinear region were also found in Dr. Y. Zou’s experiment

[16]. Up to now, no theory gives good prediction in the nonlinear region.
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Figure 3.22 Beam current for same main beam current and different perturbation current
at beginning and ending of the electron ring. The perturbation current is § mA, 14 mA
and 20 mA, respectively.
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Figure 3.23 The sound speed for different initial perturbation current with same main
beam. The squares in the figure represent the sound speed measured by the experiment.
The dashed line in the figure represents the sound speed calculated by the theory.

Table 3.7 The sound speed calculation for different perturbation currents

Main beam Perturbation Cs (m/Sec) Cs (m/Sec)
current (mA)  current (mA)  (experimental) (Theory)

1 20 8 1.16E+06 1.26E+06
2 20 14 1.21E+06 1.26E+06
3 20 20 1.38E+06 1.26E+06
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3.4 Summary

In this chapter, the propagation of laser produced longitudinal single-density

perturbation in space-charge dominated beam was discussed. Several important points are

worth noting:

1.

A drive laser table is set up by using the Nd:YAG laser. A third harmonic
ultraviolet pulse laser (5 ns, 8 mJ, and 355nm) is produced and impinged on the
entire cathode.

The photoemission current in UMER is observed. The different current
combinations of 100 ns main beams and 5 ns density perturbations are generated
and propagate through 12 chambers of UMER.

The initial single-density perturbation splits into two space-charge waves. The
two space-charge waves separate from each other at twice the sound speed.

The sound speed of the space-charge wave increases with main beam currents,
similar to the sound wave propagation at different speeds in gases, liquids and

solids.

. The sound speed increases when the perturbation is larger at a constant main

beam current due to the nonlinear effects.
The sound speed observed from experiments agrees well with the theoretical

predictions and simulation results.

72



Chapter 4: Preliminary Experimental Study of the Transverse

Phase Space Tomography for Photoemission Electron Beam

4.1 Introduction

4.1.1 Introduction to tomography

The original definition of Tomography refers to the cross-sectional imaging of an
object from either transmission or reflection data collected by illuminating the object
from many different directions. The mathematical fundamental is developed by Radon in
1917 [32]. Hounsfield used this method to invent the x-ray computed tomographic
scanner to form images of tissues and received the Nobel Prize in 1972. This technique is
called Computerized Tomographic Imaging, or CT imaging for short. The methods of
computerized tomography are also used in numerous non-medical imaging applications,
such as the mapping of underground resources, cross-section imaging for nondestructive
testing, the calculation of the brightness distribution over a celestial sphere, and three-
dimensional imaging with electron microscopy. Recently, the technique of computerized
tomography is also used in beam physics to reconstruct the transverse phase space [33]

the longitudinal phase space [34], and to measure the emittance of beam [35].

4.1.2 Prior Research

The tomography technique is also applied to UMER to reconstruct the transverse
phase space and to calculate the beam emittance. The quadrupole current-control program

and the transverse phase space reconstruction program are designed by Dr. H. Li. The
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transverse phase space of a 0.6 mA 100 ns rectangular electron beam is reconstructed and
shown in Figure 4.1 [27]. Since the beam current is only 0.6 mA, a linear propagation
matrix can be used in the calculation. The unnormalized 4*RMS (effective) emittance of
the beam is also calculated, ex= €y = 5.5 mm-mrad. The pseudo color is used to show the

detailed structures inside the beam.

74



255

T | 255

peiwgg —»

Figure 4.1 Phase spaces of a 0.6 mA beam at RC1, 191cm from electron gun. The y vs. x
figure is the beam cross-section distribution. The x’ vs. x figure is the phase space in x
direction. The y’ vs. y figure is the phase space in y direction.
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4.2 Tomography of the photoemission electron beam on UMER

The photoemission electron beam in UMER is very useful. However, only a few
beam characteristics are known about this beam. The computerized tomography can be
used in this kind of electron beam to reconstruct the transverse phase space of the
electron beam and to calculate the emittance, which is very important for the future
experiment.

The Radon transform of a function f(x,y) is defined as the line integrals for all the

directions, [27]

F(p.§)=Ref(x,3) = | f(x,9)ds, 4.1)

where the line integral is along the line p =xcos@+ ysing (0 <p< 7r) . The inverse

transform can be written as
f(x%,y)=R"sr(p,§) = F(xcosg+ysing,$)dg, (4.22)

F(s,0)=F'[[k|- F[r(p.#)]], (4.2b)
where 7(s,#) is a modified projection function, F and F' are one-dimensional normal
and inverse Fourier transform. Here, the »(p, @) is the projection function, which is given
by

r(p,9)=s-C(.9), (4.3)
where C(/,¢) is the beam profiles in x or y direction, which can be calculated from the
experiment. The scaling factor s and phase space rotation angle ¢ can be calculated for

different quadrupole currents.
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In order to obtain the transverse phase space, the profile data for all 180 degree
phase space rotation is needed. The calculated results show that it is impossible to cover
180 degree by only controlling one quadrupole. As an optimized result, two quadruple
currents are changed from -3.5A to 3.5A, to cover about 170 degrees.

