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Abstract of the Thesis

Simulation of Electron Beam Dynamics in the
22 MeV Accelerator for a Coherent Electron

Cooling Proof of Principle Experiment

by

Justin Owen

Master of Arts

in

Physics

Stony Brook University

2013

Coherent electron cooling (CeC) offers a potential new method of
cooling hadron beams in colliders such as the Relativistic Heavy
Ion Collider (RHIC) or the future electron ion collider eRHIC.
A 22 MeV linear accelerator is currently being built as part of
a proof of principle experiment for CeC at Brookhaven National
Laboratory (BNL). In this thesis we present a simulation of electron
beam dynamics including space charge in the 22 MeV CeC proof of
principle experiment using the program ASTRA (A Space charge
TRacking Algorithm).
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Chapter 1

Introduction

A 22 MeV linear accelerator (linac) is currently being built at Brookhaven
National Laboratory as part of a proof of principle experiment for coherent
electron cooling (CeC). Simulations of the electron bunches moving through
the 22 MeV CeC linac including space charge need to be performed for further
verification of how the linac will work. In this thesis we present an overview
of the CeC experiment and simulations of an electron bunch traveling though
the 22 MeV linac using the program ASTRA (A Space charge TRacking Al-
gorithm).

Coherent electron cooling (CeC) is a high bandwidth form of stochastic
cooling first proposed in the 1980’s before the technology existed. Fortu-
nately, advances in free electron laser (FEL) and energy recovery linac (ERL)
technology make it possible to realize this idea today.

The basic idea behind CeC is to co-propagate a bunch of electrons along
with the hadron bunch. These electrons will then form clouds around indi-
vidual hadrons to screen the hadron charge. These electron clouds are then
passed through a FEL structure where through FEL amplification their den-
sity is increased. The hadrons with the beam’s energy are then recombined
on top of their electron clouds so that they feel no pull from them. However,
hadrons of energy greater or less than the energy of the hadron beam will
be in front of the electron cloud or behind it. These hadrons will be pulled
on by the cloud and experience an energy change towards the energy of the
hadron beam. CeC leads to a net reduction in the energy spread of the hadron
bunches.

Hadron beams in colliders do not have strong energy loss mechanisms that
lead to a natural way of reducing the spread of their energy and emittances
(emittance is proportional to the area in phase space occupied by the beam).
Current high-energy proton colliders have no control over beam emittances at
the collision energy. This means they must use beams as they are, which is
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not always optimal for the luminosity of a collider.
Luminosity is a major figure of merit for a collider. It provides a metric

for the productivity of a specific branch of physics in the collider. For a round
beam common in hadron colliders, the luminosity is:

L = fc
N1N2

4πβ∗ε
h

(
σs
β∗

)
,

where β∗ is the transverse beta function at the collision point, ε is the trans-
verse emittance, σs is the bunch length, N1 and N2 are the number of particles
in each bunch, fc is the frequency of collisions, and h ≤ 1 is a function ac-
counting for a phenomenon known as the hourglass effect.

The hourglass effect:

h(x) =

√
π

x
e1/x

2

erfc(1/x),

occurs when the bunch length becomes larger than β∗. The beta function
will grow parabolically as a function of distance from the interaction point
which causes the beam size to increase. Longitudinal cooling offers potential
reduction in β∗ and an increase in the collider’s luminosity [1].

Figure 1.1: FEL based coherent electron cooling
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Chapter 2

CeC Proof of Principle
Experiment

The CeC proof of principle experiment is intended to experimentally verify that
coherent electron cooling can be accomplished. It seeks to cool 40 GeV/nucleon
Au ions with 22 MeV electrons. Due to budget constraints a more economical
version of CeC shown in figure 2.1 is being used. There will be no separate
dispersion section for the hadrons. This means that the hadrons will also travel
through the FEL structure. This setup requires matching of the group velocity
of the amplified density distortion in the FEL with the hadron velocity.

Figure 2.1: The economic version of FEL based CeC.

