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CHAPTER 1

Introduction

1.1 Motivation

At the electron stretcher accelerator (ELSA), electrons are accelerated to energies of up to 3.2 GeV. This
is done by staged acceleration. The last stage is the ELSA stretcherring which can accelerate a beam
current of up to 70 mA. A constant beam current of 20 nA can be extracted over a long timescale of
up to a minute via resonance extraction. The electrons are used to produce high energetic photons for
hadron spectroscopy. In the future processes with small crossections shall be investigated. Therefore the
eventrate at the experiment has to be scaled up by one order of magnitude to keep the needed measurement
times as short as possible. To provide this eventrate from the accelerator the internal beam current in
the stretcherring has also to be scaled up by an order of magnitude to 200 mA. Such high internal beam
currents cannot be stored in the stretcherring at this moment: The existing RF station, which has to
make the voltage available to accelerate the electrons with needed energy of keV per turn and especially
compensate the much more important losses of MeV per turn, the electrons have during the acceleration
cycle, is operated at its power limit. The two accelerating cavities which build up the acceleration voltage
cannot be provided with more power. Therefore two additional accelerating cavities have to be installed
to build up additional acceleration voltage. These cavities will be supplied with RF power by their own
amplifier.

During the work of this thesis the preparations to build in these cavities have been accompanied from
the physical side of view. The operational interaction of two different accelerating stations has been
investigated. Therefore the distribution of acceleration voltages and RF phase have been examined with
respect to efficiency, storable beam current and beam quality.

In the beginning of this thesis the basic functional principles of a synchrotron are described to motivate
the acceleration with electric RF fields. The focus is on the accelerating cavities of the accelerator
in which the accelerating fields are build up and their infrastructure. Additionally longitudinal beam
dynamics determined by the RF fields and losses due to synchrotron radiation are discussed. After that
the parts which are really used to build up the second accelerating station for ELSA are introduced. The
plan for the assembly itself is described and the current status of the conversion is constituted. To get
the two seperate accelerating stations working together several parameters can be tuned. The detailed
discussion of the settings to get this compound system working together will be declared in the last part
of this thesis.
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Chapter 1 Introduction

1.2 Accelerator physics in Bonn

In 1952 accelerator physics in Bonn started when Wolfang Paul became university professor at the
physics institute. Paul and his team built a 500 MeV synchrotron which is nowadays exhibited in the
German Museum Bonn [Hil06a]. A synchrotron is a circular accelerator in which charged particles are
accelerated by an radio frequency field and guided on a circular path by magnets. After many diploma
and doctoral theses had been written at the synchroton and the technics became outdated, in 1963 the
physicists reflected to build a higher energy synchrotron to keep pace with other electron accelerators
being build in Hamburg and Cambridge. It became clear that the state government would bear the costs
and a 2.5 GeV synchrotron was planned. In 1967 the combined function synchrotron began to operate.
Till this day the now called booster synchrotron is running as an injector accelerator at 1.2 GeV for
the newest synchrotron build in Bonn called ELSA. The construction of ELSA started in 1982. It was
planned to increase the duty factor1 of the 2.5 GeV synchrotron which was arround 5 %. This factor
could be stretched to up to typically 80 %. After ELSA is providing a 3.2 GeV electron beam for hadron
physics experiments since 1987 there have been many improvements to the accelerator facility due to
the work of junior scientists. Many projects in research of accelerator physics at ELSA2 continue to
be processed. Nowadays the accelerator facility consists of three acceleration stages which are linear
accelerator (LINAC), booster synchrotron and ELSA to provide an electron beam up to 3.2 GeV.

1.3 Hadron physics

The accelerated electrons are used for hadron physics experiments. CBELSA [Die+15] and BGO-OD
[Sch] are both experiments for meson photoproduction. The extracted electrons from the accelerator
radiate high energetic photons in a conversion target by a bremsstrahlungs process. Hence the energy
of the scattering electrons can be calculated very precisely from the bending radius of the magnets and
the magnetic fieldstrength, the photons energy can be determined from the eletrons remaining energy
after conversion. In the detectors these tagged photons scatter on a target, for example liquid hydrogen.
In the scattering processes other particles for example bayrons or mesons can be produced which can
be detected with the surrounding detector. Measuring production crosssections, quark models can be
probed. These measurements give possibilities to understand the strong force which can be described by
quantum chromo dynamics (QCD). Therefore the knowledge of the fundamental binding forces can be
investigated.

Additionally a direct electron beam can be used for tests of high energy particle detectors. In the near
future a centre for detector research and development is being build next to the accelerator facility ELSA,
a dedicated beamline for detector research will be in operation [Heu+13].

1 The duty factor is the ratio between the time where electron beam is available at the experiment and the time of the whole
operation cycle which consists of preparation time, energy ramp and extraction duration

2 ELSA is used as name for the last build synchrotron but sometimes also for the accelerator facility in Bonn as a whole
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CHAPTER 2

Particle Accelerators

To understand how charged particles are prepared for the experiments and accelerated to the desired
energies at first the main concepts and components of particle accelerators will be described. Particle
preparation, acceleration and guiding will be covered. In a circular accelerator longitudinal particle
motion and interaction with alternating accelerating fields are described.

Since the thesis is about an additional station to build up extra accelerating voltage, the focus will be
on RF-systems for particle accelerators especially for synchrotrons.

2.1 Particle preparation

Figure 2.1 – Sketch of a thermionic electron gun

In order to accelerate a particle beam consisting of electrons at first free, unbound electrons have to be
prepared. The easiest way to produce thermionic electrons is to heat a filament by applying an electric
heating current Iheat shown in figure 2.1 . Due to this heating of the kathode material, free elctrons are
generated by thermionic emission. The electrons kinetic energy overcomes the work function of the
material and they get free. If one applies a potential Uacc between this kathode and an anode, the electrons
will be accelerated out of the filament towards the anode. The same technique of electron production was
used in television tubes. Typical potentials in these electron sources for accelerators are 50 kV to 150 kV.

3



Chapter 2 Particle Accelerators

2.2 Particle manipulation

After being prepared the electrons can be manipulated by electric
#»
E and magnetic

#»
B fields. The force

which acts on the particles is the Lorentz force
# »
FL :

# »
FL = q

(
#»
E + #»v ×

#»
B
)

(2.1)

Where q and #»v are the charge and velocity of the particle. Hence the force of the magnetic field is always
perpendicular to the particles velocity and its strength will grow with higher particle velocities, it is used
to guide the particle beam, electric fields have to be used to increase the particles energy.

Static acceleration

If a particle traverses an electric field E of length L it gains the kinetic energy ∆Ekin.

∆Ekin = q
∫ L

0

∣∣∣ #»
E
∣∣∣ dz = q · U (2.2)

U is the potential between 0 and L. The first static acceleration is applied directly after production of
the electrons. The particle passes the potential Uacc between the kathode and the anode of the source.
After the source, at the entrance of the next stage of acceleration the electrons have the kinetic energy of
approximately 50 keV.

Since the energies one wants to obtain for the experiments are in the region of GeV one has to apply a
voltage of GV to the electrons. Voltages of this magnitude can not be produced by use of a static electric
fields due to the electrical breakdown voltage of vacuum. To avoid sparkovers one does not use static but
alternating electric fields in the radio frequency regime.

