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Abstract

The principle of operation of the Free-Electron Lasers (FELs) was invented in 1971, but
only in recent years it has become clear that these devices are very powerful light sources
in the X-ray regime. Their high pulse energy, the femtosecond duration of the X-ray
pulses, as well as their coherence, open new fields of research, which were inaccessible
in the present third generation light sources. The main components of a FEL are a lin-
ear accelerator (Linac), providing a bunched relativistic electron beam, and a chain of
undulator magnets, where the electrons move along sinusoidal trajectories and emit an
undulator radiation concentrated in a narrow angular cone along the undulator axis. The
fundamental wavelength emitted is proportional to the relativistic Lorentz factor of the
electrons, which typically reaches values of several thousands for X-ray emission.

The free-electron laser FERMI is the seeded FEL user facility at the Elettra laboratory
in Trieste, operating in the VUV to EUV and soft X-rays spectral range. The electron
bunches are produced in a laser-driven photo-injector and accelerated to energies up to
1.5 GeV in the Linac.

In order to extend the FEL spectral range to shorter wavelengths, a feasibility study
aimed to increase the Linac energy from 1.5 GeV to 1.8 GeV is currently ongoing. A
proposal to replace the existing Backward Traveling Wave sections with new S-band ac-
celerating structures tailored for high gradient operation, low breakdown rates and low
wakefield contribution is presented and discussed in this thesis.

The complete radiofrequency (RF) design of the new structure is presented. Particular
care has been given to the minimization of the electric and magnetic surface fields, in or-
der to reduce the breakdown probability, and to the reduction of the residual quadrupole
component of the fields in the RF coupler. A compact solution for an RF pulse compressor
system, aimed to enhance the peak power delivered to the structure, is also discussed.

In order to prove the feasibility and the reliability of operating at the high gradient that
would be required to achieve 1.8 GeV, a first short prototype of the new accelerating
structure is now under construction, in collaboration with the Paul Scherrer Institut (PSI),
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and will be tested at very high power in the upgraded FERMI Test Facility, starting from
May 2018.



1

1 The FERMI Free Electron Laser

1.1 Overview

The principle of operation of the Free-Electron Laser (FEL) was invented in 1971 [1].
For many years, FELs have played a marginal role in comparison with conventional
lasers. Only in recent years it has become clear that these devices are very powerful
light sources in the X-ray regime [2, 3]. Their high pulse energy and the femtosecond
duration (1 fs = 10−15 s) of the X-ray pulses, as well as their coherence, open entirely
new fields of research, for example structural analysis of individual bio-molecules and
dynamics of processes in complex materials and molecules, which were inaccessible in
present third generation light sources [4].

The main components of a FEL are a linear accelerator, providing a bunched relativistic
electron beam, and a chain of undulator magnets [5]. An undulator magnet is a periodic
arrangement of many short dipole magnets of alternating polarity. The electrons move
along sinusoidal trajectories through the magnet (see Figure 1.1), so that the overall de-
flection of the beam is zero, and they emit an undulator radiation concentrated in a narrow
angular cone along the undulator axis, which consists of narrow spectral lines.

FIGURE 1.1: Schematic representation of the electron motion in a planar
undulator and of the emission of undulator radiation.



2 Chapter 1. The FERMI Free Electron Laser

The fundamental wavelength emitted is proportional to λu/γ
2 , where λu is the undulator

period, typically a few centimeters long, and γ is the relativistic Lorentz factor of the
electrons, which typically reaches several thousand for X-ray emission. So, the radiation
wavelength can be more than a million times shorter than the undulator period.

In a FEL a huge number of electrons radiate coherently, due to a process of self-organization
on the scale of the light wavelength, the so-called microbunching [5]. As a consequence,
the radiation power scales quadratically with the number of the particles.

High-gain FELs are often considered as the fourth generation of accelerator-based light
sources. In contrast to existing synchrotron radiation light sources (referred to as third
generation machines), which are mostly storage rings equipped with undulators, the FEL
requirements on the electron beam quality, in terms of small beam cross section, high
charge density and low energy spread, are so demanding that presently only linear ac-
celerators (Linacs) can be used to provide the drive beam.

FIGURE 1.2: FERMI electron and photon beam delivery system: in the
Linac Tunnel area, right after the gun, the beam is injected in a linear ac-
celerator. The beam then passes through the Undulator Hall where two
undulator chains (FEL1 and FEL2) can be used to produce photon beams

at the required wavelength.

The free-electron laser FERMI installed at Elettra Sincrotrone Trieste (Trieste, IT) [6] is
shown schematically in Figure 1.2. The electron bunches are produced in a laser-driven
photo-injector and accelerated to energies up to 1.5 GeV in the Linac. The electron bunch,
typically with a charge of 800 nC, is injected in the main Linac, where the acceleration to
high energy takes place in normal-conducting, travelling-wave structures operating at 3
GHz (represented by the blocks in the Linac Tunnel area of Figure 1.2).
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A fourth-harmonic structure with a resonance frequency of about 12 GHz (X-Band in Fig-
ure 1.2) is used for a linearization of the longitudinal phase space distribution. The elec-
tron bunches are longitudinally compressed in two magnetic bunch compressor chicanes
(namely BC1 and BC2) and then accelerated to their final energy. The FERMI nominal
compression factor of 10 can be implemented with either a two stage compression (using
both BC1 and BC2) or with BC1 only.

As illustrated in Figure 1.2, the undulator system is composed by two distinct undulator
lines (namely FEL1 and FEL2) covering, respectively, the fundamental wavelength range
20-100 nm (FEL1) and 4-20 nm (FEL2). In both lines, the amplification of the FEL signal
occurs along APPLE-II-type undulators (out-of-vacuum planar undulators of movable
gap), which allow tuning of the FEL wavelength in the aforementioned ranges, as well as
of the polarization [7].

The photon beams from the FELs are then transported downstream to the Experimental
Hall.

1.2 The FERMI Linac

1.2.1 The RF gun

The high bunch charge needed in a high-gain FEL can be accomplished by photocathodes
illuminated with short ultraviolet laser pulses. The electron source at FERMI consists
of a laser-driven photocathode which is mounted inside a radio-frequency (RF) cavity
(see Figure 1.3). The photocathode is located at the backplane of the half-cell where the
accelerating field assumes its peak value.

A static magnetic solenoid field is superimposed and provides focusing in order to ensure
that the beam cross section remains small.

It is not possible to generate a high peak current of several hundreds of Ampere in the
gun because, in this case, huge space charge forces would arise and would immediately
disrupt the bunch. For this reason, bunches with a modest current (tens of Ampere) are
produced by laser pulses of 10 ps duration. However, even in this case, the particles must
be accelerated as quickly as possible to relativistic energies. In the relativistic regime,
the repulsive electric forces between the electrons are largely canceled by the attractive
magnetic forces between the parallel currents.
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FIGURE 1.3: Sketch of the FERMI radio-frequency gun

1.2.2 The Linac

After the gun, the electron beam is boosted to 100 MeV with two, dual-feed accelerating
structures, both 3 meters long. These dual-feed structures have been recently installed,
replacing the old ones (S0A and S0B) [8], equipped with single-feed RF couplers: due to
this, a head-tail kick was affecting the beam, worsening the beam emittance in the injector
region.

After the replacement of S0A and S0B with the two new structures (RI), a reduction of the
transverse kick induced by the input coupler was observed, with an important benefit to
the beam emittance: with a 700 pC bunch charge, normalized emittances of 0.7 and 0.9
mm mrad in the horizontal and vertical plane, respectively, were measured at 100 MeV .
These values resulted to be 10-15 % smaller than the ones with the previous sections.

FIGURE 1.4: RI structure in the Test Facility for RF conditioning
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The single-feed structures S0A and S0B were then moved in the high energy part of the
Linac (see Figure 1.5) where the beam is more energetic and the head-tail kick, imposed
by the field asymmetries in the coupler region, is less relevant.

FIGURE 1.5: Relocation of S0A and S0B in the high energy part of the ma-
chine

Seven CERN-type (C1-C7) and one 3 meter long (S0A) accelerating structures, L1 and
L2 in Figure 1.2, are located upstream and downstream of BC1, respectively. The four
accelerating structures of L1 (C1-C4) are operated off-crest (i.e. the electron beam is not
injected on the crest of the sinusoidal accelerating field) to impose the needed linear energy
chirp (i.e. a linear energy variation between the head and the tail of the bunch) required
for the bunch compression in the magnetic chicane BC1.

Linac3 (L3) and Linac4 (L4), located upstream and downstream of BC2 respectively, are
composed by seven Elettra-type accelerating structures (S1-S7), 6.4 meters long, and by
one 3 meter long (S0B) section.

All the accelerating structures up to L2 are forward travelling wave (FTW) sections, on-
axis coupled, and operated at a modest gradient of 15 MV/m. The Elettra-type structures,
coming from the previous injector of the Elettra synchrotron, are instead backward trav-
elling wave (BTW), magnetically coupled structures: their nose-cone geometry and small
beam apertures provide a very high shunt impedance and higher operating gradient, up
to 25 MV/m. Unfortunately, the smaller iris radius of 5 mm, compared to the radius of 9
mm in the FTW structures, leads to a higher wakefield contribution that induces a higher
electron beam energy loss and emittance dilution.

Table 1.1 summarizes all the relevant parameters for the FERMI accelerating structures.
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TABLE 1.1: RF parameters for the FERMI structures

Injector S0A-S0B C1-C7 S1-S7
Length 3.2 3.2 4.5 6.1 [m]

Average Beam Aperture 10.55 9.73 9.73 5 [mm]
Type FTW FTW FTW BTW

Shunt Impedance 60.5 67 65 70 [MΩ/m]
Filling Time 870 900 1250 770 [ns]

1.2.3 The bunch compressor

We have seen that the high peak current (several hundreds of Ampere), needed in linac-
based X-ray free electron lasers, cannot be produced directly in the electron gun, be-
cause huge space charge forces would disrupt the beam within short distance. Therefore,
bunches with a modest peak current are created in the RF photo-injector, accelerated to
higher energy and then compressed in length.

The electrons in the Linac have speeds very close to c, and the velocity differences are too
small to allow a trailing electron in the bunch to have a chance to catch up with a leading
electron if the particles move on a straight line. This chance is opened if the particles
travel through a chicane consisting of bending magnets.

Longitudinal bunch compression is achieved in two steps [5] as shown in Figure 1.6: first,
an energy slope is imprinted on the bunch by off-crest acceleration, with the particle at
the tail of the bunch receiving a larger energy gain than those at the head. Afterwards,
the particles are passed through a magnetic chicane where the trailing electrons, of larger
energy, travel along a shorter distance than the leading ones of smaller energy, and are
thus enabled to catch up with them.

1.3 The Linac upgrade plan

As we have seen before, the FEL resonance condition [4] establishes an inverse relation-
ship between the radiation wavelength and the energy squared of the irradiating electron
beam. In fact, the fundamental wavelength emitted in a FEL is proportional to λu/γ

2 ,
where γ is the relativistic Lorentz factor of the electrons, which is proportional to the
electron beam energy. A higher beam energy allows either lasing at shorter wavelengths
for a fixed undulator field, or lasing at a given wavelength with a higher flux, when the
undulator field is re-tuned on resonance.
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FIGURE 1.6: Principle of longitudinal bunch compression of a relativistic
electron bunch. The bottom view shows an accelerating cavity and the four
dipole magnets of the magnetic chicane. The top figures show the longi-
tudinal bunch charge distribution and the correlation between the longi-
tudinal position ς of an electron inside the bunch and its relative energy
deviation, at three different locations: (a) In front of the cavity, (b) behind
the cavity, (c) behind the magnetic chicane. In the RF cavity the trailing
electrons receive a larger energy gain than the leading ones. In the mag-
netic chicane the electron at the tail of the bunch move on a shorter orbit
than those at the head and catch up with them. Figure and caption from

reference [5].

So, operating with high accelerating gradients, shorter wavelengths or higher flux can be
achieved for a given length of the Linac.

As already illustrated in the previous section, L3 and L4, located upstream and down-
stream of the second bunch compressor BC2, are equipped with BTW accelerating struc-
tures designed for high gradient operation. Nonetheless, as it will be shown, peak surface
fields and RF heating phenomena limit the attainable accelerating gradient.

The need for shorter radiation wavelength, together with the wish of a higher Linac reli-
ability, suggest an upgrade of the FERMI Linac.

1.3.1 The backward travelling-wave accelerating structures

Each BTW accelerating section is a 6.4 m long structure comprised of 162 nose-cone cav-
ities magnetically coupled [9, 10], as shown in Figure 1.7. The group velocity vg is kept
constant along the section by means of a constant geometry of the coupling slots; their
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shapes and relative positioning have been chosen to get a vg approximately equal to 2.6%

of the speed of light, c. This translates in a filling time (the time needed for the radio-
frequency power to propagate along the travelling-wave structure and completely fill it)
of nearly 770 ns.

FIGURE 1.7: Sketch of the Backward Travelling Wave accelerating structure
with nose cone geometry and magnetic coupling irises

Moreover, two different nose shape geometries have been used to maximize the axial
electrical field: the last 109 cells have been designed for a higher shunt impedance value,
in order to compensate the attenuation along the structure. Theoretically, an energy gain
of nearly 200 MeV , corresponding to an accelerating gradient of 30 MV/m, should be
achievable.

Each BTW is powered with a high peak power Klystron (45 MW ) delivering up to 4.5
µs radio-frequency pulse width. Nonetheless, the amount of power available from the
source would not be sufficient to reach the design gradient of 30 MV/m. So, each RF
plant is equipped with a SLED pulse compressor.

The SLAC Energy Doubler (SLED) is a pulse compression system [11] consisting of a pair
of resonant cavities excited symmetrically through a four-port 3 dB hybrid (see Figure
1.9), such that the power emitted from the resonators is directed to the accelerator, rather
than back to the source. In the SLED network, the RF energy generated by the source
(klystron), during most of the pulse’s duration, is stored in the two high-Q resonators.
The energy stored in then largely extracted during the last fraction of the pulse, increas-
ing the peak power delivered to the accelerator (further details about SLED theory in
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FIGURE 1.8: A Backward Travelling Wave accelerating structure equipped
with a SLED type rf pulse compressor

following chapters).

FIGURE 1.9: SLED pulse compression system

Though the BTW structures are designed for gradients up to 30 MV/m, routine operation
showed that the operating gradient is actually limited to much lower values, since BTW
structures suffer from increased breakdown rate even when operated at 24 MV/m.

As seen before, in the BTW structures, the RF power flows from one cell to the next
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through coupling slots (see Figure 1.7 located in the area where the magnetic field is
higher (magnetic coupling slot). Numerical simulations for a single cell [12] showed that
surface electric field at the magnetic coupling slots becomes of the same magnitude and
even higher than the surface electric field on the nose. As shown by the temperature
distribution reported in Figure 1.10(a), high surface magnetic fields in the coupling slot
region induce excessive pulse heating that limits the attainable gradient. Figure 1.10(b)
shows the inner surface of the first cell of a BTW in proximity of the magnetic coupling
slot: surface degradation, mostly due to high electric field and pulse heating effect, is
evident.