In order to minimize the nonlinear effects, the beam current must be small. In this
experiment, 8 mA photoemission electron beam is chosen. Since the FWHM of the
current pulse is only about 5 ns, the images on the phosphor screen are very dim. In the
experiment, in order to get an accurate transverse distribution of the electron beam, the
laser repetition rate is 15Hz and more than 100 frames of pictures are taken by the CCD
camera. All the pictures are then added up and normalized to get the transverse
distribution of the electron beam at one quadrupole currents condition.

The transverse distribution of the electron beam is changed under the different
quadrupole currents. The distribution profile on x or y direction is calculated, as the

C(l,¢) in the inverse Radon transform in equation (4.3). With the profile data under

about 60 different combinations of quadrupole currents, the phase spaces of an 8§ mA 5 ns
photoemission electron beam at 191 cm from electron gun are reconstructed and shown
in Figure 4.2. The unnormalized 4*RMS (effective) emittance of this beam in x-x’ phase
space is 8.5 mm-mrad and in y-y’ phase space is 16.2 mm-mrad. The difference between
&x and gy 1s mainly due to the bad quality of x-x’ phase space. The effective emittance of
the photoemission beam in y direction is almost same as that of 7 mA thermionic electron

beam, which is 15.5 mm-mrad [27].
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Figure 4.2 The phase space of photoemission electron beam. The y vs. x figure is the
beam cross-section distribution. The x’ vs. x figure is the phase space in x direction. The
y’ vs. y figure is the phase space in y direction.
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4.3 Summary and discussions

The transverse phase space of an 8§ mA photo-emission electron beam is studied
experimentally. Both x vs. x’ and y vs. y’ phase space are reconstructed, and the
emittance is calculated.

However, this is only a preliminary tomography investigation of the
photoemission electron beam. Several improvements need to be incorporated in the
future.

The main problem of this photoemission electron beam tomography is that the
beam current is changes with time. The image at the phosphor screen is the result of time
integration for the whole beam. For a regular rectangular thermionic emission beam, the
current is constant except a very short head and tail. However, for photoemission beam
the beam current is varying all the time. Thus, the beam radius and transverse distribution
always fluctuate. The final phase space figure is a result of time integration. In order to
get the phase space figures for each slice of the photoemission electron beam, the slit-
collector can be used to get the time dependent beam distribution profile. With this data,
the phase space of each time slice of the beam can be reconstructed.

Because the space-charge force also plays an important role in the 8§ mA
photoemission electron beam, it should be included in the propagation matrix. Since the
beam current is time dependent, the envelope of this beam should be calculated for
different slices. Then the space-charge force can be derived from the beam envelope and

used in the propagation matrix.
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Chapter 5: Conclusion

The main purpose of this thesis is to study the dynamics of longitudinal space-
charge waves on electron beams, which are produced by initial pure-density modulation.

An analytical theory of the longitudinal space-charge wave in a uniform focusing
channel is discussed first. The single particle motion equation with initial conditions
shows that the small sinusoid initial modulation in the main electron beam is the
superposition of two eigenfunctions, the fast space-charge wave and the slow space-
charge wave. The sound speed (the velocity of the space-charge wave in the beam frame)
is derived by the cold-fluid model. The evolution of an arbitrary localized perturbation is
expressed analytically by using double Laplace transforms on the continuity equation and
the momentum transfer equation in the cold-fluid model. The results for the initial pure-
density modulation condition are derived. The theoretical analysis shows that the single
peak pure-density perturbation splits into two perturbations and moves away from each
other. The small sinusoid modulation on the main beam is also calculated. The initial
pure-density modulation completely transfers to the pure-energy modulation and then
reverts back. Correspondingly, the period length of the oscillation between the density
and energy modulation is calculated.

A WARP 2-D (RZ) simulation program is set up to simulate the pure-density
modulation evolutions. While the beam transport experiments (100 ns, 20 mA, 10 keV)
are performed in a FODO focusing channel of conducting pipes, the simulations are done
in a uniform focusing channel. The simulation results of single peak pure-density

perturbation and small sinusoid modulation are presented. For the 2 mA single-peak
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perturbation and sinusoid modulation, the simulation results agree well with the
theoretical analysis. For the 20 mA single peak perturbation, some nonlinear and
instability phenomena show up.

The propagation of the single peak pure-density perturbation is experimentally
studied for the first time. An ultraviolet laser (355 nm) is used to generate the
photoemission electrons, which have almost the same energy distribution as the thermal
emission electrons. A 100 ns main beam with 5 ns photoemission perturbation at the
beam bunch center propagates in the UMER for about 10 meters. The initial single peak
perturbation splits into two perturbations due to the fast and slow space-charge waves.
The sound speed is measured for the different combinations of main beam current and
perturbation current. The sound speed of the space-charge wave increases with main
beam currents, similar to the sound wave propagation at different speeds in gases, liquids
and solids. The sound speed increases when the perturbation is larger at a constant main
beam current due to the nonlinear effects. The experimental results are in good
agreements with the theories and simulations.

In the second part of the thesis, the experimental result of the transverse phase
space of an 8 mA photoemission electron beam is determined using a computerized
tomographic technique, from which the emittance is also calculated. In the future, the
study of time dependent phase space is important, since the beam current changes with

time in the photoemission electron beam.
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