Acceleration with radio frequency fields

Figure 2.2 – RF acceleration of a bunched electron beam

Since the alternating electric fields used for particle acceleration have frequencies fRF in the radio
region they are called RF-fields. In contrast to the electrostatic acceleration with continuous beam,
RF-accelerators have to use a bunched beam. This is because of the electric field

#»
E used for acceleration

half of the period time points towards the electrons propagation direction and velocity #»v . The electrons
would lose energy if they would pass the cavity in this timeslot. Particles can only be accelerated, if
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2.3 Cavities

they pass the electric field when it points in their own propagation direction, that is the direction of their
momentum vector #»p = m #»v where m is the mass of the particles (see figure 2.2). The bunches of particles
have to be separated by the wavelength λRF of the used RF-field λRF = c/fRF where c is the velocity of
light.

2.3 Cavities

Figure 2.3 – Coordinate system used to describe cylindrical resonators [Heu11]

Cavities are hollows surrounded by conducting walls. In accelerator physics cylindrical cavities are
used to build up high alternating electric fields with voltages of some MV. To learn which fields can be
build up in such structures the free field wave equations 2.3 and 2.4 for the electric field

#»
E and magnetic

field
#»
B can be solved (for derivation of the wave equations see appendix A.2).

∆
#»
E −

1
c2

∂2 #»
E

∂t2 = 0 (2.3)

∆
#»
B −

1
c2

∂2 #»
B

∂t2 = 0 (2.4)

Solving these equations for the boundary conditions of a pure cylindrical so called pillbox cavity in
cylindrical coordinates (shown in figure 2.3) leads to solutions with different field configurations called
modes, depending on the geometry of the cavity with radius R and length L. The resonators consist of
conducting walls therefore the transverse electric and parallel magnetic components of the fields have
to vanish at the surface. One has to distinguish between transversal magnetic TMmnp modes with no
longitudinal magnetic and transversal electric TEmnp modes with no longitudinal electric field. The
indices m,n and p characterize the field distribution. m is equal to the number of periodes in ϕ direction,
n the number of knots in r direction and p the number of half periodes in z direction. Since in an
accelerator one wants to use longitudinal electric fields to accelerate the electrons, TMmnp modes are
used. (The complete mathematical description of the fields for both TE and TM modes can be found in
appendix A.2.2).

For the electric field Ez in direction of motion of the electrons z for the TMmnp modes, one gets:

Ez =E0Jm

( xmnr
R

)
cos(mϕ) cos

( pπz
L

)
eiωmnpt (2.5)

Jm(x) is the Bessel function of m-th order and xmn is the n-th zero of the Bessel function of m-th order.
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Chapter 2 Particle Accelerators

The oscillation frequencies fmnp for the TMmnp modes can be written as

fmnp =
c

2π

√( xmn

R

)2
+

( pπ
L

)2
. (2.6)

The most important mode for particle acceleration is the TM010 mode which has the largest longitudinal
electric field on the z-axis (A simulation of the E and B fields can be seen in figure 2.4).

Figure 2.4 – Simulation of the E (left) and B field (right) of the TM010 mode in a pillbox cavity simulated with CST
Microwave studio. The higher the field strength the bigger the arrows. Additionally higher field strength are shown in red
lower in yellow. [Hil08]

For this mode the electric field on the axis (r = 0) in a pillbox cavity becomes:

#»
E = E0eiωmnpt #»e z (2.7)

Where #»e z is the unit vector in z direction, what means the field is pure longitudinal. The fieldstrength only
changes with time. From the electrical field in the cavity the accelerating voltage U0 can be calculated.

U0 =

∫ L

0
|
# »
E0(z)| dz (2.8)

Since the electric fields change with time, also the accelerating voltage does. Therefore the voltage can

Figure 2.5 – Simulation of the electric field of the TM010 mode in a seven cell positron electron tandem ring accelerator
(PETRA) type cavity. The higher the fieldstregth the bigger the arrows (for high fieldstrength yellow/orange and lower
blue). The nosecones which enhance the fieldstrength on the beam axis can be seen, too. Fields are calculated numerically
with CST Microwave Studio
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2.3 Cavities

be written dependent of t and with an additional phase φ:

U = U0 · sin(ωmnpt + φ) (2.9)

The electrons need some time to pass through the cavity while the field is changing. Therefore the voltage
which accelerats the electrons has to be weighted with the transition time factor Λ to get the effective
acceleration voltage Ueff

0 = Λ · U0. The transition time factor due to the changing field can be written
as [Lee12]:

Λ =

∣∣∣∣∣∣∣∣∣
∫ L

0

∣∣∣∣ # »
E0(z) sin

(
ωmnp

c z + φ
)∣∣∣∣ dz∫ L

0

∣∣∣ # »
E0(z)

∣∣∣ dz

∣∣∣∣∣∣∣∣∣ (2.10)

Cavities in particle accelerators cannot be pure pillbox cavities. The used cavities have holes in
their walls so that the particle beam can traverse it. Moreover nosecones were developed to enhance
the fieldstrength on the beam axis and get a higher acceleration voltages. Fields in such cavities with
such complicated geometries cannot be solved mathematically. The fields can only be simulated with
numerical methods or be measured (Chapter 3.3.1). A simulation of the electric field in a PETRA type
seven cell cavity which will be used for the new RF-station can be seen in figure 2.5.

2.3.1 Cavities as resonant circuit

Figure 2.6 – Equivalent circuit of a cavity with RF generator and coupling [Sch15]

The properties of cavities can be described with an LRC equivalent circuit. Near a resonance a RF
resonator behaves like an damped LC oscillation circuit. The resonance frequency ω0 of the oscillation
circuit is:

ω0 =
1
√

LC
(2.11)

Inductance L and Capacitance C can be varied by the geometry of the cavity as described in the
equations 2.5 and 2.6. The walls of the cavity behave like the inductance in the equivalent circuit and
the build up field in the cavity like the field in a capacitor. Balancing currents flew through the walls of
the resonator. As a measure for the performance of the resonator the unloaded quality factor Q0 can be

7



Chapter 2 Particle Accelerators

indicated [Wil92].

Q0 =
ω0W

P
(2.12)

It is propotional to the ratio of the stored energy in the cavity W and the dissipated power in the walls P
and therefore a measure how good energy can be stored in the cavity. The complex impedance of the
cavity can be written as ZC, with Rs the so called shunt impedance of the cavity (see figure 2.6).

ZC(ω) =
Rs

1 − iQ
(
ω0
ω −

ω
ω0

) (2.13)

In case of resonance ω = ω0 this impedance becomes real ZC(ω0) = Rs. We want to couple in all the
power of the generator (on the left in the figure 2.6) into the cavity. Therefore the impedance of the
generator Z and the impedance of the cavity have to be matched. Electro magnetic signals can be coupled
into a cavity in different ways: For example the pin coupling with a pin in the wall of the resonator
which couples to the electric fields or a loop which couples to the magnetic fields like a transformer.
The coupler is a connection between the middle conductor of a coaxial cable and the wall of the cavity
and therefore builds one loop. By changing of the geometry of this coupler the coupling n between the
transmission line and the cavity can be adjusted. In the case the coupling factor

κ =
n2Z
Rs

(2.14)

becomes one the coupling is called critical. For this coupling all the power P is coupled in the cavity and
converted into the electric field. The peak voltage U in the cavity can be written as:

U =
√

2PRs (2.15)

The required unloaded input power is defined as

P =
U2

2Rs
. (2.16)

If a bunched beam passes the cavity it acts like an additional load for the generator. In this case the
needed power of the generator can be written as the sum of the power which is needed only to build up
the field and the power which is needed due to beamloading [Wil92].