(a) Temperature profile for a BTW cell: evident
pulse heating effects in proximity of the mag-
netic coupling slot

(b) Picture of the coupling slot of the
first cell: visible surface degradation

FIGURE 1.10: Simulated thermal profile and picture of the coupling iris
slot

So, even if a phase modulation [13] is introduced to obtain lower peak surface fields, the
attainable accelerating gradient is limited to 24 MV/m at a repetition rate of 10 Hz, and
to 18-20 MV/m at 50 Hz.

1.3.2 The new accelerating module

FERMI has achieved its nominal performance goals by the production of photon ener-
gies above 300 eV. However, there is great demand from scientific community to cover
the whole water window by reaching both the nitrogen and oxygen K-edges. This will
require the extension of the photon energy up to 600 eV .
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FEL simulations show that this goal can be achieved by increasing the electron beam
energy from the present value of 1.5 GeV up to 1.8 GeV , while the beam peak current
should be pushed up to 1 kA.

As shown before, the BTW structures are limited in gradient, because of the high elec-
tric field values and the pulse heating phenomena in proximity of the magnetic coupling
slots. For this reason, the goal energy of 1.8 GeV is not achievable in the present con-
figuration. Also, the small beam aperture (5 mm radius) produces significant longitudi-
nal and transverse wakefields which would strongly affect the beam dynamics at higher
bunch charge.

FIGURE 1.11: Layout of the new accelerating module: two 3.2 meters long
structures will be installed in place of each BTW

Due to the above mentioned reasons, an upgrade plan for the FERMI Linac is currently
under evaluation in order to extend the energy spectrum to higher values within the same
space and RF power constraints. This plan will consist in replacing each BTW structure
by a new accelerating module, which should guarantee a reliable operation at 30 MV/m

and at 50 Hz repetition rate. Each module will consist of two 3 meter long accelerating
structures with a larger iris aperture to reduce longitudinal and transverse wakefield
contributions.

In the following chapters, the radio-frequency design of the final structure will be pre-
sented in detail. The wakefield analysis will also be discussed, as well as the impact of
the replacement on the beam dynamics. The construction of a first short prototype of
the new structure started in April 2017, and will be tested in the first half of 2018, at the
FERMI Test Facility currently being upgraded.



12



13

2 FERMI Linac Novel Accelerating
Structures

2.1 Electromagnetic waves and cavities

2.1.1 Propagation in free space

Maxwell’s equations describe all (classical) electromagnetic phenomena [14]. In free
space and in absence of sources (charge and current densities), Maxwell’s equations are
given by:

∇× E⃗ = −∂B⃗

∂t
(2.1a)

∇× H⃗ =
∂D⃗

∂t
(2.1b)

∇ · D⃗ = 0 (2.1c)

∇ · B⃗ = 0 (2.1d)

The quantities E⃗ and H⃗ are the electric and magnetic field intensities and are measured in
units of V/m and A/m, respectively. The quantities D⃗ and B⃗ are the electric and magnetic
flux intensities and are in units of coulomb/m2 and weber/m2.

Considering the constitutive relations D⃗ = ϵE⃗ and B⃗ = µH⃗ , where ϵ and µ are the
permittivity and permeability of the medium respectively, and assuming a harmonic time
dependance of the form ejωt, Maxwell’s equations reduce to:
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∇× E⃗ + jωB⃗ = 0 (2.2a)

∇× B⃗ − jωµϵE⃗ = 0 (2.2b)

For ω ̸= 0, the divergence equations can be found taking the divergences of equations 2.2a
and 2.2b. Combining the equations 2.2a and 2.2b we get the Helmholtz wave equations:

∇2E⃗ + µϵω2E⃗ = 0 (2.3a)

∇2B⃗ + µϵω2B⃗ = 0 (2.3b)

∇ · D⃗ = 0 (2.3c)

∇ · B⃗ = 0 (2.3d)

A uniform plane wave, solution to equations of this form is a transverse electromagnetic
(TEM) wave for which both the electric and magnetic field vectors are perpendicular to
the direction of propagation of the wave. Assuming the z-axis as the direction of propa-
gation, a form of the solution will be then:

E⃗ = E⃗0e
j(ωt−kz) (2.4a)

H⃗ = H⃗0e
j(ωt−kz) (2.4b)

where

k = ω
√
µϵ (2.5)

The equation 2.5 relates the wave number, k = 2π/λ, to the angular frequency. In partic-
ular, the equation shows that the phase velocity of the wave is given by:

vph =
ω

k
=

1
√
µϵ

(2.6)
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In vacuum, vph = 1/
√
µ0ϵ0 = c, so the solution is a wave which propagates in the z-

direction at the speed of light. It can also be easily shown that the group velocity (the
velocity of propagation of the electromagnetic energy), vg = ∂ω/∂k, is also 1/

√
µϵ.

2.1.2 Propagation in bounded media

In bounded media, such as waveguides or resonators with conducting walls, TEM wave
type is not always possible. Since a perfect electric conductor (as a first approximation,
conducting walls can be considered as perfect conductors) allows no field penetration
into the surface, the fields at the surface of the perfect conductor must satisfy the follow-
ing conditions:

n̂× E⃗ = 0 (2.7a)

n̂ · H⃗ = 0 (2.7b)

where n̂ is the vector normal to the conductor’s surface. In case of bounded media,
the propagation along the waveguide can be explained in terms of successive reflections
from wall to wall [15]. For a wave with an oblique incidence on a conducting plane, the
incident and reflected wave can in fact combine in such a way as to cancel the tangential
component Et of the electric field, and the normal component Bn of the magnetic field.
The resulting wave will have a field component in the direction of propagation: this can
be either the electric field component (transverse-magnetic, TM wave), or the magnetic
field (transverse-electric, TE wave).

Observing an incident wave as shown in Figure 2.1, one sees that in the direction of
propagation (z-direction), the distance between two adjacent wave crests, λp, is longer
than the actual wavelength λ. This means that the wave moves in the z-direction with a
phase velocity vph given by:

vph =
λp

λ
c =

c

sinα
> c (2.8)

Physically, the phase velocity vph is the velocity at which the phase of the wave propa-
gates in space. As shown in equation 2.8, in case of an oblique incidence, the resulting
wave can have phase velocity (in the direction of propagation) grater than the velocity of
light c.
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FIGURE 2.1: Oblique incidence of a wave with wavelength λ; λp and λn are
the wavelengths parallel and perpendicular to the boundary, respectively

With one conducting wall, as in Figure 2.1, the angle of incidence can have any value.
With two walls, as shown in Figure 2.2, only certain angles are allowed if boundary con-
ditions are to be satisfied at both walls. For a given wave type (either transverse-electric
or transverse-magnetic) one can therefore have only certain wave modes which present
an integer number of half wavelengths between the walls. The wave in the longitudinal
(or z-direction) is a travelling wave with the wavelength λp, and in the transverse direc-
tion (or x-direction), between the walls, has a standing wave pattern with the wavelength
λn.

FIGURE 2.2: Waves between two perfectly conducting planes; λp is the
wavelength of the travelling wave; λn is the wavelength of the standing

wave
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For accelerating a beam, we would need an electric field with a component along the
direction of propagation of the particles. In a circular waveguide, the simplest solution
having an axial electric field is the so-called TM01 mode, which consists of radial and
longitudinal electric field components and an azimuthal magnetic field. In a cylindrical
coordinate system (r, φ, z) the fields of such a TM01 wave travelling in the positive z-
direction are [16]:

Er = j
kz
kc

E0J1 (kcr) e
−jkzzejωt (2.9a)

Ez = E0J0 (kcr) e
−jkzzejωt (2.9b)

Hφ = j
k

Z0kc
E0J1 (kcr) e

−jkzzejωt (2.9c)

where E0 is the amplitude of the electric field, J0 and J1 are the Bessel functions of the
first kind of zero and first order respectively, k = 2π/λ = ω/c is the wave number, kz the
wave propagation constant, and Z0 the wave-impedance in free space. As it is known,
kz = k

√
1− ω2

c/ω
2, where ωc is the cutoff angular frequency of the TM01 mode, and

Z0 = η
√
1− ω2

c/ω
2, with η =

√
µ/ϵ.

If we consider a circular waveguide of radius b (we assume perfectly conducting walls),
the boundary condition forces Ez = 0 at r = b, which means J0 (kcb) = 0 and leads to
a certain cut-off wavelength λc, or equivalently to a cut-off angular frequency ωc. Below
this frequency the wave will be damped exponentially. The relations between cut-off
wavelength, cut-off wave-number kc and the propagation constant kz are given by:

λc ≈ 2.61b (2.10a)

k2z = k2 − k2c (2.10b)

kc =
2π

λc
=

ωc

c
(2.10c)

Using the phase velocity vph = ω/kz and the propagation constant we can write:

v2ph = c2
ω2

ω2 − ω2
c

(2.11)
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From equation 2.11 we see that vph > c. So, it is clear that a uniform waveguide is
not suitable for accelerating particles, because synchronism between the wave and the
particles (approximately travelling with the speed of light, in case of electrons) is not
possible.

In order to use electromagnetic waves for the acceleration of particles one must first slow
the waves down.

2.2 Periodic accelerating structures

2.2.1 Waves in loaded cavities

As discussed above, the waves in an empty waveguide always have vph > c. In order
to slow down the phase of the wave, we have to load the cavity by introducing some
periodic obstacles into it [15]. Figure 2.3 shows a disc-loaded cavity with a period (or cell
length) L.

FIGURE 2.3: Disc-loaded cavity

The Floquet’s theorem for periodic structures states that, in a given mode of oscillation
and at a given frequency, at the same locations in different periods the amplitudes of
the propagated fields are the same but their phases differ by a factor e−jk0L (for lossy
structures the constant k0 is complex). So, we can write:

Ez (r, z, t) = E (r) ej(ωt−k0z) (2.12)

Since the amplitude is a periodic function, we can express E (r) as a Fourier series in z.
We have:

Ez (r, z, t) =

n∑
EnJ0 (knr) e

j(ωt−knz) (2.13)
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where kn = k0+2πn/L is the wave-number of the nth space harmonic, which has a phase
velocity given by:

vph =
ω

kn
=

ω

k0 (1 + 2πn/k0L)
≤ c (2.14)

For each n we have a travelling wave with its own phase velocity

vph,n =
ω

k0 + 2πn/L
=

ω

kn
. (2.15)

From above expressions we see that a travelling wave consists of infinite space harmonics
waves: since the various space harmonic waves have different phase velocities, only one
of them can be used resonantly to accelerate particles. The fundamental mode (n = 0)
generally has the largest amplitude and hence is used for acceleration.

2.2.2 Travelling-wave linear accelerators

In a disc-loaded cavity, a wave will propagate through the cavity with a phase velocity
vph = ω/k (where k is the propagation constant of the selected harmonic) and a group
velocity (the velocity of propagation of the energy) given by vph = dω/dk [17].

At the end of the cavity this energy can be dissipated into a matched load. In this case
the cavity is, in a certain sense, a waveguide, and RF accelerators working this way are
called travelling-wave linear accelerators. Figure 2.4 shows schematically a travelling-
wave accelerating structure, with its input and output couplers. These couplers are in
fact waveguides, matched to the characteristic impedance of the structure, by which the
RF power is fed into the cavity, and the output RF power transferred to the matched load.

2.2.2.1 Essential parameters for a linear accelerator

In dealing with accelerators, some important design parameters have to be defined:

1. The Shunt impedance Rsh per unit length:

Rsh =
E2

z

−dP/dz
(2.16)
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FIGURE 2.4: Schematics of a travelling-wave linear accelerator with input
and output couplers

where Ez is the axial electric field synchronous with the particle, and −dP/dz is
the RF power dissipated in the walls of the accelerator per unit length. The shunt
impedance is a measure of the ability of a structure to accelerate particles, and is
usually expressed in MΩ/m. A high Rsh means an efficient acceleration for a given
dissipated RF power.

2. The Quality Factor Q0, defined as the ratio of the energy stored in the cavity to the
energy lost due to RF dissipation in the cavity per radian of the RF cycle:

Q0 =
ωw

−dP/dz
(2.17)

where ω is the RF angular frequency, and w is the stored energy per unit length.

3. The Group Velocity vg

vg =
P

w
(2.18)

where P is the power flowing in the structure. The group velocity is the velocity at
which the RF energy flows through the accelerator. The group velocity vg depends
strongly upon the ratio of the diameter of the disk aperture 2a, to the diameter of
the accelerator cavity 2b.

4. The Filling Time

tF =

∫ l

0

dz

vg (z)
(2.19)

where l is the length of the accelerating structure.
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The filling time is the time needed for the electromagnetic energy to fill the acceler-
ator, prior to the acceleration of particles.

2.2.3 Constant-impedance vs constant-gradient structures

Accelerating sections could be either constant-impedance (CI) or constant-gradient (CG)
type; in a constant impedance design, all accelerating cells are identical and the shunt
impedance remains constant along the whole structure. However, the flowing power is
attenuated along the structure and the resulting accelerating gradient (the rate of change
of the beam energy, per meter and unit charge, measured in MV/m) decreases as well. In-
stead, in a constant gradient solution, the geometrical parameters are changed cell by cell
to compensate for the ohmic losses: this solution provides a more efficient acceleration,
since it keeps the surface field values constant over the whole structures.

As stated above, along the accelerator a fraction of the power is dissipated in the cavity
walls and the electric field is attenuated according to the following equation [15]:

dEz (z)

dz
= −α (z)Ez (z) (2.20)

where α (z) is the attenuation constant of the accelerator. Correspondingly:

dP (z)

dz
= −2α (z)P (z) (2.21)

Using the expressions of Q0 and w given in equations 2.17 and 2.18 respectively, we also
have:

dP (z)

dz
= − ω

Q0

P (z)

vg (z)
(2.22)

Comparing equations 2.21 and 2.22 it follows that:

α (z) =
ω

2Q0vg (z)
(2.23)

In a constant-impedance accelerator we have:
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α (z) = const = α (2.24)

Ez (z) = Ez (0) e
−αz (2.25)

Therefore, the energy gain of a particle of charge q, sitting on the crest of the wave in a
constant-impedance accelerating structure of length l is:

qV = q

∫ l

0
Ez (0) e

−αzdz = qEz (0) l
1− e−αl

αl
(2.26)

In the case of a constant-gradient accelerator, and assuming that variations in the dimen-
sions practically do not affect the shunt impedance Rsh, we have:

Ez = const (2.27)

Rsh =
E2

z

−dP (z) /dz
= const (2.28)

From equations 2.27 and 2.28 it follows that the variation of P along the accelerator is also
constant:

−dP (z)

dz
= const =

d

dz

(
P (0) +

P (l)− P (0)

l
z

)
. (2.29)

With

P (l) = P (0) e−2
∫ l
0 α(z)dz = P (0) e−2τ , (2.30)

one can write

dP (z)

dz
= −P (0)

1− e−2τ

l
= const (2.31)

where τ is the total attenuation along the accelerating structure, given by:

τ =

∫ l

0
α (z) dz. (2.32)
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Since dP (z) /dz = const, the group velocity in a constant-gradient accelerator is not
constant, but decreases linearly as P (z):

vg (z) = − ωP (z)

Q0dP (z) /dz
∝ P (z) (2.33)

Comparing constant-impedance (CI) and constant-gradient (CG) accelerators, it can be
verified that the ratio of maximum-to-average axial electric field strength is unity in the
CG structure, whereas in the CI structure is given by:

E0

V0/L
=

τ

1− e−τ
(2.34)

where τ is the RF attenuation parameter, which can be shown to be equal to ωtF /2Q0.
The dependence of τ upon the filling time tF emphasizes the importance of comparing
the CG and CI structures assuming the same value of τ . For equal τ , in fact, the two
structures have the same filling time, the same stored energies and the same ratios of
input-to-output RF powers.