A 22 MeV injector is currently under construction for this experiment. It
consists of two main sections: the 2 MeV gun (up to the 704 MHz cavity)
and the 22 MeV section (everything after the 704 MHz cavity). The full
configuration is expected to be completed by 2015. A picture of what the
linac will look like is shown in figure 2.2.
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Figure 2.2: The 22 MeV linac injector for the CeC proof of principle experiment

2.1 Accelerating Structures

Superconducting radio frequency (SRF) cavities are the basic accelerating
structures used in the 22 MeV linac. Each cavity has a specific resonant
frequency at which electromagnetic fields are generated inside. Electromag-
netic fields are fed by an RF generator which feeds electromagnetic power into
these cavities. Charged particles then pass through the center of the cavity
and receive energy from the electromagnetic fields that have built up inside.
There are different cavity modes. The transverse magnetic (TM) field mode
has magnetic fields transverse to the direction of charged particle propagation
and an electric field in the direction of propagation. These modes supply ac-
celeration to the particles. The other mode is the transverse electric (TE) field
mode. This mode has electric fields transverse to the direction of propagation
and provide no acceleration to the particles.

2.1.1 112 MHz Gun

The 112 MHz gun is where the electron bunch is generated; see figure 2.3.
A cathode at the beginning of the gun has a laser shined on it to generate
electrons. The electrons coming off the cathode are then accelerated to 2 MeV
through the 0.3 m long gap [2].
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Figure 2.3: The 112 MHz SRF gun where the electron bunch is generated.

2.1.2 500 MHz Bunching Cavities

The two 500 MHz cavities will provide an energy chirp for the ballistic com-
pression of the electron beam. Compression of the electron beam occurs in
the drift space between the 500 MHz and 704 MHz cavities. Two cavities
are necessary instead of one in order to get enough of an energy chirp. The
bunching cavities are shown in figure 2.4 and are each 0.596 m long [2].
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Figure 2.4: The two 500 MHz bunching cavities on the left in place next to
the 112 MHz gun.

2.1.3 704 MHz Cavity

The 704 MHz cavity is 2.128 m long and accelerates the bunch to its final
energy of 22 MeV. The cavity is superconducting and operates at 2 K. It is
being developed by Niowave. The cavity is shown in figure 2.5 [2].
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Figure 2.5: The 704 MHz cavity (pink) shown inside its liquid helium vessel.

2.2 Magnets

The magnets of an accelerator are pivotal to its operation. While cavities
provide acceleration, magnets provide steering and focusing. The magnets
used are solenoids, quadrupoles, and dipoles.
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2.2.1 Solenoids

Solenoids provide focusing at low energies in accelerators and are the only
magnets used up to the entrance of the 704 MHz cavity in the 22 MeV linac.
The beam pipe is 10.16 cm in diameter and the solenoids are used to keep
the bunch diameter below the diameter of the beam pipe. If the diameter of
the bunch goes beyond the beam pipe diameter electrons will be lost and the
beam current will drop. The vacuum pipe can also be damaged.

All the solenoids are the same except the one right outside of the 112 MHz
gun (gun solenoid). The gun solenoid can be seen in figure 2.6 and the other
solenoids can be seen in figure 2.7 [2].

Figure 2.6: The gun solenoid (orange) around the beam pipe at the end of the
112 MHz gun
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Figure 2.7: The solenoids used in the 2 MeV section of the 22 MeV linac.

Here we present a simple model of solenoid focusing [3]. Assume that the
magnetic field along the axis of the solenoid is Bo inside the solenoid and 0
outside. The field off the axis of a solenoid can be expressed as:

Bz(z, r) = Bz(z, 0)− r2

4
B′′z (z, 0) +

r4

64
B(4)
z (z, 0) + ...

Br(z, r) = −r
2
B′z(z, 0) +

r3

16
B′′′z (z, 0) + ...

Keeping terms only up to first order in r, we can represent the z component
of the magnetic field using step functions as:

Bz(z, r) = B0[θ(z)− θ(z − L)],

where L is the length of the solenoid. The radial magnetic field is then:

Br = −r
2
B0[δ(z)− δ(z − L)].
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An electron a distance r0 from the z axis will experience a force −evzBr(z) at
the entrance to the solenoid, giving:

γm
dvθ
dt

= γmvz
dvθ
dz

= −evzBr(z) = −r
2
B0[δ(z)− δ(z − L)].