P =
U2

2Rs
+ U sin(φ0)Ibeam (2.17)

Here Ibeam is the beam current of the charged particles and U sin(φ0) the voltage in the cavity when the
particle passes through it. In this case the coupling factor also changes due to the additional load. To get
no reflections at the coupling with beam loding the optimum coupling factor can be written as [Rot08]:

κopt = 1 +
Pbeam

Pfield
(2.18)

8



2.4 Waveguides

Figure 2.7 – Wave progatation of the TE10-mode through a WR1800 waveguide simulated with CST Microwave studio.
The electric field strength is depicted. Higher field strength are red, lower blue. The picture is a snapshot of the fields. The
500 MHz wave is injected at the left end of the waveguide and propagates to the other end. The right end of the waveguide
simulates an matched termination, that the waves are not reflected back in the waveguide.

2.4 Waveguides

As in the cavities the electric fields in the waveguides can be described by the wave equations 2.3 and 2.4.
If these are solved for the boundary conditions of conducting surfaces of a rectangular waveguide with
width a and height b, TM- and TE-modes occur. For the TMmn-modes one gets [Jac75]:

Ez =E0 sin
(
πm
a

x
)

sin
(
πn
b
y
)

ei(ωt−kzz) (2.19)

Hz =0 (2.20)

While the TEmn-modes can be described as follows.

Hz =H0 cos
(
πm
a

x
)

cos
(
πn
b
y
)

ei(ωt−kzz) (2.21)

Ez =0 (2.22)

To get these waves travelling through the waveguide the exponent (ωt − kzz) has to be real. One gets
a critical wave number kc, this is the smallest wave number for which the waves travel through the
waveguide and are not exponentially damped. It is also called cutoff wavenumber:

k2
c =

ω2

c2 − k2
z (2.23)

9



Chapter 2 Particle Accelerators

This cutoff wavenumber can be determined from the geometry of the waveguide and modenumbers:

kc =

√(
πm
a

)2
+

(
πn
p

)2

(2.24)

With kc = ωc/c = 2π fc/c the cutoff frequency fc can be written as:

fc =

√(mc
2a

)2
+

(nc
2b

)2
(2.25)

Electromagnetic waves with lower frequencies than this frequency do not propagate through the wave-
guide. In the accelerator waveguides are used to transmit the RF power from the generator to the
cavities by the TE10 mode, since suitable coaxial cables would have higher losses at the used powers and
frequencies in contrast to waveguides.

Figure 2.8 – Electric fields of the TE10 mode with a frequency of 500 MHz in a magic T with RF power injected from the
top and the fourth port in the front terminated with the impedance of the waveguide. Higher field strength are depicted in
red, lower in blue.The fields are calculated with CST Microwave studio.

A magic T is a waveguide four port (Figure 2.8). If one port of a magic T is terminated, a signal which
is injected in one port is divided with equal powers to the two other ports. In this way magic Ts are often
used to split up the power of one generator for two cavities.

Another waveguide multiport, used at particle accelerators is the circulator (Figure 2.9). A circulator
is a three port which passes the power to the next port. But only in one direction. A signal coming in at
port one is passed to port two. From two, the signals are passed to three. And from three to one. This can
be used to create a waveguide diode. If the signal is terminated for example by a water cooled load at
port three. Only signals from port one to two will propagate through an adjoining waveguide system. If a
electromagnetic wave is reflected back into the circulator, it will be terminated in the load. Therefore
circulators are used in waveguide systems to protect sensible RF components from reflected power.

10



2.5 Klystron

Figure 2.9 – Scheme of a circulator

2.5 Klystron

Figure 2.10 – Working principle of a klystron [Hil06a].

A klystron is a RF-amplifier. Its functional principle can be seen in figure 2.10. At the top of the
klystron at the cathode a continuous electron beam is produced and accelerated by the voltage provided
by the power supply (PS). In the first cavity the low level RF signal is fed in, so that some electrons of
the continuous beam are accelerated further and other are decelerated, since they traverse the cavity at
different voltages. This leads to a bunching of the beam during the drift space. The second cavity is
passed by the high intesity bunches of electrons with a distance of the RF-wavelength. In the second
cavity this bunches excite a RF oscillation with high field strength. Therefore a high power RF signal can
be coupled out of the second cavity.

2.6 Synchrotrons

Since one wants to use the same acceleration cavity (pink in figure 2.11) for many times, the electrons
have to be bend on a circular path, therefore the homogeneous magnetic field of dipole magnets is used
(section 2.7.1). Quadrupole magnets are used to focus the particle beam (section 2.7.2). Bending charged
particles trajectories on circular path has the advantage to use the same cavities for many times but comes
also with disadvantages such as synchrotron radiation mentioned in the next chapter.

11



Chapter 2 Particle Accelerators

Figure 2.11 – Scheme of a circularly shaped synchrotron. The dipole magnets bending the beam on a circular path are
shown in green. The RF-section is depicted in pink.

2.6.1 Synchrotron radiation

If the momentum p of charged particles is changed, electromagnetic waves are emitted. The bending
onto the circular trajectory in the dipole magnets of a synchrotron is such a change of the momentum of
the electrons. Therefore the radiated power Prad can be described as follows [Wil92]:

Prad =
q2cγ2

6πε0(m0c2)2

(
dp
dt

)2

(2.26)

With the lorentz-factor γ = (1 − β2)−1/2 with β = v/c, ε0 is the vacuum permittivity and m0 is the rest
mass of the charged particle. For electrons with velocities v � c this radiated power is ignorable, but
if the velocities are in the same order as the speed of light c, as it is in a GeV electron accelerator, the
radiated power becomes relevant. In an electron accelerator the energyloss per turn ∆Erev is of importance.
Therefore it can be described by the particles energy E and the bending radius of the dipole magnets R:

∆Erev =
e2β3γ4

3ε0R
=

e2β3

3ε0
(
moc2)4

E4

R
= W(E) (2.27)

The voltage, which is needed in the cavity to compensate these losses, is called circumference voltage
Urev:

Urev =
∆Erev

e
=

W(E)
e

(2.28)

A particle, with its synchrotron radiation losses exactly compensated by the acceleration on reference
phase φ0 in the cavity, is called reference particle:

Urev = U0 sin(φ0) (2.29)

2.6.2 Phase focusing

Since the emission of synchrotron radiation is a statistical process, a distribution of the particle momenta
around the reference momentum p0 exists. Electrons with slightly differing momentum p = p0 + ∆p to

12



2.6 Synchrotrons

Figure 2.12 – Principle of phase focusing in an elliptical accelerator [Sch15]

the momentum of the reference particle p0 are bend by the dipole magnets differently. Since the magnetic
field in the dipoles is constant, electrons with different momenta are bend with different bending radii
(see figure 2.12 and equation 2.40). Electrons with a slightly higher momentum are deflected less in
the dipole magnets. They take a little longer path L = L0 + ∆L (equation 2.30) through the circular
accelerator (red particle in figure 2.12) and need more time T = T0 + ∆T (equation 2.31) to come back to
the accelerating structures as the reference particle with pathlength L0 and revolution time T0.

∆L
L0

=αc
∆p
p0

(2.30)

∆T
T0

= − η
∆p
p0

(2.31)

The factor αc, which connects the relative momentum spread with the variation of the pathlength, is
called momentum compaction factor and is only dependent on the magnetic structure of the accelerator.
η = 1/γ2 − αc is called the slip factor [Wie93]. For ELSA the measured momentum compaction factor is
αc = 0.0601 ± 0.0002 [Sch+15a].