The ratios of maximum-to-average axial electric field strength vs τ are shown in Figure
2.5. Thus it is clear that the CG structure can produce higher electron energies than an
optimized CI structure when both are operating at the breakdown limit of the electric
field strength. As indicated in Figure 2.5, the relative advantage of the CG accelerator in
achieving high gradients without breakdown depends upon the value of τ .

2.2.4 RF breakdown

The limitations coming from RF breakdown in vacuum strongly influence the design of
high gradient accelerating structures. Even though these structures are operated under
vacuum, electromagnetic fields are high enough to cause arcs. In the framework of Com-
pact LInear Collider (CLIC) study [18, 19], a significant effort has been made to derive the
high gradient limit due to RF breakdown and to collect all available experimental data.

The surface electric field was long considered to be the main quantity which limits ac-
celerating gradient because of its direct role in field emission. However, as more data
became available, it was clear that the maximum surface electric field does not serve as
an ultimate constraint in the RF design of high gradient structures.
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FIGURE 2.5: Ratios of maximum-to-average axial electric field strengths in
CI and CG structures versus τ

The exact shape and nature of breakdown sites before breakdown is not known very
well, and their size is an open question. Nevertheless, the assumption that there are
small features on the surface which enhance surface electric fields and cause significant
field emission is commonly used.

The simplest model of such a protrusion, a cylindrical tip of height h and radius r sur-
mounted by a hemispherical cap, is shown in Figure 2.6. The electrical field distribution
around the tip is strongly modified by the presence of the tip so that the field is enhanced,
at the highest point of the tip, by the so-called field enhancement factor β ∼= h/r. The lo-
cal electric field is there βE, where E is the value of homogeneous electric field around
the tip outside the region indicated in Figure 2.6 by the dashed line.

It is assumed that the field emission current flowing along the tip heats it so that the
temperature at the end of the tip is the highest. It is found that only tips of rather small
size (on the nanometer scale) can reach very high temperature in the time scale of interest
for us.

It is obvious that any heating requires power and there is no other source of power than
the electromagnetic power flow along the surface. A new quantity, the modified Poynt-
ing vector Sc has been then introduced [19] and used as the primary constraint for the
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FIGURE 2.6: Geometry and electric field distribution near a cylindrical tip.
Arrows show the direction and color code is proportional to the logarithm

of its absolute value

breakdown rate (BDR). Sc is defined as:

Sc =
∣∣∣ℜ{S⃗}∣∣∣+ gc

∣∣∣ℑ{S⃗}∣∣∣ (2.35)

The real part ℜ
{
S⃗
}

of the Poynting vector S⃗ = 1
2E⃗ × H⃗∗ describes the active power sur-

face density in a travelling wave structure; gc is a weighting factor and the imaginary
part ℑ

{
S⃗
}

represents instead the reactive power surface density, related to energy oscil-
lations, on each cycle, back and forth from the region of the electric field to the region of
the magnetic field.

The modified Poynting vector Sc has been shown to fit experimental data of both trav-
elling and standing wave cavities over a broad frequency range. This quantity, scaled to
the 3 GHz case, will be used in the present work to predict the expected breakdown rate
of the novel accelerating structure for the FERMI Linac upgrade plan.

2.3 Novel accelerating structures

As already described in Chapter 1, the high energy part of the FERMI Linac is equipped
with seven, 6.4 meter long, BTW structures: each structure consists of nearly 160 cells,
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magnetically coupled with a nose cone geometry.

Each BTW, powered with a 45 MW and 4.5 µs klystron, is equipped with a Slac Energy
Doubler (SLED) for pulse compression (pulse compression theory and RF pulse compres-
sor systems will be described in a following chapter) in order to attain high gradient at
the expense of RF pulse length to achieve higher electron beam energy.

(a) FERMI Linac BTW (b) FERMI novel accelerating module

FIGURE 2.7: A picture of the BTW structures presently installed in the
Linac tunnel and a sketch of the new accelerating module

Theoretically an accelerating gradient of nearly 30 MV/m should be achievable [9] but
routine operation showed that operating gradient is limited to 24 MV/m due to increased
breakdown rate in BTW. Also, as we will see in the following, the small beam aperture
(5 mm radius) produces significant longitudinal and transverse wakefields which affect
the beam dynamics at high bunch charge. Higher charges and beam currents are in fact
necessary to improve the FEL performances at shorter wavelengths.

All the limitations coming from surface electromagnetic fields and wakefields effects,
suggested to plan an upgrade for the FERMI Linac. The upgrade will consist in the re-
placement of each BTW with a new accelerating module consisting of two, newly de-
signed, 3.2 meter long structures, as shown in Figure 2.7. In the following sections the
design of input and output power couplers as well as the design of the full structure will
be presented and discussed in detail.
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2.3.1 RF couplers design

RF power couplers are passive components designed to efficiently transfer the power
from an RF power source (klystron) to the accelerating cavity. Power couplers have to
match the impedance of the klystron and RF distribution system to the beam-loaded
cavity, dealing with very high power level in pulsed or continuous-wave operation.

As confirmed by recent experimental results with X-band accelerator structures [20, 21],
the RF power coupler is the region most prone to RF breakdown and surface degradation.
Furthermore, geometric asymmetries in the coupler can generate dipole and quadrupole
electromagnetic field components and, consequently, induce a head-tail kick on the e-
beam, causing an unacceptable emittance degradation.

In the following, after an introduction about the analysis of electromagnetic field asym-
metries, two different solutions for RF power couplers will be investigated and the cor-
responding RF performances will be compared [22, 23, 24].

2.3.1.1 Field asymmetry analysis

Field asymmetries in the coupler cell and the minimization of the residual quadrupole
components have been widely studied in the past years [25, 26, 24, 27].

While providing good matching, the coupling slots may in fact produce non-axial sym-
metric field distribution in the coupler region. As stated above, the residual asymmetries
can worsen beam quality and generate undesired emittance growth. This is particularly
detrimental for low emittance beams at low energies, and in the injector accelerators for
light sources.

The actual impact on the electron beam dynamics produced by field asymmetries in the
coupler region can be studied by analyzing the transverse momentum change experi-
enced by the particles passing through the RF coupler.

A particle of charge q, moving with velocity v⃗ through an electromagnetic field, experi-
ences the Lorentz force:

F⃗ = q
[
E⃗ + v⃗ × B⃗

]
(2.36)

where E⃗ is the electric field and B⃗ is the magnetic flux density acting on the particle.



28 Chapter 2. FERMI Linac Novel Accelerating Structures

For an ultra-relativistic particle of charge q and momentum p, passing through an RF
quadrupole, the transverse kick is given by:

∆⃗p⊥ = pk2 (xûx − yûy) cosωt (2.37)

where ω is the operating angular frequency, ûx and ûy are the unit vectors of the x and
y axis respectively, and k2 is the amplitude of the normalized integrated quadrupolar
strength [26].

FIGURE 2.8: Transverse section of the structure and circular cylindrical
coordinates

The focusing strength of the quadrupolar field can be calculated by equation 2.38; the
corresponding defocusing strength is instead calculated according to equation 2.39.

k2,x =
q

pc

1

πr

∫ 2π

0

∥∥∥∥∫ L

0
Fx (r, φ, z) e

j ωz
c dz

∥∥∥∥ cosφdφ (2.38)

k2,y =
q

pc

1

πr

∫ 2π

0

∥∥∥∥∫ L

0
Fy (r, φ, z) e

j ωz
c dz

∥∥∥∥ sinφdφ (2.39)

In equations 2.38 and 2.39, the integration point is expressed in the circular cylindrical
coordinates (r, φ, z), as shown in Figure 2.8; Fx and Fy are the x and y components,
respectively, of the Lorentz force, and c is the velocity of light in vacuum.

For any ideal quadrupole, k2,x = −k2,y. In particular, along the line (r, φ = 45◦, z=constant)
(see Figure 2.8), the components of the Lorentz force along the x and y axes are equal.
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Due to the symmetry of the dual feed coupler setup, certain multipolar components can-
not be excited in the structure: dipolar, sextupolar, etc. are not allowed. Nonetheless,
there is a residual octupolar component in addition to the quadrupolar one. In order to
fully evaluate the residual field asymmetries in the coupler region, the following function
Fφ (z) is introduced [28]:

Fφ (z) = [Fx (r = 5mm,φ = 45◦, z)− Fy (r = 5mm,φ = 45◦, z)] (2.40)

This function is integrated along a line of length L, contained in the coupler region, par-
allel with the z-axis and specified by the cylindrical coordinates r = 5mm and φ = 45◦.
This yields the quantity:

kq =
1

qr

∣∣∣∣∫ L

0
Fφ(z)e

±j ω
c
zdz

∣∣∣∣ (2.41)

In equation 2.41, the factor e±j ω
c
z takes into account the transit time effect, while the

propagation velocity of the wave in the z-direction is intrinsic in the z-dependence of the
phase of Fφ (z). The values of kq are also normalized to r in order to obtain a quantity
that is no longer dependent on r (the integrand function is linear with respect to r).

2.3.1.2 Magnetic-coupled RF coupler

In the case of a magnetic-coupled RF coupler, the radio frequency power is transferred
from a rectangular waveguide to an accelerating structure (operating on the TM01 mode)
through a slot aperture between the wall of the rectangular waveguide and the coupling
cell. In this case, the magnetic field in the waveguide is coupled to the magnetic field
lines in the coupling cell [23, 29].

The RF coupler is matched to the accelerating structure by adjusting both the slot aperture
and the radius of the coupling cell (respectively a and r in Figure 2.9). The coupling slot
introduces a distortion in the field distribution, resulting in multi-pole field components
which affect the beam dynamics. Using symmetric feeding, with two input waveguides
on opposite sides of the coupling cell as indicated in Figure 2.10, the odd magnetic field
components are suppressed, but there could still be even components like quadrupoles,
octupoles, etc. [29]
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FIGURE 2.9: Geometrical parameters for the magnetic coupled RF coupler:
a is the coupling slot aperture, d is the racetrack parameter and r is the

coupling cell radius

FIGURE 2.10: Racetrack profile for the magnetic coupled RF coupler

A racetrack profile of the coupler cell reduces the residual quadrupole component of the
field [30, 31] by optimizing the distance d between the two half-circles, as shown in Figure
2.10.

In our case, the length of the coupler cell L is 34.036mm (Figure 2.9), exactly matching
the short dimension of a WR284 rectangular waveguide. The residual quadrupole com-
ponent has been calculated [32] as a function of the racetrack parameter d.

Figure 2.11 shows a plot of G (z) = ℜ
[
Fφ(z)e

±j ω
c
z
]

and H (z) = ℑ
[
Fφ(z)e

±j ω
c
z
]
, re-

spectively the real and imaginary parts of the integrand function of equation 2.41, for a
structure consisting of three regular cells terminated with two RF couplers. Figure 2.11
shows that the major contribution to the quadrupolar kick acting on the beam comes from
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the regions of the RF couplers, while no field asymmetry appears in the regular cells.

FIGURE 2.11: Plot of G (z) and H (z), the real and imaginary part, respec-
tively, of the integrand function in equation 2.41

The racetrack parameters d, a and r are adjusted to obtain a reflection coefficient s11 at the
input port of the coupler lower than -30 dB: couplers’ geometric parameters have been
tuned to match into the travelling wave structure by varying the number of regular cells
between the two couplers [23]. Using this technique, we can verify that the results are
not affected by any standing wave component still present in the structure.

Figure 2.12 shows the value of kq as a function of the racetrack parameter d. In our case,
the integration line extends from the entrance of the beam-pipe up to the end of the first
regular cell. Note that the minimum of kq is reached for d = 13.5mm.

After optimizing the racetrack geometry in terms of the residual quadrupole component,
the surface electric and magnetic fields have been evaluated assuming an input power of
65MW . This is, in fact, the power required to attain an overall accelerating gradient of
30MV/m.

As it is evident from HFSS simulations (see Figure 2.13), the axial electric field is slightly
higher in the coupler region than in the regular cells for such a coupler.
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(a) Slot Aperture a and Coupler Cell Radius r vs
Racetrack Parameter d

(b) kq vs Racetrack Parameter d

FIGURE 2.12: Parameters of an MC-Coupler as a function of the racetrack
parameter

FIGURE 2.13: Axial electric field Ez for a 10 cells accelerating structure

The surface electric field achieves its maximum value of 93 MV/m on the first beam iris
(see Figure 2.14). The surface magnetic field reaches its maximum value in the coupling
slot region. By smoothing all the sharp edges connecting the waveguide to the coupler
cell, it is possible to get a surface magnetic field Hsurf as low as 175 kA/m, thus reducing
the possible detrimental effects due to the pulse heating phenomena.

Limitations coming from RF breakdown in vacuum strongly influence the design of high
gradient accelerating structures. As shown in the previous section, the so called modified
Poynting vector has been introduced [19] to evaluate the high gradient performance limit
of accelerating structures in the presence of vacuum RF breakdown.
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(a) Surface electric field

(b) Surface magnetic field (c) Modified Poynting vector

FIGURE 2.14: Surface fields for an MC-coupler

According to the simulation results, for such an RF coupler the maximum value of |Sc| is
nearly 0.7MW/mm2. Considering the experimental data collected at CERN in the frame-
work of the CLIC study [19], this value of Sc results in a breakdown rate (i.e. number of
breakdowns per pulse per meter, measured in bpp/m) of nearly 10−15 bpp/m if operating
with an RF pulse of 700ns and a gradient of 30MV/m.

2.3.1.3 Electric-coupled RF coupler

Magnetic couplers presented above have been widely studied and used in accelerator
design. However, in the development of high gradient accelerating structures, the high
electromagnetic fields arising in magnetic-coupled couplers could indeed represent a bot-
tleneck. To remove possible limitations to the achievable values of the gradients, novel
changes in the couplers’design have been introduced and different solutions have been
studied in depth [22, 23]. Among all the modifications explored, waveguide couplers
showed a clear and significant reduction of coupler surfaces fields.



34 Chapter 2. FERMI Linac Novel Accelerating Structures

As clearly explained in [22, 23], for a waveguide coupler the input power coming from
the source is directly coupled to the accelerator through a circular iris in the broad wall of
the WR284 waveguide. The electric coupling requires a matching cell to match the input
waveguide to the periodic structure (see Figure 2.15).

(a) Cut of an EC-coupler (b) Geometrical parameters of an EC-coupler

FIGURE 2.15: Layout of a waveguide coupler:h is the length of the waveg-
uide broad wall, l is the length of the waveguide narrow wall, a is the
diameter of the beam iris and b is the outer diameter of the matching cell

As it can be seen from Figure 2.16, the waveguide coupler (EC-coupler) sacrifices some
acceleration efficiency. In the waveguide region the Ez field component is very low (see
Figure 2.16 where a 10 cells accelerating structure has been considered). Furthermore, in
the matching cell the field may not be properly phased with the following accelerating
cells. In our case, the accelerating efficiency has been partially improved by stepping
down the narrow size l of the WR284 rectangular waveguide to 60% of its original length.

The value of the residual quadrupole component kq, evaluated according to equation
(2.41), has been then calculated by considering the exponential factor e+j ω

c
z and an inte-

gration line that extends from the entrance of the beam-pipe up to the end of the matching
cell.