Integrating this and rearranging terms yields:

vθ =
eB0r0
2γm

.

As the particle moves into the solenoid, the centripetal force balances out the
Lorentz force in the radial direction yielding:

γmv2θ
R

= eBzvθ.

The radius of curvature is then:

R =
γmvθ
eB0

=
r0
2
.

Particles will rotate in a circle that has a radius equal to half the distance they
are from the z-axis as can be seen in figure 2.8.

Figure 2.8: The beam particles moving through the solenoid rotate inward.
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2.2.2 Quadrupoles

Quadrupoles are used for beam focusing when energies are on the order of 10
MeV and above. They provide focusing in one direction and defocusing in
the other, e.g. focusing in x and defocusing in y. Aside from the dipoles, all
focusing after the 704 MHz cavity is done with 0.157 m long quadrupoles like
the one shown in figure 2.9 [2].

Figure 2.9: A quadrupole used for 22 MeV electron beam transport.

The transverse motion of a particle moving through a quadrupole can be
explained starting with Hill’s equation:

d2y

dz2
+Ky = 0,

where K = e
p
∂Bz

∂y
[4]. If we assume K is constant, this is the equation for a

simple harmonic oscillator with solutions:

y(z) =


a cos(

√
Kz + b) if K > 0,

az + b if K = 0,

a cosh(
√
−Kz + b) if K < 0,

where a and b are determined by initial conditions. We can create a transfer
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matrix formalism like the ray transfer matrix formalism in optics. We represent
the phase space variables for y in vector form as:

y(z) =

(
y(z)
y′(z)

)
,

and the matrix equation is:

y(z) = M(z|z0)y(z0).

Let l = z − z0, a = 1, and b = 0, then the transfer matrix M(z|z0) can be
expressed as:

M(z|z0) =



(
cos(
√
Kl) 1√

K
sin(
√
Kl)

−
√
K sin(

√
Kl) cos(

√
Kl)

)
if K > 0,(

1 l

0 1

)
if K = 0,(

cosh(
√
|K|l) 1√

|K|
sinh(

√
|K|l)√

|K| sinh(
√
|K|l) cosh(

√
|K|l)

)
if K < 0.

We show that the form for M(z|z0) is correct by multiplying out the equation
y(z) = M(z|z0)y(z0) for K > 0 (focusing).(

cos(
√
Kl) 1√

K
sin(
√
Kl)

−
√
K sin(

√
Kl) cos(

√
Kl)

)(
y(z0)
y′(z0)

)
=

(
cos(
√
Kl) cos(

√
Kz0) + sin(

√
Kl) sin(

√
Kz0)

−
√
K sin(

√
Kl) cos(

√
Kz0)−

√
K cos(

√
Kl) sin(

√
Kz0)

)
=(

cos(
√
Kz)

−
√
K sin(

√
Kz)

)
=

(
y(z)
y′(z)

)
In the limit l→ 0 we get the thin lens approximation:

M(z|z0) =

(
1 0
− 1
f

1

)
,

which is the exact same form as the thin lens ray transfer matrix from optics.
Here the focal length f is:

f = lim
l→0
− 1

|K|l
.
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2.2.3 Dipoles

There is a dogleg after the 704 MHz cavity. Dipoles are used to steer the beam
through the dogleg. There are two main types of dipoles, sector dipoles and
rectangular dipoles. Sector dipoles focus in the bending plane. This effect can
be seen as geometric. Particles moving into the dipole with a transverse offset
from the design path will either have a longer or shorter path through the
magnet and will correspondingly be bent more or less by the magnetic fields
leading to a focusing effect.

Rectangular dipoles will have no geometric focusing in the bending plane
since all particles have the same path length through the magnet. However,
there is vertical focusing caused by the fringe fields. Fringe fields are the fields
along the edge of the dipole [5].

Figure 2.10: The two common dipole types, sector (left) and rectangular
(right) with the beam path shown in red.