If the electron needs more time for a revolution, it passes the accelerating structure later on another
phase φ = φ0 + ∆φ and the accelerating field has reduced with respect to the reference particle. In the
next turn for this electron the process is inverted. It has less energy gain, needs less time and in the next
acceleration process gains more energy than the reference particle (blue particle in figure 2.12). This
leads to an oscillation around the reference phase which is called synchrotron oscillation.

2.6.3 Longitudinal beam dynamics

The synchrotron oscillations of the particles around the reference phase φ0 (green particle in figure 2.13)
can be described with the following equation of motion (for derivation, see appendix A.2.3).

d2∆φ

dt2 + 2αs
d∆φ

dt
+ Ω2

s∆φ = 0 (2.32)

The frequency of this oscillation called synchrotron frequency is fs = Ωs/2π and the damping αs can be
described with a damping time τs = α−1

s . αs is only dependent on the synchrotron radiation losses of
the particles. The synchrotron frequency fs for particles circulating in an accelerator with acceleration

13



Chapter 2 Particle Accelerators

Figure 2.13 – Acceleration voltage and potential dependent on phase φ of the accelerating voltage [Sch15].

voltage U(φ) = U0 sin(φ) can be written as (Equation A.26 in the appendix):

fs =

√
hηe

2πβ2T 2
0 E0

U0 cos(φ0) (2.33)

The particles oscillate in the RF-potential which has the following form (for derivation, see appendix A.2.4):

V(∆φ) = −
eβ2E0U0

πhη

(
cos(φ0 + ∆φ) + ∆φ sin(φ0)

)
(2.34)

The form of the potential can be seen in figure 2.13. The stable region in the potential in which the
electrons can oscillate, between the dashed lines, is called bucket. In every bucket in the accelerator a
bunch of electrons can be placed. The number of buckets is the harmonic number h =

ωRF
ω0

, which is 274
for ELSA.

2.6.4 Beam lifetime

The beam lifetime is dependend on the slope of the RF voltage or the depth of the RF-potential. One
can influence the depth of the potential by using a higher peak voltage with respect to the voltage on
reference phase. This is called overvoltage factor q:

q =
U0

U0 sin(φ0)
(2.35)
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2.7 Magnets

An higher overvoltage factor q associates with an higher synchrotron frequency fs due to equation 2.33.
The beam lifetime χs can be written as (taken from [Lee12]):

χs = τs ·
e
ξs
2

ξs
(2.36)

With

ξs = C(E0) · 2
(√

q2 − 1 − arccos
(
1
q

))
︸                           ︷︷                           ︸

F(q)

(2.37)

C(E0) is a constant which depends on the energy of the beam and the magnetic structure of the accelerator.
F(q) is called energy aperture function, it is increasing for q > 1 and proportional to q for q � 1. This
means the beam lifetime χs grows with the overvoltage factor q, since q is always bigger than one.

2.7 Magnets

2.7.1 Dipole magnets

Figure 2.14 – Sketch of a C-shaped electric dipole magnet [Hil06b].

According to the Lorentz-force (Equation 2.1)
#»
B-fields cause a force perpendicular to the velocity #»v

of the particles. Dipole magnets (Figure 2.14) have a homogeneous field in the region of the beam axis.
The needed strength of the magnetic field for a given bending radius R can easily be calculated from the
equality of Lorentz- and centrifugal force:

FL =Fc (2.38)

⇔ q · (v · B) =
mv2

R
(2.39)

⇔ B =
mv
qR

=
p

qR
=

p
q
κ (2.40)

Electric magnets are used to adjust the magnetic field to the raising particle momentum p, since the
radius has to be constant to keep the particles in the accelerator. Therefore the magnetic field strength
can be expressed in terms of winding number n, current I and gap height h:

κ =
1
R

=
e
p

B =
e
p
µ0n · I

h
(2.41)
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Chapter 2 Particle Accelerators

Here e is the elementary charge and µ0 the magnetic permeability.

2.7.2 Quadrupole magnets

Figure 2.15 – Sketch of a quadrupole magnet, the hyperbolic shaped poles are orange. The magnetic field lines are
depicted in green, while the forces on two particles with different positions on the quadrupole are shown in red. [Hil06b].

The bunches in the accelerator consist of many equally charged particles which repel each other and
the trajectories of the particles are not exactly parallel. Because the beam has only limited space in the
vaccum chamber, one has to focus the particle beam. To focus particles with different transverse distances
from the beam axis on the same focal point, one needs a restoring force which increases linearly with the
distance from the beam axis. Such a force can be provided by quadrupole magnets with hyperbolic pole
pieces (figure 2.15). For those magnets the characterising quantity is the quadrupole strenght k.

k =
e
p

2µ0n · I
a2 (2.42)

Where a is the shortest distance between beam axis and the poles of the quadrupole. With the quadrupole
strength k and the length of the quadrupolefield L a focal length f of the quadrupole can be defined.

f =
1

k · L
(2.43)

Quadrupole magnets have one disadvantage. A charged beam is focused in one plane but defocused in
the other. This can be seen in figure 2.15, since the force on one particle (red) points to the center of
the quadrupole but on the particle in the other plane it points outwards. Using a focusing f1 = f and a
defocusing f2 = − f magnet behind each other an overall focusing ftot can be achieved. As one knows
from optics the total focal length ftot of a system of two thin lenses can be described as follows, where d
is the distance between these lenses:

1
ftot

=
1
f1

+
1
f2
−

d
f1 · f2

(2.44)

⇒
1
ftot

=
1
f
−

1
f

+
d

2 · f
=

d
2 · f

(2.45)

⇒ ftot =
2 · f

d
(2.46)

Since one uses a focusing magnet (F), then driftspace where no magnet and no focusing is present (0 or
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2.7 Magnets

O) and a defocusing magnet (D) this pattern of magnets is called FODO-lattice. Another approach is to
use so called combined function magnets, which have no pure dipole field but the poles are tilted in such
a way, that the fields have an amount of quadrupole fields. Combined function magnets at ELSA are used
in the booster synchrotron.
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CHAPTER 3

Implementation

3.1 ELSA

ELSA is an electron accelerator with three accelerating stages (shown in 3.1). Either thermionic or
spin polarized electrons can be accelerated. In the first stage electrons are accelerated by one of the
two LINACs to be filled in the booster synchrotron. In the booster synchrotron build by Wolfgang
Paul and his team (see section 1.2) the electron energy can nowadays be increased up to 1.6 GeV. In
normal operation the energy is increased to 1.2 GeV to transfer the electrons into the ELSA stretcherring.
In the stretcherring the electrons can be stored. In normal mode of operation, the so called booster
mode, electrons are accumlated in the stretcherring, then the energy is ramped to extraction energy
between 0.5 GeV to 3.2 GeV to extract them to one of the hadron physics experiments CBELSA or
BGO-OD for approximately four seconds to one minute (the progression of beam current and energy in
the boostermode can be seen in figure 3.2).