For a standard WR284 input waveguide, the resulting kq is higher if compared to the
residual head-tail kick achievable with an optimized MC-coupler. An improvement can
be obtained by varying the geometric parameter h, and analyzing the effect on the head-
tail kick. Such analysis has been carried out by using the commercial software HFSS: of
course, for each value of the parameter h, the optimal values of a and b have been found
in order to guarantee a value of the |s11| lower than −30 dB.
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FIGURE 2.16: Axial electric field Ez for the considered accelerating struc-
ture composed of 10 cells

As illustrated in Figure 2.17, by tuning the length of the waveguide broad wall h, the
residual quadrupole strength kq can be slightly reduced. The optimal value is attained
when h is approximately equal to 100mm. Nonetheless, such a value is still nearly four
times the optimal value that could be attained with an optimized MC-coupler.

(a) Slot Aperture a and Coupler Cell Radius r vs
waveguide width h

(b) kq vs waveguide width h

FIGURE 2.17: Parameters of an EC-Coupler as a function of the waveguide
width

The surface fields, as well as the modified Poynting vector, have also been evaluated in
the EC-coupler for an input power of 65MW .

The surface electric field has its maximum value, of about 81MV/m, on the first beam
iris. Also, as illustrated in Figure 2.18, the surface magnetic field Hsurf in the coupler
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region is much lower than the one in the successive cells, where the maximum value is
about 78 kA/m.

(a) Surface electric field

(b) Surface magnetic field (c) Modified Poynting vector

FIGURE 2.18: Surface fields for an EC-coupler

Considering that for the previously considered MC-coupler the surface magnetic field in
the coupling slot region was approximately 175 kA/m, it is quite evident that the lim-
itations to high gradient operation due to RF pulse heating phenomena can be easily
reduced.

Also, the value of the modified Poynting vector is a bit lower compared to the one ob-
tained for an MC-coupler. For our EC-coupler, the maximum value of |Sc| is in fact nearly
0.57 MW/mm2. Based on experimental evidence, this results in a breakdown rate prob-
ability of approximately 10−16 bpp/m if operating with an RF pulse of 700 ns.

Table 5.1 summarizes and compares the performances of electric-coupled and magnetic-
coupled RF coupler. As it can be seen, electric-coupled RF couplers show a lower value
for Sc and the expected breakdown rate. EC-couplers show also a significant reduction of
the magnetic surface fields, and therefore no limitation would arise due to field enhance-
ment or RF pulse heating.
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TABLE 2.1: Summary of RF parameters for both Electric Coupled and Mag-
netic Coupled RF couplers. All the field values are calculated for 65 MW

of input power

Esurf Hsurf Sc BDR kq Pros Cons
[MV/m] [kA/m]

[
MW/mm2

]
[bpp/m] [V/ms]

MC Couplers 93 175 0.7 10−15 582
Lower residual
quadrupole field
components.

High magnetic
field at the cou-
pling slot.

Acceleration effi-
ciency.

EC Couplers 81 78 0.57 10−16 1973
Very low surface
magnetic field.

Higher residual
quadrupole field
components.

Easy to machine.
Slightly reduced
acceleration effi-
ciency.

Cost reduction.

Nonetheless, a drawback of EC-couplers is in general a reduction of the acceleration ef-
ficiency. Even stepping down the narrow size of the WR284 rectangular waveguide, the
acceleration efficiency in the coupler region for a particle travelling on-crest is reduced by
about 40% compared to the MC-coupler. Of course, considering the whole length of the
structure, the total energy loss over 3m is less than 1% and can generally be compensated
by operating at slightly higher power without reaching any breakdown limitations.

It must also be considered that the residual quadrupole field component is not as low
as in the MC-couplers case. This makes the EC-couplers more suitable for use in the
high energy part of a linear accelerator, where the e-beam is already compressed and
its longitudinal momentum is high enough to not be affected by the quadrupolar kicks
coming from the couplers’ region.

Based on all the previous considerations, the electric-coupled solution was adopted for
the design of the novel accelerating structures.

2.3.2 Accelerating cells design

Since the accelerating module has to replace an existing BTW, the most stringent require-
ment comes from the available space for each module [33]. The available length for ac-
celeration (not including input and output couplers) is 3.0 meters, and the target is a
reliable accelerating gradient of 30 MV/m. Real challenge in the design was that of hav-
ing the required accelerating gradient given a fixed length and RF power, and with lower
wakefields compared to the BTW structures. These constraints indirectly fixed all RF pa-
rameters of the accelerating structure thus making the design process quite tricky. It was
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calculated that 90 accelerating cells, each of 33.332 mm length, can be accommodated in
3.0 meters space.

Each regular accelerating cell (shown in Figure 2.19), with a phase advance of 2π/3, has
a disk thickness t of 2.5 mm and a rounded geometry, with the outer bending radius or of
13 mm. This allowed to achieve higher shunt impedance and quality factor of 15800 [34].
A constant accelerating gradient along the structure is maintained by designing the cells
according to the following condition [35]:

vg,i =
ω0Lstructure

Q0

[
1−

(
1− e−2τ

) (i−1)L
Lstructure

]
(1− e−2τ )

(2.42)

FIGURE 2.19: Sketch of a regular cell

where vg,i is the group velocity for the i-th cell, Q0 the average quality factor of the struc-
ture, L the length of a regular cell, Lstructure the length of the structure and τ the struc-
ture’s attenuation parameter.

The attenuation parameter τ for the structure is 0.385 Neper. This value was dictated by
the requirement of a short filling time of 650 ns for an efficient RF pulse compression.
Once τ is known, the group velocity for each cell is calculated by equation 2.42. All
other structure parameters, such as the iris radii a, and the outer radii b are numerically
calculated by means of SUPERFISH [36], to match the desired resonant frequency. Figure
2.20 shows the group velocity and the shunt impedance along the structure.

To achieve a 1.8 GeV beam energy, the operating gradient shall be raised up to 30 MV/m,
which is remarkably higher than the gradient of the BTW and of other typical S-band TW
structures. Such high gradient, with µs pulse length, is not easy to realize because of RF
breakdown phenomena.
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FIGURE 2.20: Group velocity and Shunt Impedance vs the cell number

In order to lower the peak electric field in the cell, an elliptical rounding at the iris has
been introduced. HFSS [32] simulations have been performed and different iris shapes
have been compared in terms of both peak electric field and modified Poynting vector,
as shown in Figure 2.21: based on these results, a semi-major axis of 1.45 mm has been
chosen while the semi-minor axis is 1.25 mm long, one-half of the disk thickness t. Table
5.2 summarizes the RF parameters of the new HG (High Gradient) structure.

FIGURE 2.21: Maximum electric surface field (blue) and modified Poynt-
ing vector (green) at the iris of the first regular cell as a function of the

elliptical shape

Cell surface fields and modified Poynting vector have also been calculated and compared
with those of a BTW regular cell at a common gradient of 24 MV/m. In both cases, the
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first regular cell has been considered. Field profiles are shown in Figures 2.22, 2.23 and
2.24, while numeric values are reported in Table 2.3.

(a) HG cell (b) BTW cell

FIGURE 2.22: Surface electric field profile for the HG and the BTW first
regular cell

(a) HG cell (b) BTW cell

FIGURE 2.23: Surface magnetic field profile for the HG and the BTW first
regular cell

(a) HG cell (b) BTW cell

FIGURE 2.24: Modified Poynting vector profile for the HG and the BTW
first regular cell
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TABLE 2.2: RF parameters of the accelerating structure

f0 2998.01 MHz

Mode 2π/3

Lstructure 3175 mm

Lcell 33.332 mm

Ncell 90

a (iris) 11.38 → 8.98 mm

b (cell outer radius) 41.61 → 41.11 mm

t (disk thickness) 2.5 mm

or (outer bending radius) 13 mm

Rsh 71 → 80 MΩ/m

Q0 ≈ 15850

vg/c 2.21 → 1.04

tf 645 ns

τ 0.38 Neper

TABLE 2.3: RF parameters for the first regular cells

HG BTW

Acc. Gradient 24 24 MV/m

RF Pulse length 670 770 ns

Esurf, Max 62 85 MV/m

Hsurf, Max 54 368 kA/m

Sc, Max 0.36 2.1 MW/mm2

BDR 8.7 · 10−20 5.4 · 10−8 bpp/m
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As it is evident, for the BTW structure both the electric and the magnetic fields are en-
hanced in the coupling slot region. In particular, surface magnetic field rises up to 368
kA/m, thus resulting in an excessive pulse heating which degraded the cavity surface
quality [12], as shown in Figure 2.25.

FIGURE 2.25: Surface degradation around the coupling slot of a BTW

As reported in Table 2.3, in the new design the surface magnetic field will be approxi-
mately 7 times lower, so no limitation due to pulse heating phenomena will occur. Ac-
cording to the criterion defined in the frame of the CLIC X-band high gradient program
by CERN-SLAC-KEK [19], the expected breakdown rate has also been evaluated: in
particular, the value of |Sc| will result in a breakdown rate probability of nearly 8.7 ·
10−20bpp/m at 24 MV/m and 1.4 · 10−16bpp/m at a gradient of 30 MV/m.

2.3.3 Input and output couplers matching

As already explained, the RF coupler is the region most prone to RF breakdown [20,
21]. So, in the previous section, two possible solutions for RF power couplers have been
investigated. An electric coupled solution (EC-coupler) [22, 23] presents very low surface
fields at the cost of a reduced acceleration efficiency. Lower surface currents produce
lower pulse heating, thus improving its reliability and power handling capability. Loss
of acceleration efficiency can be instead compensated by 60% reduction in dimensions of
the narrow size of WR284 rectangular waveguide. For the above mentioned reasons, the
EC solution has been adopted.

Matching cells for both input and output couplers are designed to maintain nearly a
constant gradient throughout the structure. So the iris size is varied to modify the group
velocity, in order to have constant gradient and proper matching conditions. Usually, the
coupler design requires a simulation of the whole structure, which is computationally
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TABLE 2.4: Geometric and RF parameters of the input coupler for the sym-
metrized model

am 20.143 mm

bm 42.758 mm

s11 −62 dB

Bandwidth BW ±2 MHz

ReturnLoss in BW ≥ 30 dB

very expensive. An alternative way to solve this problem is to artificially symmetrize the
model [23], to match input and output coupler separately as shown in Figure 2.26.

FIGURE 2.26: Symmetrized model for coupler matching

The symmetrized model in Figure 2.26 for input coupler design consists of first three
regular cells, which are mirrored by using one symmetric cell and two matching cells.
The irises of the symmetric cell are matched with the regular cells while outer diameter
is adjusted to compensate for frequency. The number of symmetric cells is varied from
one to three to make sure that no standing wave component arises in the traveling-wave
structure after the matching of the coupler. Geometric parameters for matching cells,
calculated to minimize |s11|, and RF parameters for the input coupler are listed in table
2.4.

Matching parameters for the output coupler are found using the same procedure but
with an additional condition of field flatness. In fact, as it is evident from Figure 2.27,
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FIGURE 2.27: Normalized amplitude of the longitudinal electric field |Ez|
in the last cells

FIGURE 2.28: Normalized amplitude of the longitudinal electric field |Ez|
in the last cells after VSWR optimization

the reduction of |s11| at the output port is not sufficient to assure an acceptable matching:
the poor field flatness shows that a standing wave pattern is still present in the structure
and needs to be minimized. A rather better matching (and improved field flatness) can
instead be attained by minimizing the standing wave ratio (VSWR) as shown in Figure
2.28.

TABLE 2.5: Geometric parameters for the output coupler

am 17.607 mm

bm 42.062 mm

Geometric parameters of the output matching cell are listed in table 2.5.
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3 Beam Dynamics Study

3.1 Interaction of beams with surroundings

The core of an accelerator, the part which is in the closest proximity to the beam of ac-
celerated particles, is the vacuum vessel. Its design and materials may be quite different
in various accelerators, but the main components are usually the same: beam pipes with
expansion bellows, connection flanges and pumping ports, accelerating RF cavities, col-
limators, monitors and similar beam handling equipments.

A charged particle beam generates electromagnetic fields at any cross-section variation
of the vacuum vessel, whether it is abrupt or a gradual transition, only the strength of
the interaction will be different [37, 38]. These fields may be trapped or propagated in
the vacuum chamber but, in any case, they react back on the beam and interact with the
elements of the vacuum chamber.

Generally the electromagnetic fields generated by the beam contain three spatial compo-
nents. These are usually classified as longitudinal (i.e. directed along the particle motion),
and transverse (horizontal and vertical, or radial and azimuthal). The longitudinal com-
ponent of the electric field may change the effective amplitude and phase of the applied
accelerating field, and thereby the rate of acceleration, as well as the energy distribution
in the bunch and its effective length. Similarly, transverse field components may increase
the cross section of a bunch. These effects become more severe at higher beam currents.

The interaction of an electromagnetic field with charged particles is most effective when
one of the field components has a phase velocity vph close to the particle velocity. Such
a field component is called synchronous and the strength of the interaction can be charac-
terized by the coupling impedance [37, 38]. Other important considerations are the effects
of the induced electromagnetic fields on elements of the vacuum chamber. High inten-
sity fields can excessively heat sensitive elements close to the beam, and this may even
destroy them, in some cases, or produce undesirable increase in vacuum pressure. The
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generation of electromagnetic fields by the beam also increases the required power out-
put of the RF generators.

Particles which are lost from the beam due to induced fields may hit the walls of the
vacuum chamber and thereby produce excessive radiation.

For all these reasons, the elements of the vacuum chamber should be designed to minimize
their coupling impedance.

3.2 Wakefields

When traversed by charged particles, cross section variations of the vacuum chamber
generate electromagnetic fields which are called wakefields since they remain usually be-
hind the (ultra-relativistic) exciting particles [37]. These wakefields can influence the
motion of trailing particles, in the longitudinal and in one or both transverse directions.
This may lead to energy loss, to beam instabilities, or produce undesirable secondary effects
such as excessive heating of sensitive components at or near the chamber wall. Without
a knowledge of these wakefields and of their interactions, an accelerator can therefore
hardly be operated at the desired top performances.

The normalized integral of the electromagnetic force due to fields excited by a point
charge or delta function distribution is called the wake function. It is a function of the dis-
tance between the exciting and test charges. Since it is the response to a delta function
excitation, it is also a Green function for the structure investigated. In the limit v → c, the
wake function depends only on the surrounding structure. The longitudinal wake function
is defined as:

G∥ (rb, re, z) =
1

q

∫ s

−∞
Ez (rb, re, z) dz, (3.1)

where re and rb are the lateral deviation of the test charge and the exciting charge, respec-
tively, from the structure electric axis.

The transverse wake function is the integral of the transverse electromagnetic forces along
a straight path at the distance s behind an exciting point charge and divided by the value
of the charge:

G⊥ (rb, re, z) =
1

q

∫ s

−∞
(E (rb, re, z) + v ×B (rb, re, z))⊥ dz, (3.2)
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On the other hand, the integrated effect over a finite distribution of charged particles is
described by the wake potential. Using the superposition property of the (linear) Maxwell
equations, the wake potential can be determined by the convolution of the wake function
with the charge distribution in the bunch. Consequently, the wake potential depends not
only on the structure, but also on the charge distribution which excites it.