We want a magnet that focuses in both horizontal and vertical directions.
The angle of entrance for a sector dipole is 00 with respect to a line normal to
the entrance and this dipole has horizontal focusing. The angle of entrance for
a rectangular dipole is θ/2 and this dipole has vertical focusing. The chevron
dipole used has an entrance angle of θ/4 halfway between a sector dipole
and rectangular dipole leading to equal parts fringe field vertical focusing and
geometric bending plane focusing. A drawing of the dipole is in figure 2.11.
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Figure 2.11: A 3D drawing of a dipole used in the 22 MeV linac.

2.2.4 Helical Undulators

Helical undulators are a series of magnets built to cause electrons to fly in a
helical path. This helical path leads to the electrons producing spontaneous
radiation which is essential to the FEL amplification in CeC. There are three
2.5m long helical undulators like the one pictured in figure 2.12.
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Figure 2.12: A 3D drawing of a helical undulator used in the CeC experiment.

2.3 CeC Beam Parameter Requirements

The beam requirements are listed in table 2.1.
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Parameter Requirement
Emittance [πmrad ·mm] 5
2 MeV Section Beam Stay Clear Size [mm] 101.6
Quadrupole Beam Stay Clear Size [mm] 50.8
Undulator Beam Stay Clear Size [mm] 32

Table 2.1: The beam requirements throughout the CeC experiment.
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Chapter 3

Simulating With ASTRA

In this section we discuss how ASTRA works. When running simulations it
is important to understand the limitations of the software. Unlike many of
the other particle tracking programs available, such as ELEGANT, ASTRA
accounts for space charge. Space charge is the charge that a particle in the
electron bunch will experience from its neighbors. It is important for low
energy tracking. At ultra-relativistic energies, magnetic forces compensate
electric forces. For an azimuthally symmetric beam with uniform density in
cylindrical coordinates, in the laboratory frame we have:

∇ ·E =
1

ε0
ρ0

∇×B = µ0ρ0v.

Using Gauss’s law we get: Er = 1
2ε0
ρ0r. Using Ampere’s law we get: Bφ =

1
2
µ0ρ0vr. We see that the Lorentz force is:

Fr = e(Er − vBφ) = eEr(1−
v2

c2
) =

1

γ2
eEr.

The space charge forces are scaling as 1
γ2

, so as the beam becomes ultra-
relativistic, Fr becomes 0.

When accounting for space charge, compressing the bunch transversely
and longitudinally is similar to squeezing a balloon. It will expand in the
unsqueezed direction. Therefore, excessive bunching will lead to transverse
expansion and excessive transverse focusing leads to the bunch lengthening.
Using ASTRA allows us to find a balance between longitudinal compression
and transverse focusing while accounting for space charge.

ASTRA does have some disadvantages. The main disadvantage for our
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simulations is that there is no built in feature for helical undulators in AS-
TRA. To get around this limitation we represent the helical undulators with
long solenoids. Another disadvantage is that, unlike MAFIA, ASTRA doesn’t
account for interactions between bunches and geometries. This means that the
particles do not interact with the boundaries of the accelerator components.

3.1 Initial Bunch Characteristics

ASTRA allows the user to specify the initial bunch characteristics in six di-
mensional phase space (x, y, z, px, py, pz) using a generator file. For our
purposes, a radial symmetric distribution was chosen for x and y. A Gaussian
distribution was chosen for px, py, and pz. The distribution in z was chosen
to be a plateau or square wave shape with a rise time of 40ps.

When specifying the number of particles in a bunch it is important to realize
ASTRA works with macro particles. Each macro particle can be thought of as
a ball of electrons, where no electrons inside a macro particle interact with each
other. The number of macro particles in the bunch and the total charge of the
bunch of macro particles is specified by the user. The number of electrons in
each macro particle is Ne = Q/(Nme). While it is possible to make each macro
particle have a single electron, it is not recommended since the calculation time
scales with the number of particles.