3.2 Existing RF-Station

The existing RF-station of the strecherring consits of two normal conducting PETRA five cell cavities
from DESY [DES10]. The main parameters for this type of cavities are summed up in table 3.1. The

TM010 mode frequency @40 ◦C 499.67 MHz
Unloaded quality factor Q0 29 500

Shunt impedance Rs 15 MΩ
Detuning due to temperature 8 kHz ◦C−1

Nominal accelerating voltage 1.09 MV

Table 3.1 – Parameters of PETRA five cell cavities as specified in the data sheet [DES10]

RF-power is generated by a Thomson-CSF F2055 Klystron [Tho81]. After generation the power is
transmitted to the cavities by WR-1800 waveguides [DES05] and divided in two equal parts by a magic T.
The halved power is then coupled into the cavities by use of a doorknob coupler [DESa] and a cavity input
coupling loop [DES11]. A doorknob coulper is a adapter for RF-waves to match the rectangular shape of
the WR1800 waveguides with the coaxial shape of the coupling loop. The peak accelerating voltage Ucav
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Figure 3.1 – ELSA floorplan
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3.2 Existing RF-Station

Figure 3.2 – Beam current and energy in the boostermode of ELSA [Sch+15b]

Figure 3.3 – Photograph of one PETRA five cell cavity in the existing RF station.

can be calculated via incoupled power Pfield and shuntimpedance of the cavity Rs (Section 2.3.1).

Pfield =
U2

cav

2Rs
(3.1)

In the existing RF-station the two cavities are aligned in a way that their two middle cells have a distance
of an integer multiple of the RF wavelength λRF = c

fRF
≈ 60 cm. Therefore their accelerating voltages can

be summed together. To get the RF power coupled in the cavities on the same phase, the magic T has to
be aligned exactly in the middle between the cavities, hence both arms from the magic T to the doorknob
couplers have to have the same length to get the same phase of the RF incoupled in both cavities. This
alignment was achieved by an experimental method described in [Sch15, pp.124ff]. Because the electrons
will pass both cavities on the same phase φ, the accelerating voltage can be written as:

U1(φ) = 2 · Ucav sin(φ) (3.2)

The power requirement of the existing accelerating section depends on the power needed due to beam
loading Pbeam and the power which is needed to build up the field in the cavities Pfield (see chapter 2.3.1).
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Since the two cavities are supplied by one klystron one gets for the needed power P1:

P1 =Pbeam + 2Pfield (3.3)

=U1(φ0) · Ibeam + 2
U2

cav

2Rs
(3.4)

=2Ucav sin(φ0) · Ibeam +
U2

cav

Rs
(3.5)

With 2Ucav sin(φ0) = Urev(E0) and U0/2 = Ucav one gets for the beam current:

Ibeam =

P1 −
U2

0( fs)
4R1,s

 1
Urev(E0)

(3.6)

With the maximum power of 200 kW the klystron can deliver, the highest achievable beam current is
70 mA at an energy of 3.2 GeV. This means additional beam power is needed to allocate the requested
internal beam current of 200 mA.

3.3 Additional RF station
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Figure 3.4 – Position of the new cavities in the stretcherring (red ellipse) and site of the new klystron (orange)

To get additional acceleration voltage two additional cavities will be incorporated in the strecher ring.
The RF signals will be amplified by a additional klystron which will be controled by a digital low level
radio frequency (LLRF) system. Waveguides will be used to transmit the power to the cavities. The next
sections will give information about the used components and arrangements that where prepared. The
location of the klystron and the position for the cavities in the accelerator tunnel can be seen in figure 3.4.

22



3.3 Additional RF station

3.3.1 Cavities

Figure 3.5 – Photograph of a PETRA seven cell cavity. [DES15]

As additional acceleration devices two seven cell PETRA type cavities will be used. The main
parameters from the data sheet [DES15] are summed up in table 3.2 and a picture of a cavity is given in
figure 3.5. Since their acceleration voltage is connected to the klystron power by the shuntimpedance

TM010 mode frequency @40 ◦C 499.67 MHz
Unloaded quality factor Q 32 800

Shunt impedance Rs 28.1 MΩ
Detuning due to temperature 8 kHz ◦C−1

Nominal accelerating voltage 1.67 MV

Table 3.2 – Most important parameters of PETRA seven cell cavities as specified in the data sheet [DES15]

Rs a precise knowledege of this quantity is important. The cavities have been in storage for some years
therefore impurities will have deposited on the inner surface. The quality factor and shunt impedance
are than worsened, because the balancing currents of the fields flow only in the topmost layer of the
copper in the cavity. If this layer is contaminated with dust or copper oxide the quality factor and shunt
impedance lower. To get an information about these quantities they were measured by use of the bead
pull method explained in the next chapter.

The only position in the strecherring where the cavities can be integrated is the straight section on the
opposite side of the old RF-section (see figure 3.4). Two unused skew quadrupoles1 have to be removed
to get enough space for the cavities. For the separation of the two cavities the same constraint exists
that their middle cells have to be separated by an integer multiple of the RF-wavelength like it is for the
existing station. Only for this case the two acceleration voltages of the cavities can be summed together.

To tune the cavities to the proper resonance frequency two copper plungers [DESb] are used which
can be driven in the RF-resonator by stepper motors. Since the plungers slightly change the geometry of
the cavity the resonance frequency will change, too. They are mounted on the inner two of the flanges on

1 Skew quadrupoles are special quadrupoles with their axis turned by forty-five degree
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top of the cavity which are covered by blindflanges in figure 3.5. On the other two outside flanges two
ion getter pumps have to be installed.

Figure 3.6 – Scheme of the cooling for the RF resonators [Sch15]

Cooling of the cavities is needed, since they heat up due to the balancing currents in their walls. The
temperatures of the cavities have to be stabilized to one half of a degree celsius [Sau13]. Due to the
change of the temperature the geometry of the cavities can change because of thermic expansion. The
resonance frequency of the fundamental mode can be adjusted by movement of the plungers, but at some
geometric circumstances higher order modes can be excited. Higher order modes are the modes with
higher mode numbers mnp than the fundamental mode. These modes can build up fields in the cavities
which can worsen the beam quality or result in total beam loss. Therefore they have to be watercooled
to get out ouf this regions where dangerous higher order modes can build up. In the old RF-station a
watercooling with variable bypass was integrated to ensure this. The new RF-station should be equipped
with this bypass and circulating pump, too. To increase the temperature of the cavities the amount of
water mixed in the circulating warm water, can be controlled by a mixing valve (Figure 3.6).

Bead pull measurements

Figure 3.7 – Setup for a bead pull measurement of a PETRA seven cell cavity [Deu15]
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3.3 Additional RF station

The bead pull measurement is a specialized method to measure and derive the electric field inside a
cavity. With this measurement technique the eletric field E0(z) in a cavity at the position z of the bead can
be measured by the detuning ∆ω(z) of the resonance frequency ω0 of the cavity [Deu15]. This detuning
arises because parts of the energy in the fields are transfered into the polarization of the bead.

E0(z) =

√
−

4W0

αs
·

∆ω(z)
ω0

(3.7)

Where W0 is the stored energy in the cavity and αs is a constant only depending on the polarisation and
geometric properties of the bead. The electric field for the acceleration mode was measured by moving
the bead to different positions z in the cavity [Deu15]. When the electric field in the cavity is known,
the acceleration voltage U′ for a particle can be calculated as the integral over the length of the cavity
(equation 2.8).

U′ =

∫ L

0
E0(z) dz (3.8)

While the electrons pass through the cavity the alternating electric field first builds up and than reduces.
Since the electrons are only accelerated by the present field the effective acceleration voltage lowers.
To get the effective acceleration voltage Ucav which describes the voltage that the electrons are really
exposed, the voltage U′ has to be weighted with the transition time factor Λ (Equation 2.10) .

Ucav = Λ · U′ (3.9)

Since the energy gain of the electrons ∆E = q · Ucav is only induced by the effective voltage Ucav the
shunt impedances of the cavities are also indicated as effective shunt impedance Rs.