The longitudinal wake potential W∥(s), measured in V/C, of the longitudinal wake func-
tion G∥(s) with the (arbitrary) longitudinal charge distribution λ(s) is:

W∥(s) =
1

Q

∫ s

−∞
G∥(s− s′)λ(s′)ds′, (3.3)

where Q is the total bunch charge in units of C:

Q =

∫ ∞

−∞
λ(s)ds (3.4)

The bunch energy loss induced by the longitudinal wakefield is called loss factor k, and
is measured in V/C:

k =
1

Q

∫ ∞

−∞
λ(s)W∥(s)ds (3.5)

In an analogous way, and with symmetric notation for the transverse planes of motion in
a cylindrically-symmetric RF structure, the transverse wake potential W⊥(s), measured
in V/Cm, is given by:

W⊥(s) =
1

Q

∫ s

−∞
G⊥(s− s′)λ(s′)ds′ (3.6)

The kick factor k⊥, measured in V/Cm, is defined as:

k⊥ =
1

Q

∫ ∞

−∞
λ(s)W⊥(s)ds (3.7)

The structure impedance is the Fourier transform of the wake potential normalized to the
Fourier transform of the bunch charge distribution function. For the longitudinal and the
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transverse impedance, measured in Ω, we have, respectively:

Z∥(ω) =

∫∞
−∞W∥(s)e

−jωsds∫∞
−∞ λ(s)e−jωsds

(3.8)

and

Z⊥(ω) =

∫∞
−∞W⊥(s)e

−jωsds∫∞
−∞ λ(s)e−jωsds

(3.9)

For most practical purposes, the charges are measured in pC instead of C, and the wake
potentials are normalized with the wake integration length resulting in V/pCm units for
the longitudinal wake potential, and V/pCm2 for the transverse wake potential.

FIGURE 3.1: Longitudinal wake potential of the new high gradient acceler-
ating structure for FERMI linac upgrade, evaluated for a 3 mm long Gaus-
sian bunch. The bunch (in red) is superimposed to the wake, the bunch

head is on the left.

3.2.1 Numerical evaluation

In order to determine a wake function one needs solutions for the propagation, diffrac-
tion and interference of the electromagnetic fields radiated by the beam, which requires
solving the inhomogeneous Maxwell equations involving the source terms with the ap-
propriate initial and boundary conditions [37]. Analytical solutions are possible only for
a very limited number of simple geometries, such as closed cylindrical cavities. In most
practical cases, one has to employ numerical methods using computers. One can distin-
guish between codes working directly in the time domain, and those which first compute
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resonant modes in the frequency domain, from which the wakefields can be subsequently
obtained.

Computer codes which solve the Maxwell equations in the time domain can only calcu-
late fields excited by distributions of finite length (i.e. bunches of particles). In all these
codes the bunch length must be a multiple (typically 5 times or more) of the longitudinal
mesh size, and hence the wake functions of point charges cannot be computed exactly.
One can obtain a rough approximation of the wake function by determining the wake
potential of a very short bunch. This requires correspondingly small mesh sizes, but the
number of mesh points is usually limited by the computer memory available, and this
may be a serious problem for large structures. Thus, the computation of the wake func-
tion just behind the point charge can only be obtained with different procedures.

In the frequency domain the wake functions can be approximated by computing a suffi-
ciently large number of resonances of a structure. However, this technique has the draw-
back that only a finite number of resonances can be computed in any given time.

Wake potentials are convolutions of wake functions with the particle distribution, hence
it is worth trying to obtain the wake functions simply by a deconvolution. Unfortunately,
this cannot be performed without severe loss of accuracy in the regions outside the bunch
[37].

Nonetheless, there are few well established techniques to solve the above mentioned
problems, and to estimate the wake functions in the range where simulations are not
possible due to mesh limitation. One of such numerical approaches was adopted for the
new FERMI structures, calculating first the wake potential, and then the wake function.
The results are also compared with an analytical model [39] well-established in the liter-
ature.

3.2.2 Numerical tools

Several well-developed codes are available for the numerical evaluation of the wakefields
in the time domain: Gdfidl Echo [40], ABCI [41], and CST [42] are the most commonly
used tools in the particle accelerator community [43].

ABCI is a 2D computer program which has wide acceptability in accelerator commu-
nity, due to its high speed of execution, minimum use of computational resources, and
different options available for Fourier transform and integration, such as the Napoly in-
tegration method. This method improves the calculation of wake potentials in structures,
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such as collimators, where parts of the boundary extend below the beam pipe radius. The
conventional integration method at the radius of the beam pipe breaks down when a part
of the structure comes down below it, or when the radii of the two beam pipes at both
ends are unequal. Napoly’s integration method is a solution to this classical problem
since it eliminates the contribution from the outgoing beam pipe [44].

A portion of the 90 cells structure entered in ABCI is shown in Figure 3.2. The parametriza-
tion of the single regular cell is shown in Figure 3.3. The choice of the bunch length is
a critical parameter, since it is directly related to the mesh generation, which in turn af-
fects computational time and resources, and stability of simulation. Due to the fact that
the smaller the bunch length is, the denser the mesh is required, we found difficult to
simulate bunch lengths in the range of micrometers. At the same time, the bunch length
defines the range of frequencies that will be excited in the structure at its passage. As an
example, it was found by convergence studies that the choice σz = 3 mm, which trans-
lates to a frequency scale around 35 GHz, is sufficient for a reliable wakefield simulation
in the whole structure.

Wake potentials were in fact calculated for rms bunch lengths in the range 0.4–5.0 mm,
where the length of the bunch to pass through the new FERMI structures is of the order
of 0.1 mm.

The CST wakefield solver is a 3D tool that is basically an extension of a time domain
solver for special current excitations. One most important feature of CST is its robust-
ness, which is due to different available integration techniques. A portion of the structure
modelled in CST is shown in Figure 3.4. Also in this case the value σz = 3 mm allows
to limit the number of mesh cells to a practical value, as shown in Figure 3.5. By explor-
ing the 3D capabilities of this code, an off-axis beam was specified in the cavity, while
an on-axis, wakefield integration line was selected. This allowed the study of both the
longitudinal and the transverse wakefield with a single simulation set up.

In general, it is recommended to keep the length of the beam pipe, at both ends of the
structure, at least as twice as the so called wakefield catch up distance D, which is the
minimum length required for the field excited at the edge of a disk to affect the incoming
particles, and can be estimated mathematically as D ≥ a2

2σz
[45], where a is the cell iris

radius. The maximum value of a is 11.382 mm, so that D must be larger than 22 mm for
σz = 3 mm.

The beam pipe was extended to 80 mm at both ends of the structure accordingly. Open
boundary (i.e., perfectly matched) conditions of CST were used at both ends for allowing
the e.m. waves to be fully absorbed.
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FIGURE 3.2: 2D modeling with ABCI of a portion of the new RF structure.

FIGURE 3.3: Single regular cell geometry.

The CST result was compared with that obtained by ABCI. From the computational point
of view, a marked difference was found in both the simulation time and the RAM require-
ments of the two software products. For the simulation of the full 90 cells structure tra-
versed by a 3 mm rms long bunch, ABCI simulation took 36 hours for both longitudinal
and transverse wakefield simulation, CST required 194 hours.
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FIGURE 3.4: 3D modeling with CST of a portion of the new RF structure.

FIGURE 3.5: Number of mesh cells required by CST vs. rms bunch length.

Longitudinal and transverse wake potentials calculated with ABCI and CST are shown
in Figures 3.6(a) and 3.6(b).

These figures show a good agreement between the transverse wake potentials calculated
with the two software, along the whole structure and for σz = 3 mm. The loss factor
and the kick factor provided by the two codes are also sufficiently close to each other, as
shown in Table 3.1.

Software Loss Factor (V/pC) Kick Factor (V/pC/mm)

CST 1.29× 102 5.38
ABCI 1.38× 102 5.68

TABLE 3.1: Wakefield Loss Factor and Kick Factor of the new RF structures,
from ABCI and CST.

Figure 3.6(b) highlights the damping of the High Order Modes (HOMs) associated to
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(a) Longitudinal wake potential. (b) Transverse wake potential.

FIGURE 3.6: Comparison of the wake potentials calculated with ABCI and
CST

the transverse wake potential. Such a damping is not present in the longitudinal plane.
Here, the accelerating fundamental mode at 2.998 GHz is the most strongly coupled one,
as expected and shown in Figure 3.7.

In order to reveal the HOMs contribution to the longitudinal wake potential, the fun-
damental mode was filtered out, processing the wakefield data with MATLAB [46] and
mathematically decoupling it from HOMs terms. As a result, the contribution of HOMs
to the longitudinal wake potential is shown in Figure 3.8.

FIGURE 3.7: Longitudinal wakefield impedance.
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FIGURE 3.8: Contribution of HOMs to the longitudinal wake potential.

3.2.3 Analytical expression of wake functions

Two different techniques were investigated to determine the expression of the wake func-
tions from the the wake potentials calculated with ABCI and CST [47]. First, the compu-
tation of the inverse Fourier transform of the wakefield impedance obtained from CST
(see Equations 3.8 and 3.9) was attempted. Unfortunately, this approach suffers from a
practical limit existing on the smallest usable rms bunch length, and it was not possible to
extrapolate the data. As a second and successful approach, we relied on the observation
that the wake functions have the same shape as the wake potentials, but with opposite
sign [48], and that wake potentials associated to different bunch lengths tend to follow a
common envelope after a certain distance from the bunch center. This envelope defines
the wake function, which can therefore be evaluated from fitting, and in ranges of bunch
length where the calculation of the wake potential in not computationally possible [49].
The wake potential was calculated for different rms bunch lengths in the range 0.4–5.0
mm.

Due to unrealizable mesh requirement by CST for the wake potential simulation in the
whole 90 cells structure with short bunches, a comparison of ABCI and CST was done
first for a single cell. Since an excellent agreement was found between the two codes
for the single cell, as shown in Figures 3.9 and 3.10 for the longitudinal plane (the same
applies to the transverse plane, not shown), ABCI only was then used for the whole
structure.

The fitting of the longitudinal wake function to the envelope of wake potentials calcu-
lated for the whole structure is shown in Figure 3.11. The expression of the longitudinal
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FIGURE 3.9: ABCI calculation of the longitudinal wake potential for differ-
ent lengths of a Gaussian bunch, in a single cell.

FIGURE 3.10: CST calculation of the longitudinal wake potential for dif-
ferent lengths of a Gaussian bunch, in a single cell. Compare with Figure

3.9.

wake function per unit length, in unit of V/pC/m is:

G∥ = 260e−
√

s/10−3
+ 100e−

√
s/(1.85·10−3) (3.10)

A comparison of the fitting expression with the analytical model depicted in [39] is also
shown in Figure 3.11.

The same technique was applied to the transverse plane, and provided the wake poten-
tials in Figure 3.12. The analytical expression of the transverse wake function per unit



56 Chapter 3. Beam Dynamics Study

length, in unit of V/pC/m2, which fits the envelope of curves, was found to be:

G⊥ = 0.4944

[
1−

(
2.787− 1.787e

(
0.227

√
s/10−3

))]
·
(
1 +

√
s

0.438 · 10−3

)
e−

√
s/(0.692·10−3)

(3.11)

A comparison of the fitting transverse wake function with the analytical model in [39] is
also shown in Figure 3.12.

FIGURE 3.11: Longitudinal wake potential calculated for the whole struc-
ture with ABCI vs. rms length of a Gaussian bunch. The fitting wake func-
tion in Eq.3.10 and its analytical expression from Bane’s model [39] are also

shown for comparison.

FIGURE 3.12: Transverse wake potential calculated for the whole structure
with ABCI vs. rms length of a Gaussian bunch. The fitting wake function
in Eq.3.11 and its analytical expression from Bane’s model [39] are also

shown for comparison.
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3.3 Particle beam dynamics

3.3.1 Longitudinal phase space

If we consider a bunch of charged particles traveling down the accelerator along the
axis of a vacuum chamber pipe, as we have seen before, the wakefield excited by the
beam produces a longitudinal force on the particles of the beam itself. The main effect
of this longitudinal force is a retarding voltage, causing energy changes of individual
particles. However, not all the particles in the bunch lose the same amount of energy.
The wakefield thus causes the beam to acquire an energy spread which is detrimental for
the performances of the FEL.

The FERMI Linac provides nowadays an electron beam of 1.5 GeV mean energy, and a
total relative energy spread < 0.1% (rms value). The energy of the particles is in corre-
lation with their longitudinal position inside the bunch: the quantity that expresses this
correlation is the linear energy chirp h = dE

E0dz
, where E0 is the beam mean energy, and

its higher order components. The beam energy chirp in FERMI is strongly affected by
the longitudinal wakefield excited in the BTW structures (the Linac sections L3 and L4 of
Figure 3.13).

FIGURE 3.13: FERMI Linac layout.

One of the differences between the L0-L2 and the L3-L4 structures is the cell iris radius:
the L0-L2 structures are built with iris radius of nearly ≈ 10 mm, while the BTW sec-
tions in L3-L4 have an iris radius of 5 mm. Due to such different geometry, the electron
beam excites different transverse and longitudinal short-range wakefields at its passage
through the cavities, which in turn affect the final beam transverse emittances and longi-
tudinal phase space, respectively.

By renewing the L3-L4 accelerating structures, an energy up to 1.8 GeV is achievable [50,
33]. Lower wakefields are also expected by virtue of the inner geometry (i.e., larger iris
radius) of the new RF structures. A comparison of the transverse and longitudinal wake
functions in the present BTW structures and in the new ones is shown in Figure 3.14. The
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wake amplitude of the new structures, evaluated at the center of the nominal bunch in
FERMI, at a distance of approximately s = 0.35mm from the bunch head, is smaller than
in the present BTW by approximately a factor 3 for the longitudinal wake, and by a factor
10 for the transverse wake [47].

FIGURE 3.14: Longitudinal (left) and transverse wake function per unit
length, evaluated over the whole structure, for the BTW (‘present’) [51],

and for the new S-band structures (‘upgrade’).

While a weaker transverse wakefield is undoubtedly advantageous in order to get a
smaller beam emittance, the impact of a weaker longitudinal wakefield on the beam dy-
namics is not obvious, and it needs evaluation of the final energy chirp content. Modeling
of beam longitudinal dynamics with the 1D code LiTrack aimed at investigating the up-
grade scenario while keeping the final energy spread < 0.1% and the energy chirp (up to
the third order) lower than, or at most equal to, the present one.

The present layout (henceforth, Layout 1) was simulated first, aiming to reproduce the
nominal longitudinal phase space at the Linac end. Then, modeling with LiTrack covered
different upgrade scenarios, where the new S-band modules replace the seven BTW struc-
tures in L3-L4 [47]. At first, the new structures, characterized by the longitudinal wake
function in Equation 3.10, were simulated considering the present accelerating gradient
of 24 MV/m (Layout 2). Next, a higher gradient of 30 MV/m was considered (Layout
3). In all these configurations, all the cavities after BC1 (see Figure 3.13) are set at the RF
phase of maximum acceleration (“on-crest”). Since this choice led to upgrade scenarios
with a final relative energy spread > 0.1%, variations of Layouts 2 and 3, respectively
named Layout 2b and Layout 3b, were investigated, in which the new accelerating struc-
tures of L4 were run off-crest in order to fulfill the requirement of a total energy spread
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< 0.1%, while still maximizing the final beam energy.