3.2 Accelerator Components

ASTRA uses a global coordinate system when specifying the locations of accel-
erator components. The fields of the cavities and solenoids are derived from
a user defined table of values for the field strengths in the longitudinal (z)
direction along their axis of symmetry. Our simulations use data tables of
measurements of the magnetic fields of the solenoids and the electric fields of
the cavities used in the accelerator. Once a table of values is specified, the
field strength can be adjusted by specifying the maximum value of the mag-
netic field for each solenoid and the maximum electric field strength for each
cavity. The values in the table are rescaled to these specified maximums. For
cavities, the relative phase between the wave in the cavity and the bunch can
be specified and the frequency of the cavity needs to be specified.

The field of the solenoids are derived using a field expansion of B:

Bz(z, r) = Bz(z, 0)− r2

4
B′′z (z, 0) +

r4

64
B(4)
z (z, 0) + ...,
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Br(z, r) = −r
2
B′z(z, 0) +

r3

16
B′′′z (z, 0) + ...

The transverse magnetic (TM) fields of the cavities are expanded as:

Ez(z, r) =

[
Ez(z, 0)− r2

4

(
E ′′z (z, 0) +

ω2

c2
Ez(z, 0)

)]
sin(ωt),

Er(z, r) =

[
−r

2
E ′z(z, 0) +

r3

16

(
E ′′′z (z, 0) +

ω2

c2
E ′z(z, 0)

)]
sin(ωt),

Bφ(z, r) =

[
r

2
Ez(z, 0)− r3

16

(
E ′′z (z, 0) +

ω2

c2
Ez(z, 0)

)]
ω

c2
sin(ωt).

A transverse electric (TE) field can be expanded as:

Bz(z, r) =

[
Bz(z, 0)− r2

4

(
B′′z (z, 0) +

ω2

c2
Bz(z, 0)

)]
cos(ωt),

Er(z, r) =

[
−r

2
B′z(z, 0) +

r3

16

(
B′′′z (z, 0) +

ω2

c2
B′z(z, 0)

)]
cos(ωt),

Eφ(z, r) =

[
r

2
Bz(z, 0)− r3

16

(
B′′z (z, 0) +

ω2

c2
Bz(z, 0)

)]
ωsin(ωt).

Dipoles are created by specifying the entrance and exit faces of each dipole.
ASTRA automatically calculates the magnetic field if the bending radius for
the bunch is specified. The quadrupoles are characterized by specifying their
length and focal strength.

3.3 Space Charge Calculations

For calculation of space charge, a grid containing the bunch is Lorentz trans-
formed into the average rest system of the bunch. This makes the motion of
the particles non relativistic. A 4th order Runge-Kutta method is used for
time steps.

The default static field calculation method is used in our simulations. This
method creates a cylinder centered on the z-axis in cylindrical coordinates (z,
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r, φ) containing the bunch and grids this cylinder using rings in the r coordi-
nate, and slices in the z direction. Calculations are then done numerically by
integrating over the rings and assuming a constant charge density inside of a
ring. The field contributions of the individual rings at the centers of the grid
cells are added up and transformed back into the lab frame. The field between
points is calculated using cubic spline interpolation [6].

3.4 Problems with ASTRA

The 22 MeV linac has a dogleg that bends the beam at a 45o angle. Simulations
using the dipole feature of ASTRA were performed. This simulations were
found to have problems. As mentioned earlier, ASTRA does all calculations
in the average rest frame of the beam. All calculations then assume that the
particles are moving at non-relativistic speeds. If we have a z momentum of 22
MeV/c going into a 45o dipole, then the x momentum after the dipole would
be:

px = (22MeV/c) sin(−45o) = −15.6MeV/c = pz.

Figure 3.1 shows the histograms of the momentum in each direction of the
beam in the average rest frame according to ASTRA at around 0.6 m. Fig-
ure 3.2 shows the histograms of the beam’s momenta after passing through
a dipole. We expect distributions centered around momentum of 0 since cal-
culations are done in the average rest frame, but the distribution for px is
concentrated near the momentum of px = −15.9MeV/c which is near the px
value that was calculated. ASTRA is only transforming to the average rest
frame in z and is not properly transforming to the average rest frame in x
and z, and produces erroneous results when tracking particles. Figure 3.3
shows the erroneous results caused by ASTRA incorrectly transforming to the
average rest frame. Notice the white lines appearing.