Rs =
U2

cav

2 · P
=

(ΛU′)2

2 · P
= Λ2 · R′s (3.10)

The measured effective shunt impedances are (25.65 ± 0.59) MΩ for the PETRA-III cavity and (24.47 ± 0.87) MΩ
for the PETRA-IV cavity, which will be used in the new RF station (measured in [Deu15]). The average
effective shunt impedance is:

Rs = (25.06 ± 0.59) MΩ (3.11)

3.3.2 Coupling

The coupling from the RF power into the cavity is performed by a coupling loop. To change this factor
the coupling loop (Figure 3.8) has to be rotated which means the vacuum system of the cavities has to be
broken. So the coupling factor has to be adjusted before the cavities are installed in the stretcher ring.
The calculation of the required coupling factors will be performed in chapter 4.6.

3.3.3 Doorknob-coupler

The doorknob coupler is a component of the system which matches the transition from the koaxial coulp-
ing loop to the rectangular waveguide. One doorknob coupler [DESa] for the coupling loops [DES11]
which fit to the PETRA seven cell cavities exists but two are needed. Other types of doorknob couplers
with fitting coupling loops (figure 3.9) are available. If the required coupling factors can be reached
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Figure 3.8 – Photoraph of a coupling loop for PETRA type cavities

Figure 3.9 – So called CERN-Coupler with fitting coupling loop.

with this loops has to be shown but first a adapter from the coaxial line of the loop to a standart of
measurement cables has to be produced.

3.3.4 Waveguides

To transmit the RF power from the generator to the cavities WR1800 waveguides will be used. The cutoff

frequency of waveguides can be written as follows (Section 2.4).

fc =

√(mc
2a

)2
+

(nc
2b

)2
(3.12)

Waves with lower frequencies than this frequency cannot propagate through the waveguide. WR1800
waveguide have an inner width of 18′′ and a height of 9′′ [DES05], what corresponds to 45.72 cm and
22.86 cm. The cutoff frequency of the fundamental TE10 mode therefore is f TM10

c = c/2a ≈ 328 MHz.
Therefore transmission of 500 MHz RF-power through WR1800 waveguides is possible (see for example
figure 2.7). The transmission of the RF-power has been simulated for different cornered and bend
waveguides to show that they do not reflect any power (for example seen in figure 3.10). It turns out, that
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3.3 Additional RF station

Figure 3.10 – Absolute fieldstrength of the electric field in a cornered waveguide simulated with CST Microwave studio.
High field strength are depicted in red lower in blue.

the damping of every bend and straight waveguide is less than −30 dB which means less than 1 ‰.
All the available waveguides have been cataloged to plan the waveguide transition from the klystron to

the cavities. The ELSA tunnel has been surveyed with all the components which cannot be removed.
From this a model of the tunnel was developed. The planed setup can be found in figure 3.11 and with the
model of the tunnel in figure 3.12. The height of the ceiling leaded to no straight waveguide connection
between the two incouplings of the cavities. The two arms of the waveguides had to be bend down, so
that the feed line fits under the ceiling.

Figure 3.11 – Planed setup for the waveguide transition of the new RF-station. (P. Hänisch)
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Chapter 3 Implementation

Figure 3.12 – Components of the second RF-station in the ELSA tunnel. (P. Hänisch)

3.3.5 Klystron

To generate the high power RF signal for the additional station, a Thomson-CSF F2055 Klystron [Tho81]
which is the same klystron type like the one of the existing station, will be used. The high voltage power
supply for the electron gun of the klystron has already been build up and can be seen in figure 3.13. To
prevent damage of the klystron a circulator (Figure 3.14) will be build in between the klystron and the
magic T to build a waveguide diode.

3.3.6 Low level radio frequency signal generation

To control the phase and the amplitude in the cavities a digital LLRF-system is used. The system is the
LLRF9/500 manufactured by Dimtel, Inc [Tey]. Nine analog input signals such as forward and backward
power in the waveguides and field strength in different cells of the cavities are digitalized to capture the
actual state of the RF-station. The digitalized signals are processed to drive the klystron and control the
plungers. By an internal phase delay the required phase between the new and the existing RF-station can
be adjusted.

Another possibility provided by the LLRF system is to set thresholds for the reflected powers in the
waveguide system. If one of these thresholds is exceeded the LLRF system will switch off the klystron to
prevent damage of components of the whole acceleration station.
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3.3 Additional RF station

Figure 3.13 – Klystron site with high voltage power supply on the left site and klystron on the right. The rectangular
incoupling in the WR1800 waveguide can be seen on the right site of the klystron.

Figure 3.14 – Cirulator for WR1800 waveguides. The Forward power comes from the left and is transmitted to the right.
Reflected power from the right is damped in the watercooled load in the front.
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Figure 3.15 – Schematic setup of the LLRF-system which will be used ad the second RF-station. [Sch+15b]
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CHAPTER 4

Operational interaction of two RF stations

4.1 Second radio frequency station

To increase the available power two additional seven cell cavities will be installed into the stretcherring.
In the old station and future second station different cavities with different shunt impedances will be
used. Hence one has to think about how to distribute the acceleration voltage and how to choose the
phase relation between the different stations. Therefore we at first have to think about the motion of the
particles in the compound RF-potential.

The total acceleration voltage Utot for the particles can be described as the sum of the voltages of two
RF stations U1 and U2.

Utot(φ) =U1(φ) + U2(φ + ∆φRF) (4.1)

=2U1,cav sin(φ) + 2U2,cav sin(φ + ∆φRF) (4.2)

Since in both stations the cavities will be separated by an integer multiple of the RF wavelength the total
peak acceleration voltage of one station can be described as Ui = 2 ·Ui,cav. The phase difference between
the two RF stations is an additional degree of freedom. If ∆φRF = 0 the two rf stations oscillate in phase
and their voltages can be summed together. For the other extreme ∆φRF = π the voltages would exactly
cancel and the total acceleration voltage would be equal to zero.

4.1.1 Longitudinal beam dynamics with two RF-stations

For the longitudinal oscillation of the particles in the bucket the same equation of motion can be derived
as in the RF potential of one station (see appendix A.2.3 for derivation and equation 2.32 for comparison).

d2∆φ

dt2 + 2αs
d∆φ

dt
+ Ω2

s∆φ = 0 (4.3)

The equation of motion is exactly the same, but the synchrotron frequency fs differs from the frequency
in case of one RF station (Equation 2.33).

fs =
Ωs

2π
=

√
hηe

πβ2T 2
0 E0

(
U1,Cav cos(φ0) + U2,Cav cos(φ0 + ∆φRF)

)
(4.4)
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Also in the potential an additional term occurs compared to equation 2.34.

V(∆φ) =
−2eβ2E0

πhη

(
U1,cav

(
cos(φ + ∆φ) + ∆φ sin(φ)

)
+ U2,cav

(
cos(φ + ∆φRF + ∆φ) + ∆φ sin(φ + ∆φRF)

))
(4.5)

The overvoltage factor q can also be written for two combinated RF stations (compare equation 2.35):

q =
2U1,cav + 2U2,cav

2U1,cav sin(φ0) + 2U2,cav sin(φ0 + ∆φRF)
(4.6)

In the calculations for the operation of the two stations the synchrotron frequency fs will be the used
parameter instead of q since they both describe the beam lifetime similarly.