Figure 3.15, obtained from a LiTrack run, shows the final bunch current profile for Layout
1. Since acceleration does not affect the electrons’ longitudinal position inside the bunch,
that current profile is common to all upgraded scenarios (no modification is foreseen for
the compression stage). Figures 3.16 and 3.17 show the longitudinal phase space at the
Linac end and its fit for, as an example, Layout 1 and 3b, respectively. A sixth-grade
polynomial fit was then adopted for the present layout, a seventh-grade was chosen for
all the upgraded ones.

Table 3.2 lists the final beam energy and energy spread, together with the structure’s
RF phase, and the energy chirp up to third order. In all upgrade scenarios, the energy
chirp is equal to or lower than the one in Layout 1. We highlight how, owing to a minor
contribution of longitudinal wakefields in the new structures, the linear energy chirp
changes its sign in the upgrade. A mean energy reduction relative to the final beam
energy of 1.6% (Layout 2b vs. 2) or 0.8% (Layout 3b vs. 3) is due to L4 cavities run
off-crest with respect to the ‘all on-crest’ scenario.

Layout < E > [GeV ] σδ[%] h1 [1/mm] h2 [1/mm2] h3 [1/mm3] ∆ϕL4

1 1.543 0.082 -1.395 1.08 35.2 0
2 1.551 0.174 1.232 1.00 -26.3 0

2b 1.526 0.098 0.485 1.00 -25.4 15
3 1.797 0.151 1.062 0.71 -20.8 0

3b 1.782 0.095 0.564 0.54 -30.3 10

TABLE 3.2: Longitudinal phase space features at the linac end (mean en-
ergy, rms relative energy spread, linear to cubic energy chirp) and L4 RF
cavities phase shift from the point of maximum acceleration, for differ-
ent linac settings (see context for details). Simulation results from LiTrack

code.

3.3.2 Transverse emittance

In the previous section, the beam was considered to be centered in the vacuum chamber
pipe, so there were no transverse wake forces. In case the beam is off axis, for example to
its betatron oscillation (a stable oscillation about the equilibrium orbit in the horizontal
and vertical planes), a dipole wakefield will be excited by the head of the bunch, which
causes transverse deflection of its tail [52]. For high intensity beam, the betatron motion
of the bunch tail can be seriously perturbed, leading to a transverse breakup of the beam.
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FIGURE 3.15: Beam current profile at the linac end in Layout 1, LiTrack
simulation.

FIGURE 3.16: Longitudinal phase space at the linac end (LiTrack result)
and its fit, Layout 1.

The emittance is a property of a charged particle beam in a particle accelerator and is a
measure of the average spread of the particles in the position-and-momentum phase space.
The emittance has the dimension of length (e.g., meters) or length times angle (meters
times radians). A low-emittance particle beam is a beam where the particles are confined
to a small distance and have nearly the same momentum and, for a FEL light source, this
will result in higher brightness for the photon beam generated.

Since the wakefield kick is correlated along the bunch, the displaced bunch tail adds a
contribution to the projection of the beam size on the transverse plane (same for the an-
gular divergence), with the result that the projected emittance is increased. Opposite
to longitudinal wake potential, the transverse one increases in strength with the bunch
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FIGURE 3.17: Longitudinal phase space at the linac end (LiTrack result)
and its fit, Layout 3b.

length, driving particle oscillations with a force that, to first order in the particle coor-
dinates, is linearly proportional to the relative distance of the leading particles from the
electric axis of the accelerating structure (dipole mode approximation). This behavior
leads to a positive feedback of the instability as trailing particles travelling off axis are
pushed even farther from the Linac axis.

The mathematical description of single bunch beam break up is approached in the litera-
ture in at least two ways. One tries to analytically or numerically solve the single particle
equation of motion in the presence of the wakefield driving term. A second method aims
at estimating the final projected emittance growth in the assumption of full filamentation
of the beam transverse phase space (emittance dilution). In the latter case, all details of
the particles motion are lost, but rule-of-thumbs for the Linac misalignment budget can
be attempted [53]. In the following, the second approach is adopted.

The particles betatron motion along the FERMI Linac, and in particular along the Linac
sections L3 and L4, is periodic by design [54]. The lattice is made by one beam position
monitor (BPM), corrector magnets and a quadrupole magnet in between consecutive ac-
celerating structures.

Each lattice period is composed of a focusing (F) and a defocusing (D) quadrupole with
a drift space (O) in between forming a FODO sequence. In the FERMI Linac, a FODO
cell extends over two BTW structures, i.e., the cell length is approximately 13 m. While
the beam mean energy increases linearly along the Linac, the average betatron function
per cell is roughly proportional to the beam energy through a power coefficient α ≈ 0.5.
The average betatron function along the whole L3 and L4 line is approximately 20 m. We
assume that the optics configuration is not affected by the Linac upgrade.
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With the FODO-cell lattice just introduced, the Linac-to-beam misalignment can be mod-
eled by considering, for example, random misalignment of BPMs, random misalignment
of individual structures, or random misalignment of paired structures. The latter case
corresponds to random alignment errors of the structures about a smooth trajectory, but
the error is systematic for two consecutive structures, as it may happen when consecu-
tive quadrupoles are used for alignment reference. This kind of error can be shown to
dominate over the two other scenarios for practical values of the misalignment [55], and
the normalized emittance growth can be estimated as follows [53]:

∆(γϵ) = ∆2
str[πϵ0reNeG⊥(2σz)]

2(
Lcellβave
4αGacc

)[(
γf
γi

)2α − 1] (3.12)

The meaning of the symbols and their values for the L3 and L4 sections are depicted
in Table 3.3. Figure 3.18 compares the final projected emittance growth induced by
the transverse wakefield instability along L3 and L4 according to equation 3.12, for the
present FERMI Linac and after replacement of the BTW structures. A final beam en-
ergy of 1.5 GeV is considered. An even smaller emittance growth is expected at the final
energy of 1.8 GeV because of the higher beam rigidity. The contour plots show the wake-
induced normalized emittance growth as a function of the beam-to-Linac misalignment
(rms value of the structures’ pairs) and of the bunch length. Different bunch lengths phys-
ically correspond to different compression factors at BC1, and thereby to a peak current
in the range 0.2–1.2 kA. The nominal FERMI working point is for a bunch duration of 0.7
ps full width at half maximum (FWHM) and peak current of 0.6 kA, as indicated by the
marker in both plots of Figure 3.18. By virtue of the scaling of the emittance growth with
the square of the transverse wake function (see equation 3.12), and owing to the fact that
the wake function of the new structures is approximately one order of magnitude smaller
than that one of the BTW [51] for bunch lengths shorter than 1 mm (see Figure 3.14), the
effect of the transverse wakefield instability on emittance is lowered by approximately
two orders of magnitude.
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Parameter Symbol Value Units

Initial Mean Energy γimec
2 0.5 GeV

Final Mean Energy γfmec
2 1.5 GeV

Bunch Charge Nee 0.7 nC
FODO Cell Length Lcell 13 m
Accelerating Gradient Gacc 24 MV/m
Average Betatron Function βave 20 m
Optics Scaling Factor with Energy α 0.5

TABLE 3.3: Parameters of the electron beam and of the Linac sections L3
and L4, used for the estimation of the emittance growth induced by trans-

verse wakefield instability, see Equation 3.12.

FIGURE 3.18: Transverse normalized emittance growth (either horizon-
tal or vertical) through L3 and L4 as a function of the bunch duration
(FWHM) and of the Linac-to-beam relative misalignment (rms), for the
present FERMI Linac (left) and for the Linac upgrade. The markers iden-
tify the actual FERMI working point. Note the emittance is in the same log
scale in the two plots. Beam and Linac parameters used for this analytical

calculation are listed in Table 3.3
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4 The RF Pulse Compressor

4.1 Introduction

The high energy part of the FERMI Linac is composed of seven accelerating structures,
each one 6 meters long, that could theoretically achieve an accelerating gradient of 30MV/m.
Each structure is powered by an RF source (klystron) rated for 45MW peak power, and
4.5µs pulse width.

Since the peak power available from the klystron itself would not be sufficient to achieve
the maximum gradient, each power plant is equipped with a pulse-compression system
which allows, as it will be shown later on, to increase the peak power delivered to the
accelerating structure at the expense of the pulse duration.

The current FERMI pulse-compression systems, named SLED (SLAC Energy Doubler),
were installed in the injector of the Elettra synchrotron in 1990. After the decommis-
sioning of the Elettra injector, in 2008 the SLED systems were moved from Elettra to the
FERMI tunnel and installed in the high energy part of the linear accelerator.

Figure 4.1 shows the SLED system, made up of two cylindrical resonant cavities, just at
the input of a BTW accelerating structure. Nowadays the SLED systems need a continu-
ous maintenance. However, because of the weight and the position in the Linac tunnel,
the resonant cavities are really difficult to maintain.

In the frame of the Linac upgrade program, it was decided to design a new, compact,
RF pulse compressor. This pulse compression system is based on a single, spherical,
resonant cavity in which two different modes, orthogonal each other are excited. Despite
of its compactness, the new pulse compressor shows a compression efficiency similar to
the present system.
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FIGURE 4.1: A Backward Travelling Wave accelerating structure equipped
with a SLED type rf pulse compressor

4.2 SLED

The SLED was invented in 1973 at the Stanford Linear Accelerator Center (SLAC) [56].
Since the accelerator energy is determined by the peak RF input power, it was felt that
some method for enhancing the peak power at the expense of the RF pulse width might
be the answer for increasing the SLAC energy, without increasing the average power con-
sumption. An approach that seemed to hold this promise, came as the result of the ex-
perience with superconducting cavities, performed at SLAC. During the measurements
on superconducting cavities, it was observed that the power radiated from a cavity that
was heavily overcoupled approached four times the incident generator power, immedi-
ately after the generator was switched off [56]. However, normally the radiated power
travels as a reverse wave back toward the generator: this problem was solved by using of
a microwave network which could direct this radiated power into an external load. The
RF network was made up of two identical cavities attached to a 3dB hybrid, as shown in
Figure 4.2.

Using overcoupled cavities, it was obtained a power multiplication factor which en-
hanced the peak power by a factor of four. This was accomplished, of course, at the
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FIGURE 4.2: Schematic drawing of the SLED microwave network

expense of the pulse width, since the radiated power decays away in a time constant
given by the cavity filling time. Furthermore, it was observed that if the RF source is re-
versed in phase rather than simply being switched off, the peak power can be increased
by up to a factor of nine.

4.2.1 Qualitative description

Usually, the RF power generated by a klystron travels through a waveguide directly into
the accelerating section as indicated schematically in Figure 4.3.

FIGURE 4.3: Schematic representation of a simple waveguide distribution
system
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In the case of a pulse compression scheme, the SLED microwave network, consisting of
one 3dB hybrid and two cavities, is inserted between the klystron and the accelerating
structure, as shown in Figure 4.4.

FIGURE 4.4: Schematic representation of a SLED RF system

The cavities are assumed to be identical and tuned to resonance. After the RF pulse
is turned on, the fields in the cavities build up and a wave of increasing amplitude is
radiated from the coupling apertures of each cavity [56]. The two emitted waves combine
so as to add at the accelerator port of the 3dB hybrid, while they cancel each other at the
klystron port. In addition to the wave emitted from the cavities, a wave travels directly
from the klystron to the accelerator. This direct wave, which is just the wave that would
appear at the accelerator if both the cavities were detuned, is opposite in phase to the
combined emitted waves. If the cavities are overcoupled, the emitted wave grows in
time to an amplitude which is larger than the direct wave.

The net field at the input of the accelerator is the sum of the direct and emitted waves.
One accelerator filling time (0.8µs in Figure 4.4) before the end of the RF pulse, the phase
shifter at the input of the klystron reverses the phase of the output wave from the klystron
as shown by the waveform at the bottom of Figure 4.4.

Immediately after this phase reversal, the emitted and direct waves add in phase at the
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accelerator, since the emitted wave (which is proportional to the stored fields in the cavi-
ties) cannot change instantaneously. Therefore, when the klystron phase is reversed, the
field at the input to the accelerator increases by 2Ein, where Ein is the amplitude of the
wave emitted by the klystron.

Following the phase reversal, the field in the cavities (and hence the emitted wave also)
decrease rapidly as the cavities try to charge up to a new field level of opposite phase.
The resultant wave at the accelerator decreases also, as it is shown qualitatively in Figure
4.4. At the end of the RF pulse, the direct wave goes to zero and the emitted wave only
is present at the accelerator. It then decays to zero with a time constant given by the
resonant cavity filling time.

4.2.2 SLED theory

An analytic description of the SLED mechanism [11] is obtained by appealing to the con-
servation of the power. Precisely, we can write:

Pin = Pout + Pc +
dUc

dt
(4.1)

where Pin is the power from the klystron, Pout is the power to the accelerator (see Figure
4.4), Pc is the power dissipated in the resonant cavity walls, and Uc is the electromagnetic
energy stored in the cavity. Let k be the proportionality constant relating the square of
the field amplitude to the power flow in the waveguide, that is:

Pin = kE2
in (4.2)

Also, as seen before, the output wave is the superposition of the emitted wave Ee from
the SLED cavity and the incident wave from the klystron Ein, opposite in phase to the
field emitted from the cavity. So, Pout can be expressed as:

Pout = kE2
out = k (Ee + ΓEin)

2 (4.3)
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where Γ is the reflection coefficient of the waveguide-cavity interface. From the definition
of the cavity coupling coefficient, β, as the ratio of emitted to dissipated power (in absence
of the incident wave), we can write:

Pc =
kE2

e

β
(4.4)

Finally, from the definition of the unloaded quality factor Q0, we have:

Uc =
Q0

ω
Pc =

Q0

ω

kE2
e

β
(4.5)

with ω the resonant frequency, assumed equal to the drive frequency, so that:

dUc

dt
=

2kQ0

ωβ
Ee

dEe

dt
(4.6)

We define t = 0 as the instant when the input pulse reaches the cavity. At this time Uc is
zero, as the cavity cannot fill instantaneously and, therefore, Ee is zero. Substituting the
equations 4.2, 4.3, 4.4 and 4.6 into the equation 4.1, we have:

kE2
in = k (Ee + ΓEin)

2 +
kE2

e

β
+

2kQ0

ωβ
Ee

dEe

dt
(4.7)

Considering that Ee = 0 at t = 0, Ee, we then have |Γ| = 1. To account for the π phase
shift associated with the reflection from the waveguide-cavity interface, we set Γ = −1.
We can then use the equation 4.1 to obtain:

E2
in = (Ee − Ein)

2 +
1

β
E2

e +
2Q0

ωβ
Ee

dEe

dt
(4.8)

From equation 4.8 we have the following first order, non-homogeneous differential equa-
tion for the emitted wave:

dEe

dt
+

ω

2QL
Ee =

ωβ

Q0
Ein (4.9)
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where QL is the loaded Q, given by QL = Q0/ (1 + β). Defining Tc = 2QL/ω and α =

2β/ (1 + β), it is useful to rewrite equation 4.9 as:

Tc
dEe

dt
+Ee = αEin (4.10)

It is seen that Tc is the loaded cavity time constant and that α gives the steady-state
emitted field.