In our model dipoles are replaced with solenoids to provide the same fo-
cusing in both planes. To prevent beam rotation each dipole solenoid will be
split in half with each half having equal field strength in opposite directions.
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Figure 3.1: Histograms of the momentum distribution at 0.6 m.
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Figure 3.2: Histograms of the momentum distribution of the beam after pass-
ing through a dipole.
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Figure 3.3: Beam profile after passing through a dipole.
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Chapter 4

Results

4.1 Initial Beam Settings

The initial beam distribution uses a plateau distribution in z described by the
function:

f(t) =
1

tL

1

1 + exp
(

2
tr

(2|t| − tL)
) ,

where tL is the full width half maximum (FWHM) of f(t) which we specify in
time and tr is the time for a line of slope S = d

dt
f(t)|± tL

2
to go from 0 to the

height of the plateau. The initial beam distribution in x and y is given by the
flat radial function:

f(x, y) =

{
1
πr2

if x2 + y2 ≤ r2

0 if x2 + y2 > r2
,

where σr = r
2
. The momentum distributions px, py, and pz are described by

the Gaussian function:

f(x) =
1√
2πσ

exp

(
−1

2

x2

σ2

)
.

The values used in the generator file of ASTRA to create the initial particle
phase space distribution are listed in table 4.1. A total bunch charge of Q =
1.2nC was used. Graphs of the beam profile 0.73 m from the cathode are
shown in figure 4.1.
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Variable z pz x and y px and py
Shape Plateau Gaussian Radial Gaussian
Characteristic tL = 150ps, tr = 40ps σ = 0.25eV/c σr = 1mm σε = 0mrad ·mm

Table 4.1: The values used to generate the initial particle distribution.

Figure 4.1: The beam profile 0.73 m from the cathode.

4.2 Cavity and Magnet Settings

ASTRA derives the electric fields of the cavities from a table of values for Ez
along the z-axis. The profiles of Ez for each cavity are displayed in figure 4.2.
The maximum Ez which each Ez profile is scaled around is given in table 4.2.

Cavity 112 MHz 500 MHz 1 500 MHz 2 704 MHz
Max Ez [MV/m] 22.57 1.5 1.5 37.16
Phase [deg.] 0.5 −90 −90 1.1
Length [m] 0.3 0.596 0.596 2.128

Table 4.2: The values used in the cavity settings.
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Figure 4.2: The Ez profiles used for calculating the electric fields of the cavities.

ASTRA derives the magnetic fields of the solenoids from a table of values
for Bz along the z-axis. The profiles of Bz for each solenoid are displayed
in figure 4.3. The dipole solenoid has a magnetic field pointing in opposite
directions for each half. This is done to help counteract the rotation of the
beam caused by the solenoids that would not be caused by a dipole. The
maximum Bz which each Bz profile is scaled around is given in table 4.3. The
focusing strengths for the quadrupoles were calculated using a program called
MAD8. There values are given in tables 4.4 and 4.5.
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Figure 4.3: The Bz profiles used for calculating the magnetic fields of the
solenoids.
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Solenoid Gun 1 2 3 4 5 Dipole 1 Dipole 2 Undulator
Max Bz [T] 0.06 0.025 0.035 0.04 0.045 0.05 0.0158 0.0158 0.1
z position [m] 0.65 3.63 6.23 8.13 9.83 10.43 14.91 18.91 21.95
Length [m] 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.3 2.9

Table 4.3: The values used in the solenoid settings.

Quadrupole 1 2 3 4 5 6 7
Focusing Strength 4.68 −15.41 15.93 16.07 −10.84 16.07 −2.10
z Position [m] 13.5 13.97 14.43 15.69 16.47 17.25 18.62

Table 4.4: The values used in the quadrupole settings.