4.2 Software for cavity field parameters

Since the used cavities differ by their shuntimpedance Rs,1 and Rs,2, it is not the most efficient way to run
the accelerator dividing the acceleration voltage in two equal parts. To investigate the power consumption
and therefore get the best efficiency one introduces a variable ε2:

ε2 =
2U2,cav

2U1,cav + 2U2,cav
=

U2,cav

U1,cav + U2,cav
(4.7)

This factor describes which portion of the maximal acceleration voltage the new second RF-station takes.
For ε2 = 0 the case without a second station is described. ε2 = 1 means that the old RF-station is turned
off and the accelerator runs only with the acceleration of the new station. The voltage in the second
station can be described in terms of ε2 and the voltage in the first RF-station.

U2,cav =

(
ε2

1 − ε2

)
U1,cav (4.8)

With this factor the total acceleration voltage Utot (equation 4.2) can be written as follows:

Utot(φ) =2U1,cav sin(φ) + 2
(

ε2

1 − ε2

)
U1,cav sin(φ + ∆φRF) (4.9)

=2U1,cav

(
sin(φ) +

(
ε2

1 − ε2

)
sin(φ + ∆φRF)

)
(4.10)

The overall used RF power is the sum of the powers of both stations:

Ptot =P1 + P2 (4.11)

=P1,beam + P1,field + P2,beam + P2,field (4.12)

=2U1,cav sin(φ0) · Ibeam + 2
U2

1,cav

2Rs,1
+ 2U2,cav sin(φ0 + ∆φRF) · Ibeam + 2

U2
2,cav

2Rs,2
(4.13)
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4.2 Software for cavity field parameters

The reference phase φ0 and the voltages needed at the two stations can be fixed by two conditions for the
synchrotron frequency fs and revolution voltage Urev:

fs =
Ωs

2π
=

√
hηeU1,cav

πβ2T 2
0 E0

(
cos(φ0) +

(
ε2

1 − ε2

)
cos(φ0 + ∆φRF)

)
(4.14)

Urev =2U1,cav

(
sin(φ0) +

(
ε2

1 − ε2

)
sin(φ0 + ∆φRF)

)
=

eβ3

3ε0
(
moc2)4

E4
0

R
(4.15)

To solve the system of equations 4.14 and 4.15 a program was written (Figure 4.1). It solves the system
of equations for φ0 and U1,cav. The software was written in Python and was given the name hfplotter1

∆ΦRF

ε2

fs

E0

hfplotter.py

U1,cav

Φ0

U2,cav

fs

Utot = Urev

Ibeam

P1

P2

Ptot

Figure 4.1 – Input and output data of the software hfplotter.py and processing of these data

because it at first only plotted RF voltages for different phases. The input and output parameters of
the software are given in table 4.1. Now to derive the needed voltages in the cavities U1,cav, U2,cav and

Input Output
E0 φ0
f ′s U1,cav
ε2 U2,cav

∆ΦRF P1
Ibeam P2

Ptot

Table 4.1 – Input and output parameters of the software hfplotter

the reference phase φ0 it at first calculates the revolution voltage Urev from the given beam energy E0.
The system of equations of 4.14 and 4.15 can be solved mathematically for U1,cav and φ0. But since
many inverse trigonometrical functions have to be used mathematically solutions with many signs exist.
Therefore hfplotter checks which combination of signs solves the conditions 4.14 and 4.15. After that
with given ε2, U2,cav is calculated with equation 4.8 and solitions for the voltages and phases in both
stations have been found (see for example figure 4.2) . An interface was developed where the parameters

1 HF is a german shortcut equivalent to the english RF.
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Figure 4.2 – Voltages of the two RF-Stations for typical parameters and no phase difference between the two stations

E0, ∆φRF, ε2 and fs can be adjusted and the resulting voltages and the RF-potential can be observed
(figure 4.3). From the needed voltages with additional knowledge of the beam current Ibeam the needed
power can be calculated.

In plots which show the needed powers there are regions marked in deep red to show that an operation
with these parameters would not work. There are two reasons why some areas have to be excluded
from the working parameters: At first regions have been canceled where the klystron output power
of at least one klystron ought to be higher than 200 kW. Powers higher than 200 kW are unable to
be produced by the used klystrons (Section 3.3.5). Additionally areas have been canceled where the
accelerating voltage on reference phase is below zero: If the particles pass the cavities on a phase where
the accelerating voltage is negative Ui sin(φ0) < 0 the particles would be decelerated what leads to a
negative beam loading Pbeam = Ui sin(φ0) · Ibeam < 0. Since the cavity in this considerations is coupled
to the transmission line perfectly this power would be transmitted in the waveguide system. To protect
the klystron from damage by dint of reflected power in the waveguide system the LLRF-system would
switch of the klystron. Even if the LLRF-system would not switch of the klystron the outcoupled power
would be damped in the termination at the circulator, which saves the klystron from damage.

4.3 Operation without phase difference

4.3.1 Efficiency

In figure 4.4 the RF-power which the klystrons have to generate is ploted with respect to the voltage
divider factor ε2. A beam current of 40 mA and the energy of 3.2 GeV were chosen. It can be seen that
for ε2 = 0 the needed power is barely under 200 kW which is the limitation due to the maximum klystron
output power. This is why the beam current and energy where chosen in this way. For this parameters the
acceleration in ELSA works just with the existing RF station. So the power requirements for acceleration
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4.3 Operation without phase difference

Figure 4.3 – Graphical user interface for the calculation of the voltages in both stations. In the left plot the RF-Potential
and in the right the voltages of both stations (red,blue) and the resulting total voltage (purple) can be seen. The main input
parameters for the calculation can be adjusted by the sliders.
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Figure 4.4 – Powers P1 and P2 which the two klystrons of the stations have to generate to accelerate a 40 mA beam
current at an energy of 3.2 GeV with ∆φRF = 0. Ptot is the sum of the powers of both stations.
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Chapter 4 Operational interaction of two RF stations

with one station can be compared with the operation with two RF stations. As expected the minimal
needed power is not at the point where the voltage is splitted in two equal halves at ε2 = 0.5 as expected
but at εopt

2 = 0.625. This is due to the differences in the shuntimpedances of the used cavities. If the
accelerator would be driven with a beam current of 40 mA at an energy of 3.2 GeV with the two stations
at the the optimum voltage distribution εopt

2 one saves more than half of the RF power with respect to the
operation with the old station only. In beam times were not so high beam currents are required a hugh
amount of RF power and therefore electricity expenses can be saved. The optimum operation parameters
to get the best efficiency which is the minimum in figure 4.4 can be seen in table 4.2.

∆φ
opt
RF 0
ε

opt
2 0.625

Table 4.2 – Optimum operation parameters for two RF stations

4.3.2 Beam current

Figure 4.5 – Storable beam current in ELSA at an energy of 3.2 GeV with no phase difference between the two RF-stations.
Technically not operatable regions are marked in deep red.

The storable beam current depends on the provided RF-power (Equation 4.13). The extension of the
available RF-power will be done to enhance the internal beam current in ELSA at an energy of 3.2 GeV
to 200 mA. In figure 4.5 the needed RF power for different ε2 and beam currents at 3.2 GeV can be seen.
Technically not operable regions are marked in deep red. For the most efficient ε2 it will be no problem
to store a beam current of 200 mA. The total needed RF power will be approximately 240 kW, it can be
read off in figure 4.5. Additionally a plot of the possible operational region at 3.2 GeV with 200 mA of
beam current can be found in the appendix in figure A.4.