As indicated before, the input to SLED is a constant amplitude pulse with the phase re-
versed towards the end. For simplicity let’s use the unit field and redefine Ein as follows:

Ein =


1 0 ≤ t < t1

−1 t1 ≤ t < t2

0 t2 < t

(4.11)

With this piecewise-constant driving term and the condition Ee = 0 at t = 0, the solution
to equation 4.10 is given by:

Ee (0 ≤ t < t1) = α
(
1− e−t/Tc

)
(4.12a)

Ee (t1 ≤ t < t2) = α
[(

2− e−t1/Tc

)
e−(t−t1)/Tc − 1

]
(4.12b)

Ee (t > t2) = α
[(

2− e−t1/Tc

)
e−(t2−t1)/Tc − 1

]
e−(t−t2)/Tc (4.12c)

We can now express the normalized output, Eout = Ee − Ein, as

Eout (0 ≤ t < t1) = α
(
1− e−t/Tc

)
− 1 (4.13a)

Eout (t1 ≤ t < t2) = α
[(

2− e−t1/Tc

)
e−(t−t1)/Tc − 1

]
+ 1 (4.13b)

Eout (t > t2) = α
[(

2− e−t1/Tc

)
e−(t2−t1)/Tc − 1

]
e−(t−t2)/Tc (4.13c)



72 Chapter 4. The RF Pulse Compressor

As it can be seen from equations 4.13, the output field initially builds up toward α − 1.
After the phase reversal and the accompanying amplitude jump, it begins falling expo-
nentially toward − (α− 1) with a time constant Tc. The input and output waveforms are
illustrated in Figure 4.5

FIGURE 4.5: SLED field and power waveforms

From equations 4.13, we also see that the maximum field intensity with a SLED system is
magnified by a factor given by:

Emax = Eout (t1) = α
(
1− e−t1/Tc

)
+ 1 (4.14)
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4.2.3 SLED in use

The energy gain of a particle beam which traverses an accelerating structure powered
with a SLED is not as much as the one that would be given by the peak field seen by the
structure. This is due to the exponential decay of the pulse’s amplitude and the finite
filling time of the structure, so we must take this into account in evaluating the benefit of
a SLED system [11].

For a constant-impedance accelerating structure, the energy gain of a charged particle
beam can be measured by the average across the compressed pulse of the field magnifi-
cation weighted by the attenuation of the structure. So, the voltage across the structure
filled with the compressed pulse is:

Vci =

∫ L

0
E (z, t) dz = vge

−αvgt2

∫ t2

t1

Eout (t) e
αvgtdt (4.15)

where vg is the group velocity and α the attenuation per unit length in the structure.

In a constant-gradient structure, the group velocity is linearly increasing from the input
end to the output end, in order to maintain the field strength (for a flat input pulse) as
the power is dissipated in the walls. Let us define g such that

vg (z) = vg0

(
1− g

L
z
)

(4.16)

where L is the length of the accelerating section. If we consider a particle which enters
the structure at a time t = 0, the accelerating voltage at a time ti is given by:

Vcg =

∫ L

0
E (z, ti) dz =

∫ L

0
E (ti −∆t (z)) dz (4.17)

where

∆t (z) =

∫ z

0

dz′

vg (z′)
= − L

gvg0
ln

(
1− g

L
z
)

(4.18)
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For a particle entering between t1 and t2, the accelerating voltage is given by [11, 56]:

Vcg (t1 < ti < t2) =
L

g

{
(α− 1)

[
g − 2 + 2 (1− g)(ti−t1)/Tf

]
− αe−ti/Tc

C

[
1− (1− g)C

]
+

2αe−(
−(ti−t1)/Tc)

C

[
1− (1− g)C(ti−t1)/Tf

]} (4.19)

Here Tf is the structure filling time, assumed equal to t2 − t1, and

C = 1− L

gvg0Tc
= 1 +

Tf

Tcln (1− g)
(4.20)

Setting L = 1 normalizes the voltage to that of a structure filled with a unit-amplitude
pulse, without any pulse compression. The accelerating voltage as a function of the in-
jection time (the instant of beam injection into the structure) is shown in Figure 4.6, and
its maximum, at ti = t2, when the compressed pulse fills the structure, is then

Vcg max =
α

gC
e−Tf/Tc

(
2− e−t1/Tc

) [
1− (1− g)C

]
− α+ 1 (4.21)

FIGURE 4.6: Acceleration versus injection time, normalized to the acceler-
ation obtained without SLED



4.3. The spherical Pulse Compressor 75

The theoretical limit of Vcg max is seen to be three. However, in reality this limit cannot be
approached with finite-Q SLED cavities because of the competing requirements of large
β and large Tc.

4.3 The spherical Pulse Compressor

The SLED-type pulse compressor is based on two cylindrical cavities working on the
TE015 mode and with an unloaded Q-factor of nearly 180000. This type of pulse com-
pressor is easy to design and machine. However, due to its two big resonant cavities, its
scale is quite large. In addition, the frequency difference of the two cavities must be less
than 10kHz to generate a stable output RF power, which requires temperature fluctua-
tion lower than 0.1◦. Since the two cavities are independent, this requires a dedicated
and complicated cooling system.

The proposed pulse compressor [57] is instead based on only one spherical cavity, ex-
cited with two polarized TE113 modes, and a dual-mode coupler. Based on this design,
the resonant frequencies of the two polarized modes can be easily tuned to the same fre-
quency and, even more important, the frequency shift of the two modes is the same for
any fluctuation of the temperature during operation. This pulse compressor is then very
compact and requires a much simpler cooling system.

4.3.1 Spherical cavity theory

In a spherical cavity resonator, the solutions of the Maxwell’s equations, in spherical
coordinates and with axial symmetry (∂/∂ϕ = 0), separate into electromagnetic fields
with components Er, Eθ, Hϕ and electromagnetic fields with components Hr, Hθ, Eϕ

[58]. These are called TM and TE types, respectively, the spherical surface with constant
r serving here as the transverse surface.

Let us consider a TE spherical mode with axial symmetry, by setting ∂/∂ϕ = 0 in Maxwell’s
equations in spherical coordinates. The three curl equations containing Hr, Hθ, Eϕ are:

∂

∂r
(rHθ)−

∂Hr

∂θ
= jωϵ (rEϕ) (4.22)

1

r sin θ

∂

∂θ
(Eϕ sin θ) = jωµEr (4.23)
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∂

∂r
(rEϕ) = jωµ (rHθ) (4.24)

Equations 4.23 and 4.24 may be differentiated and substituted in 4.22, leading to the fol-
lowing equation in Eϕ:

∂2

∂r2
(rEϕ) +

1

r2
∂

∂θ

[
1

sin θ

∂

∂θ
(rEϕ sin θ)

]
+ k2 (rEϕ) (4.25)

To solve this partial differential equation, the product solution technique can be used [58]:

(rEϕ) = RΘ (4.26)

where R is a function of r alone, and Θ is a function of θ alone. If this is substituted in 4.25,
the function of r can be separated from the function of θ, and these must be separately
equal to a constant. If we label this constant as n (n+ 1), we get:

r2

R

d2R

dr2
+ k2r2 = − 1

Θ

d

dθ

[
1

sin θ

d

dθ
(Θ sin θ)

]
= n (n+ 1) (4.27)

Thus we have two ordinary differential equations, one in r the other in θ.

Let us consider that in θ first. Making the substitutions:

u = cos θ,
√

1− u2 = sin θ,
d

dθ
= − sin θ

d

du
(4.28)

The differential equation can be written in the form:

(
1− u2

) d2Θ
du2

− 2u
dΘ

du
+

[
n (n+ 1)− 1

1− u2

]
Θ = 0 (4.29)

The differential equation 4.29 is reminiscent of Legendre’s equation and is in fact a stan-
dard form. This form is:

(
1− x2

) d2y

dx2
− 2x

dy

dx
+

[
n (n+ 1)− m2

1− x2

]
y = 0 (4.30)
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One of the solutions is:

y = Pm
n (x) (4.31)

and the function defined by this solution is called an associated Legendre function of the
first kind, order n, degree m.

Let’s now consider the r differential equation obtainable from 4.27. Making the substitu-
tion R1 = R/

√
r, we get:

d2R1

dr2
− 1

r

dR1

dr
+

[
k2 −

(
n+ 1

2

)2
r2

]
R1 = 0 (4.32)

It is seen that this is a Bessel’s differential equation of order
(
n+ 1

2

)
.

From the equations 4.30 and 4.32 the analytical expressions of the fields or, alternatively,
the wave potentials can be derived (for more details, see [58]). For more convenience,
in the following we report the analytical expression of the wave potentials for a TEmnp

mode:

(Fr)mnp = Ĵn

(
unp

r

a

)
Pm
n (cos θ)

(
cosmφ

sinmφ

)
m ≤ n (4.33)

where Ĵn is the spherical Bessel function of order n, and unp represents the zeros of the
spherical Bessel function Ĵn.

4.3.2 Spherical cavity for pulse compressor

The wave potential for the mode TEm1p of a spherical cavity has the following expres-
sion:

(Fr)m1p = Ĵ1

(
u1p

r

a

)
Pm
1 (cos θ)

(
cosmφ

sinmφ

)
m = 0, 1 (4.34)

where
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P 0
1 (cos θ) = cos θ (4.35a)

P 1
1 (cos θ) = − sin θ (4.35b)

Substituting equations 4.35 in equation 4.34, we have:

(Fr)01p = Ĵ1

(
u1p

r

a

)
cos θ (4.36a)

(Fr)11p = −Ĵ1

(
u1p

r

a

)
sin θ sinφ (4.36b)

(Fr)11p = −Ĵ1

(
u1p

r

a

)
sin θ cosφ (4.36c)

For TE modes, the boundary conditions impose that Eφ = Hθ = 0 at the surface r = a,
which means Ĵ1 (u1p) = 0. Therefore, given the resonant frequency f0, the sphere radius
a can be calculated as follows:

a =
u1p

2πf0
√
ϵ0µ0

(4.37)

where u1p represents the zeros of the spherical Bessel function Ĵ1.

As explained before, the SLED pulse compression principle is based on the use of a 3dB
hybrid that split the incoming power in two, 90 degrees out-of-phase waves. These waves
feed two identical, high-Q resonant cavities. The fields emitted by the cavities combine
then in-phase, and the resulting wave is directed to the accelerating structure.

Looking at equation 4.36, it is clear that for a TEm1p configuration, there are 3 modes with
the same pattern, but rotated 90 degrees from each other, as it can be seen in Figure 4.7.

In a perfect sphere, these three modes have the same resonant frequency, but in reality
they can be distinguished in frequencies due to the perturbation from the coupler port.
As it will be shown later on, using a dual-mode coupler, named E-rotator in the following,
we will be able to excite only the two TE11p modes, while the TE01p mode will be higher
in frequency and very weakly coupled due to the field orientation.

Having two modes resonating at the same frequency and orthogonal to each other, the
spherical resonator is suitable to be used for a pulse compression scheme, replacing the
two cylindrical SLED cavities.
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FIGURE 4.7: Three TEm1p modes, with the same field pattern but rotated
90◦ in space from each other. In the figure the field pattern for n = 4 is

showed

4.3.3 Choice of the RF parameters

For a spherical resonant cavity that works on the TE11p mode, the unloaded quality factor
Q0 is given by:

Q0 =
a

δ
(4.38)

where a is the radius of the sphere and δ = 1/
√
πfµσ is the skin depth. The previous

equation indicates that the unloaded quality factor is solely defined by the radius of the
spherical resonant cavity, and that a larger cavity produces a higher Q0.

As seen in the previous paragraph, using a pulse compression scheme the maximum
voltage multiplication factor is given by:

Vcg max =
α

gC
e−Tf/Tc

(
2− e−t1/Tc

) [
1− (1− g)C

]
− α+ 1 (4.39)

where Tc = 2QL/ω, QL = Q0/ (1 + β), and α = 2β/ (1 + β).

Once the klystron pulse width and the filling time of the structure are fixed, from equa-
tion 4.39 it is evident that Vcg max is a function of the unloaded quality factor Q0 and of
the coupling coefficient β of the resonant spherical cavity.

Table 4.1 shows the sphere radii, calculated according to equation 4.37, and the corre-
sponding values of Q0, given by 4.38, for different TE11p modes. Using equation 4.39,
for each value of Q0 the corresponding optimal value of the coupling factor β can be
obtained.
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TABLE 4.1: Sphere radius a and Q0 for different TE11p mode

a Q0

[mm]

TE112 123 102000
TE113 174 144000
TE114 224 185000
TE115 274 227000

Figure 4.8 shows the maximum voltage multiplication factor as a function of the coupling
factor for different values of Q0

FIGURE 4.8: Vcg max as a function of the coupling factor β for different
values of Q0

As it can be seen from Table 4.2 and Figure 4.9, for very high values of Q0 the increment in
the voltage multiplication factor is limited. For this reason, rather then pushing for very
high values of the Q-factor, it was decided to find a trade-off between the accelerating
efficiency and the size of the pulse compressor. A more compact size, in fact, results in a
much lower cost.

So, the TE113 was selected as the operating mode: in this case, the sphere is still compact
and we get a Q0 of 144000, quite high if compared with commercial solutions of similar
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FIGURE 4.9: Maximum voltage multiplication factor as a function of Q0

TABLE 4.2: Relevant RF parameters for the spherical pulse compressor

a Q0 β Vcg max

[mm]
TE112 123 102000 5.2 1.915
TE113 174 144000 7.3 1.968
TE114 224 185000 9.3 1.998
TE115 274 227000 11.4 2.018

size, which usually have an unloaded Q-factor of nearly 90000.

Furthermore, if we compare the TE113 and TE114 modes, we see that in the first case the
sphere is 10 cm smaller (in diameter) but the loss in accelerating voltage is just 1.5%.

4.3.4 Pulse compressor

4.3.4.1 Coupling to the sphere

Figure 5.3 shows the electric field magnitude for the two TE113 modes in the spherical
resonator. As it is evident, the two modes have the same field pattern, but are rotated 90
degrees in space.

The vector representation of the electric field lines is reported in Figure 4.11: as it can be
easily seen from the figure, in the highlighted position we have field lines for both the
TE113 modes, so this one is the optimal position for the waveguide coupler. In order
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(a) (b)

FIGURE 4.10: Electric field magnitude for the two TE113 modes

to couple with the two fields, we will use a circular waveguide excited with two TE11

modes, orthogonal to each other and 90 degrees out-of-phase.

FIGURE 4.11: Electric field lines for the two TE113 modes. In the figure
the optimal position for the coupler is also shown: in this region, the two
resonant TE113 modes have electric field lines orthogonal to each other,
with similar amplitude. Coupling a circular waveguide, carrying two or-
thogonal TE11 modes, to the sphere will excite the two resonant modes of

interest

The sketch of the coupler is shown in Figure 4.12. The radius of the circular waveguide is
assigned, and equal to 35.6 mm. This value assures that just the fundamental TE11 mode
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propagates at the selected resonant frequency, while the first high order mode, the TM01,
is in cut-off.

FIGURE 4.12: Sketch of the coupler

The radius of the aperture, ra in Figure 4.12, is tuned to guarantee the desired coupling
factor of 7.3. The radius of the spherical cavity, a, must be changed accordingly to com-
pensate for the shift of the resonant frequency due to the presence of the coupling aper-
ture.