Quadrupole 8 9 10 11 12 13 14
Focusing Strength 6.71 −7.66 3.38 3.38 −7.66 6.71 −2.1
z Position [m] 19.21 19.8 20.39 29.88 30.47 31.06 31.65

Table 4.5: The values used in the quadrupole settings.
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4.3 The Beam in the 2 MeV Section

We see a gradual decrease in the bunch size after passing through each solenoid.
The rms transverse bunch size in the 2 MeV section is plotted in figure 4.4.
This beam size is well within the 10.16 cm beam pipe diameter. If the beam is
over focused the transverse bunch size would eventually become small enough
so that space charge force overcomes the focusing and causes the bunch to start
growing transversely making the bunch’s emittance unstable. We can see from
figure 4.5 that this is not the case for our bunch and the solenoids keep the
emittance stable. The emittance is also less than 5 πmrad ·mm as required
in the design of the linac. The rms bunch length is plotted in figure 4.6. We
see that after the bunch passes through the bunching cavities at around 2
m the bunch length gradually decreases indicating that the electron bunch is
indeed being compressed by the bunching cavities. A similar situation of over
compression can occur leading to the bunch decompressing itself.

Figure 4.4: The transverse beam size leading up to the 704 MHz cavity.
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Figure 4.5: The transverse bunch emittance leading up to the 704 MHz cavity.

Figure 4.6: The bunch length leading up to the 704 MHz cavity.

The evolution of the beam along the 2 MeV section can be seen in figure
4.7. The ends of the beam begin to form an hourglass shape as a result of over
focusing with the solenoids. The front of the beam gradually folds back on
the beam. The profile of the beam 0.63 m from the 704 MHz cavity entrance
can be seen in figure 4.8. The transverse beam profile in figure 4.8 is radially
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symmetric as is expected with solenoid focusing. The longitudinal phase space
characteristics of the beam 0.63 m from the 704 MHz cavity entrance are shown
in figure 4.9. The folding of the front of the beam is causing a noticeable spike
in the beam current at the front of the beam. This spike in the beam current
will continue to grow as the beam is accelerated through the 704 MHz cavity.
This can be seen in the momentum distribution of the beam in figure 4.9. The
front of the beam is slower than the rest of the beam, so as the beam gains
energy from the 704 MHz cavity the front will continue folding back, increasing
the charge density and the current.

Figure 4.7: The evolution of the longitudinal beam profile along the 2 MeV
section.
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Figure 4.8: The beam profile 0.63 m before the 704 MHz cavity.
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Figure 4.9: The longitudinal phase space characteristics of the beam 0.63 m
before the 704 MHz cavity.
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4.4 The Beam in The 22 MeV Section

After exiting the 704 MHz cavity, the beam has a axisymmetric profile as can
be seen in figure 4.10. The transverse beam diameter is well within the 5.08
cm diameter of the quadrupoles. At the entrance of the undulator (figure 4.11)
the beam is no longer symmetric. This is a result of the quadrupoles’ focal
strengths not being properly calibrated. The width of the beam is around 60
mm which exceeds the 32 mm diameter requirement for the beam while it is
in the undulator.

Figure 4.10: The beam profile 0.17 m after the 704 MHz cavity exit.
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Figure 4.11: The beam profile 0.45 m before entering the undulator solenoids.

The profile of the beam in the middle of the undulators section can be
seen in figure 4.12. The beam rotation caused by the solenoids is made more
apparent by the elliptic transverse profile that is present at the entrance of
the undulator. Figure 4.13 shows the beam profile as it moves into the beam
dump.

35



Figure 4.12: The beam profile midway through the undulator solenoids.
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Figure 4.13: The beam profile as it moves into the beam dump.
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4.5 Conclusion

Simulations of the beam with space charge were performed using ASTRA. To
counteract the shortcomings of ASTRA, solenoids were used to represent the
fields of dipoles and undulators. Despite these shortcomings, ASTRA provides
us with a first look at the characteristics of the electron beam with space charge
effects as it passes through the 22 MeV CeC linac. This is a first model of the
22 MeV linac that requires further improvements.

Further calibrations in the focal strength of the solenoids are necessary to
counteract the over focusing seen in figure 4.7. The focal strengths of the
quadrupoles leading into the undulators also need to be adjusted to fit beam
diameter requirements given in table 2.1. The ASTRA output files at the
entrance to the dipole section could be fed into a simulation using ELEGANT
to get a more accurate representation of the dipole effects.
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