The coupling factor and the resonant frequency can be easily found by making a fre-
quency span and plotting the reflection at the waveguide port, |s11|, versus the frequency.
The minimum value of |s11| is located at the resonant frequency and its value defines the
coupling factor β according to the formula:

β =
1 + s11
1− s11

(4.40)

It is important to observe that the coupling aperture to the spherical resonator is a very
critical area for the system, since its small size can bring to electric and magnetic surface
fields enhancement. To lower the field it was decided to increase the length of the neck,
La in Figure 4.13, in order to introduce a radius of 20 mm between the coupling aperture
and the sphere itself. This supplementary rounding helps to reduce the electric and the
magnetic fields in that region.
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FIGURE 4.13: Sketch of the coupler with an increased length of the neck.
A higher radius of 20 mm is used to connect the coupling aperture to the

sphere itself in order to reduce the electric and magnetic surface fields

In Figure 4.14 the frequency sweep is shown, and the corresponding resonant frequency
and coupling factor are reported: in particular, the resulting |s11| of -2.44 dB corresponds
to a β of 7.1, quite close to the optimal target value.

FIGURE 4.14: Plot of |s11| versus frequency. The resonant frequency and
the coupling factor are highlighted
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Figure 4.15 shows the surface electric field, the surface magnetic field and the value of
the modified Poynting vector for 45 MW input power. As can be noticed, the value of the
surface magnetic field across the coupling aperture is quite high (162kA/m) but, based on
our actual experience with the BTW accelerating structure, it will still be reliable. How-
ever, further studies about pulse heating phenomena will be carried out and appropriate
cooling channels will be designed to remove the heat generated.

FIGURE 4.15: Surface electric field, magnetic field and modified Poynting
vector for 45 MW input power

4.3.4.2 E-rotator

A compact, circular waveguide, TE11 rotating mode launcher (named E-rotator in the fol-
lowing) has been designed to excite the two orthogonal modes in the spherical resonant
cavity. The starting point for designing the E-rotator is the 3-dB hybrid, shown in Figure
4.16, in which the input power, at port 1, is equally split between the two outgoing ports
3 and 4.

The E-rotator is obtained by short circuiting the forward branches and attaching a cir-
cular waveguide in the middle, as it is shown in Figure 4.17. The radius of the circular
waveguide is set to 35.6 mm, the same value used for coupling to the spherical cavity.
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FIGURE 4.16: 3-dB hybrid geometry

Injecting the power from port 1 results in a circular polarized TE11 mode at port 3. Since
the rotating mode in the port 3 is a superposition of two degenerate TE11 circular waveg-
uide modes with vertical and horizontal polarization and 90 degree phase shift, from the
simulation point of view the E-rotator can be considered as a 3 ports hybrid with a 4x4
S-matrix.

FIGURE 4.17: E-Rotator geometry

The optimization of such complex component has been performed using HFSS. More
than ten geometric parameters have been carefully tuned to get the desired matching, an
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optimal balance in the amplitude and a 90 degree phase shift between the two degenerate
modes.

Since the optimization process was quite complex and time consuming, a special goal
function, called Conversion, was introduced to use the semi-automatic optimization rou-
tine available in HFSS. The function Conversion was defined as [59]:

Conversion = |Re {s13x} Im {s13y} − Im {s13x}Re {s13y}| (4.41)

where s13x and s13y are the s-parameters of the two degenerate modes. This goal function
is equal to 0.5 in the case of an ideal E-rotator, for which three conditions are met:

|s13x|2 = 0.5 (4.42a)

|s13y|2 = 0.5 (4.42b)

|∠s13y − ∠s13x| =
π

2
+ nπ (4.42c)

RF parameters for the E-rotator are plotted in Figure 4.18 as a function of frequency.
As it can be seen, at the resonant frequency f0, the component has an extremely good
matching with an s11 of −51 dB and a perfect balance between s13x and s13y, both equal
to −3.01 dB.

FIGURE 4.18: E-Rotator RF parameters
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4.3.4.3 Spherical pulse compressor and sensitivity analysis

The E-rotator and the spherical resonant cavity can be connected together to get a high
Q-factor, compact RF pulse compressor as illustrated in Figure 4.19.

FIGURE 4.19: Geometry of the compact spherical pulse compressor

A high frequency simulation, with HFSS, was performed for the full assembly and the
results, as functions of frequency, are plotted in Figure 4.20. The reflection parameter, |s11|
is −46 dB at the nominal resonant frequency, f0 = 2998.01 MHz, while the transmission
parameter |s21| is −2.45 dB, corresponding to the desired coupling factor β. Furthermore,
it is clear that there are no other resonant modes close to the nominal operating frequency:
the first mode is in fact approximately 30 MHz higher in frequency.

Since efficient pulse compression requires the cavity to be tuned exactly on frequency,
before proceeding with the mechanical design it was necessary to analyze the frequency
shift induced by mechanical errors in order to specify the required mechanical tolerances
and the tuning system eventually needed.

Parametric analysis was performed varying the radius of the coupling aperture and the
radius of the spherical cavity, in order to verify the impact of each parameter on the
resonant frequency.

Mechanical errors in the range ±10 µm were considered and, for each value, a frequency
sweep was performed. In Figure 4.22 the different resonant frequencies are plotted versus
the error on the radius of the coupling aperture. As expected, the frequency shift is small,
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FIGURE 4.20: RF parameters for the compact spherical pulse compressor.
The transmission parameter s21 = −2.45 dB corresponds to the optimal

coupling factor β of 7.3

FIGURE 4.21: Electric and magnetic surface fields for the spherical pulse
compressor

in the order of −0.3 kHz/µm, so mechanical tolerances of ±10 µm will be sufficient to
get the required performances.
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FIGURE 4.22: Resonant frequency shift of the spherical pulse compressor
for different errors on the radius of the coupling aperture

While the impact of the coupling aperture on the pulse compressor resonant frequency
is very limited, it was worth verifying the change in the coupling factor for the same
mechanical errors. As it is evident from Figure 4.23, even this change is quite small so,
if we define mechanical tolerances of ±10 µm on the radius of the coupling aperture, the
RF performances of the pulse compressor will be preserved.

FIGURE 4.23: Coupling factor β as a function of the mechanical error in the
radius of the coupling aperture

On the other side, as expected, the frequency shift for errors in the radius of the spherical
cavity is in the order of −17 kHz/µm (see Figure 4.24).

Despite of this frequency shift, it was decided to not equip the pulse compressor with an
embedded tuning system. Specifying a mechanical tolerance of ±5 µm, the frequency
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FIGURE 4.24: Resonant frequency shift of the spherical pulse compressor
for different errors on the radius of the spherical cavity

shift will be limited to ±85 kHz and could be easily compensated by tuning the tem-
perature of the cooling water. In fact, for an S-band cavity, the frequency detuning as a
function of temperature is nearly −50 kHz/degree. So, a cooling system with a fine tem-
perature regulation in a range of ±5 deg will guarantee the necessary tuning capability.
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5 Conclusion

5.1 The FERMI Linac upgrade proposal

FERMI is the seeded Free Electron Laser (FEL), operating in the VUV to soft X-rays range,
located at the Elettra laboratory in Trieste, Italy. Since FERMI has already demonstrated
successful operation in the wavelength range from 100 nm down to 4 nm, an upgrade
strategy to improve the FEL performances pushing towards shorter wavelengths is cur-
rently under evaluation.

As explained in Chapter 1, the fundamental wavelength emitted in a FEL is proportional
to λu/γ

2, where λu is the undulator period, and γ the relativistic Lorentz factor, propor-
tional to the electron beam energy. Based on this consideration, increasing the actual
electron beam energy is essential for improving the FEL performances.

As shown in Figure 5.1, a possible solution could be that of replacing each of the seven
backward-wave traveling structures (BTW), installed in the high energy part of the Linac,
with a new accelerating module suitable for higher gradient operation. Given the RF
power currently available, with the new modules a gradient of up to 30 MV/m will be
achievable and a final energy of 1.8 GeV can be attainable.

A feasibility study, finalized to prove the reliability of operating at higher gradient, and
with a final energy of nearly 1.8 GeV , has been started.
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FIGURE 5.1: Proposed layout for the Linac upgrade

5.2 Novel accelerating structures and first prototype

Systematic studies, where the structure accelerating gradient was conditioned to the limit
imposed by the rf breakdown and where relevant parameters were measured, can be
widely found in literature [19].

For the gradient versus BDR dependence at a fixed pulse length, the exponential scaling
law

E30
a

BDR
= const, (5.1)

where Ea denotes the gradient at a fixed pulse length tp, has been used extensively. It
should be underlined that the choice of 30 for the power exponent is based on the analysis
of the available experimental data only [19], and no assumption was made about the
underlying physical mechanism.

Also, the dependence of the gradient on the pulse length at a fixed BDR has a well estab-
lished scaling law [19] which has been observed in many experiments. The two laws can
be combined into a single scaling law:

E30
a t5p

BDR
= const (5.2)

Equation 5.2 states that, for a given structure, the ratio between the accelerating gradient,
to the power of 30, and the BDR is a constant if the pulse length remains fixed. This
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TABLE 5.1: Summary of RF parameters for both Electric Coupled and Mag-
netic Coupled RF couplers. All the field values are calculated for 65 MW

of input power

Esurf Hsurf Sc BDR kq Pros Cons
[MV/m] [kA/m]

[
MW/mm2

]
[bpp/m] [V/ms]

MC Couplers 93 175 0.7 1E − 15 582
Lower residual
quadrupole field
components

High magnetic
field at the cou-
pling slot

Acceleration effi-
ciency

EC Couplers 81 78 0.57 1E − 16 1973
Very low surface
magnetic field

Higher residual
quadrupole field
components

Easy to machine
Sligthly reduced
acceleration effi-
ciency

Cost reduction

means that increasing the structure accelerating gradient, the number of breakdown will
increase accordingly.

As we have discussed in Chapter 1 and 2, the FERMI BTW structures present a high
breakdown rate when operated at 24MV/m. In order to get an electron beam energy of
1.8 GeV at the end of the Linac, it would be sufficient to operate the last part of the Linac
(i.e. the seven BTW structures) at a gradient of 30 MV/m. But, according to equation 5.2,
this would increase the breakdown rate of a factor 800. Of course, this solution is neither
reliable nor acceptable.

For the above mentioned reason, a new accelerating module, optimized for high gradi-
ent operation, was designed. Each accelerating module consists of two, 3 meter long,
accelerating structures.

During the design phase particular care was devoted to the coupling cells, investigating
and comparing two different solutions (ref. Chapter 2).

One way of coupling the power to the accelerator is, in fact, that of using iris apertures
located between the end wall of the rectangular waveguides and the coupling cell. Such
magnetic-coupled RF coupler (MC-coupler) presents high surface magnetic fields in the
proximity of the coupling slots that can represent a bottleneck for high gradient opera-
tion. To overcome this limitation a different geometry was proposed using a direct elec-
tric coupling (EC-coupler) into a matching cell through a circular iris in the waveguide
broad wall.

Table 5.1 summarizes and compares the performances of EC and MC couplers. The EC-
coupler shows a lower value for the modified Pointing vector Sc and, consequently, a
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lower breakdown rate. This coupler also shows a significant reduction of the magnetic
surface fields and therefore no limitation will arise due to field enhancement or RF pulse
heating effects. Based on these considerations, the electric-coupled solution was adopted.

For the accelerating structure a constant-gradient solution was adopted in order to max-
imize the accelerator energy gain while keeping surface electromagnetic fields to an ac-
ceptable level. Cells iris and disk thickness were carefully optimized to guarantee the
required shunt impedance Rsh and the optimal filling time τ for efficient pulse compres-
sion (all relevant parameters are reported in Table 5.2). Furthermore, wakefields analysis
and beam dynamics simulations were performed to study the impact of the upgrade on
the quality of the beam. Results revealed that both longitudinal and transverse beam
dynamics will clearly benefit from the upgrade, since bigger iris radii will mitigate the
wakefields effects.

FIGURE 5.2: Mechanical design of the first, short prototype

Even if all the studies demonstrated the feasibility of operating at higher gradient, it
was decided to build a first, short prototype to be high power tested in Trieste. For
the construction of the prototype, a Collaboration Agreement was signed between Elettra
and the Paul Scherrer Insitut (PSI), in Zurich, with the aim of consolidating the know-
how developed for the construction of the SwissFEL Linac, and prove that the present
technological processes can guarantee reliable operation even if high gradient are needed.

This prototype will be made of two EC-couplers, and seven regular cells for an overall
length of approximately 0.5 meter. The raw material (Oxigen Free, High Conductivity
copper) has been received and both couplers and cells are being machined. As for the
SwissFEL structures, the prototype will be a tuning-free structure, so ultra high precision
milling and turning will be performed since mechanical tolerances are very tight. The full
prototype will be brazed at the PSI workshop in January and will be ready by February
2018.
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5.3 Test Facility upgrade and prototype testing

In order to prove the reliability of operating the new accelerating structures at gradients
up to 30 MV/m, it was decided to upgrade the existing FERMI Cavity Test Facility (CTF)
making it facility suitable for very high power testing. The waveguide layout was com-
pletely modified and an RF pulse compressor (on loan from CERN) was installed in the
line to increase the peak power available from the RF source.

For 30 MV/m operation, a peak power of 65 MW is required at the input of the accelerat-
ing structure. With the new CTF configuration, the input power could be up to 150 MW

and a gradient up to 50 MV/m can be achieved. This will give us the chance to prove the
reliability at the desired gradient, but also to push the system further to the limit imposed
by the RF breakdown.

(a) (b)

FIGURE 5.3: Layout and LLRF of the FERMI Test Facility

Furthermore, for a better understanding of the high power RF conditioning and opera-
tion, the CTF is being equipped with a dedicated diagnostic for BDR measurement and
breakdown localization. One important indicator of the health of a structure during oper-
ation is, in fact, the distribution of breakdowns along the length of the structure and, for
a constant gradient structure, the breakdowns should be distributed evenly. The location
of a breakdown in the structure can be pinpointed by looking at the time delays between
the RF signals emanating from the structure during a breakdown [60]. The breakdown
event causes a build-up of plasma in the structure which acts as a short circuit. This stops
the transmitted wave and causes the reflected signal to increase to 70− 90% of the input
power, as shown in Figure 5.5.
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FIGURE 5.4: Layout of the FERMI Test Facility

FIGURE 5.5: Diagram of a breakdown in the structure and the accompany-
ing RF signals. The reflected signal is in blue and the transmitted signal is

in red

National Instruments diagnostic hardware has been bought and is being integrated with
the FERMI LLRF hardware as shown in Figure 5.4, and diagnostic software tools are be-
ing currently developed in collaboration with the CLIC (Compact LInear Collider) group
at CERN.

In order to prove the feasibility of the proposed Linac upgrade plan, a budget of nearly
360.000 euro has been already allocated (a summary of the principal costs is reported in
Figure 5.6). So far, the CTF is ready for high power operation while the first, short pro-
totype will be delivered by PSI in February 2018. The prototype installation is currently
scheduled in April 2018, during the long Easter shutdown and the high power testing
will start on May 2018.
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FIGURE 5.6: Budget for the first prototype and the CTF upgrade

TABLE 5.2: RF parameters of the accelerating structure

f0 2998.01 MHz

Mode 2π/3

Lstructure 3175 mm

Lcell 33.332 mm

Ncell 90

a (iris) 11.38 → 8.98 mm

b (cell outer radius) 41.61 → 41.11 mm

t (disk thickness) 2.5 mm

or (outer bending radius) 13 mm

Rsh 71 → 80 MΩ/m

Q0 ≈ 15850

vg/c 2.21 → 1.04

tf 645 ns

τ 0.38 Neper
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