4.3.3 Synchrotron frequency

The synchrotron frequency fs of 89 kHz was fixed up to this point. If there is more power available one
could think about enhancing the synchrotron frequency to increase the quantum lifetime of the beam
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4.3 Operation without phase difference

(section 2.6.4). The needed power depending on the synchrotron frequency fs and the beam energy E0
for a beam current of 200 mA can be seen in figure 4.6. It shows that the synchrotron frequency of an

Figure 4.6 – Klystron power for a beam current of 200 mA depending on the synchrotron frequency fs and the beam
energy E0. Technically not operatable regions are marked in deep red.

stored beam current of 200 mA at 3.2 GeV could be raised to 115 kHz but comes with a raise auf the
needed power from under 240 kW to 320 kW. The beam lifetime χs dependent on beam energy E0 and
synchrotron frequency fs can be seen in figure 4.7. Since the beam lifetime at 3.2 GeV and synchrotron

Figure 4.7 – Beam lifetime χs of beams with different synchrotron frequencies fs depending on their energy E0 [Sch15]

frequency of 89 kHz is already above 103 s (Figure 4.7) which is approximately 16 minutes, it is not
necessary to raise the synchrotron frequency in the booster mode, where the electrons are stored for only
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Chapter 4 Operational interaction of two RF stations

up to one minute. Only for the storage mode, where lifetimes of up to hours are wanted, an increasment
of the synchrotron frequency is reasonable.

4.4 Phase stability at injection energy

Figure 4.8 – Acceptable parameters at injection energy

The possible operation parameters for a beam current of 200 mA at 1.2 GeV can be found in figure 4.8.
It has to be mentioned that the axis with the phase difference between the stations is zoomed in. The
unzoomed version of this plot can be found in the appendix A.3. Figure 4.8 shows that the discrapancy
from the optimum phase ∆φRF = 0 at ε2 = 0.625 should not be bigger than 0.04 and not be smaller
than −0.02. The narrow region is because of the very small reference phase at injection energy. A small
reference face leads fastly to a negative acceleration voltage what gives rise for reflections. The maximum
difference of 0.02 leads to a needed phase stability of the second RF station of under 1.1° if one wants to
avoid reflections from the cavities.

4.5 Operation with phase difference

The phase difference between the two stations can be chosen by an internal phase shifter in the LLRF
(chapter 3.3.6). One can figure out operational modes where the two RF stations are running with
different phases, one example is given in figure 4.9. With a phaseshift of ∆φRF = −0.45 between the
stations the beam loading Pbeam in station one becomes zero. In this case power is only needed to build
up the electric field in the cavities, what leads to a higher overvoltage factor and therefore beam lifetime.
The station with no beam loading can be seen as a type of focusing cavity which does not compensate
any losses of the electrons but only keeps them together as a bunch. The needed total power with respect
to this phase ∆φRF and to ε2 can be seen in figure 4.10. Technically not operable regions are markes in

38



4.6 Coupling factor
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Figure 4.9 – Accelerating voltages with phase difference chosen in a way that in station one the beam loading vanishes.
This means the acceleration voltage on the reference phase is zero in station one

deep red as explained in section 4.2. To understand why some regions have to be excluded in figure 4.11
the needed powers to build up the field in station one P1,field and the power due to beamloading P1,beam
can be seen separately. The needed power of the first klystron has a kink at ε2 = 0.625 where the needed
power due to beam loading becomes negative. Since the needed acceleration voltage for bigger ε2 would
be negative (can be seen in figure 4.12). This would lead to reflected power in the waveguide system and
lead to a shutdown of the klystron by the LLRF system. Therefore negative powers do not have to be
subtracted from the needed klystron power but in this case are set to zero and kinks in the needed power
arise. The region in figure 4.10 which is not depicted in deep red is the region with the possible operation
parameters to store a beam current of 40 mA at an energy of 3.2 GeV. Since the most efficient phase
difference is zero ∆φRF = 0 the following considerations will be done for this phase.

4.6 Coupling factor

All these calculations have been performed for a reflectionless coupling between the cavities and
waveguides. The optimum coupling factor is dependend on the power of the beam and the field as
explained in chapter 2.3.1. For the optimum coupling factor one gets (see equation 2.18):

κopt = 1 +
Pbeam

Pfield
(4.16)

But the fraction Pbeam/Pfield for the optimum voltage divider factor εopt
2 depends on the beam current and

the energy as it can be seen in table 4.3.
The software could be used as a basis for further calculations in which the influence of the coulping

factor on the reflected powers is considered, to get more information about operational modes with phase
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Figure 4.10 – Total klystron power needed to accelerate a 40 mA beam at 3.2 GeV. Plots without these exclusions can be
found in the appendix.
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Figure 4.11 – Needed power of the klystrons with a phase difference of both stations of ∆φRF = −0.45.
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Figure 4.12 – Negative reference voltage in one RF-station.

E0/GeV Ibeam/mA Pbeam/Pfield κopt

3.2 200 2.95 3.95
1.2 200 0.45 1.45
3.2 20 0.33 1.33
1.2 20 0.05 1.05

Table 4.3 – Optimum coupling factors for different beam currents and energies for the new cavities at εopt
2

differences between the RF stations.
To sum up the reflections about the operation parameters one can say that it will be possible to store a

beam of 200 mA at an energy of 3.2 GeV. Therefore it will be possible to enhance the event rate at the
experiments by one order of magnitude. The most efficient adjustment would be with no phase difference
between the two RF-stations ∆φRF = 0. The voltages should be devided with a factor of ε2 = 0.625 to get
the most efficient acceleration of the beam. If the accelerator is driven with the lower beam currents used
until now, 50 % of the RF-power can be saved. A enhancement of the synchrotron frequency is possible
but only reasonable for the storage mode. At least the phase stability of the second RF station should be
below 1.1° to prevent reflections at injection energy.
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APPENDIX A

Appendix

A.1 Efficiency simulation plots

Figure A.1 – Total klystron power needed to accelerate a 40 mA beam at 3.2 GeV.
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Figure A.2 – Total klystronpower needed to accelerate a 40 mA beam at 3.2 GeV. In the deep red regions the needed
power at at least one klystron would be higher than 200 kW

Figure A.3 – Possible operation parameters of ε2 and ∆φRF at injection energy of 1.2 GeV and a beam current of 200 mA
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A.2 Mathematical derivations

Figure A.4 – Acceptable operational region at an energy of 3.2 GeV for an beam current of 200 mA with excluded regions
of reflections and technically not possible beam storage

A.2 Mathematical derivations

A.2.1 Free field wave equations

The Maxwell equations can be written as [Jac75]:

#»

∇ ·
#»
E =

ρ

ε0
(M1)

#»

∇ ×
#»
E = −

∂
#»
B
∂t

(M2)
#»

∇ ·
#»
B = 0 (M3)

#»

∇ ×
#»
B = µ0

#»
j + µ0ε0

∂
#»
E
∂t

(M4)
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To obtain the wave equations one applies the rotation on M2 and M4:

#»

∇ ×
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∇ ×
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E
)
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∂
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ρ and
#»
j are equal to zero since we want do derive the free field wave equations, what means that there

are no charges or currents. One obtains the waveequation for the
#»
E -field:
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Similarly one gets the equation for the
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B-field:
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The wave equation for the
#»
B-field writes:

∆
#»
B −

1
c2

∂2 #»
B

∂t2 = 0 (A.2)

A.2.2 Modes in cylindrical cavities

Solving the wave equations A.1 and A.2 for the boundary conditions of a cylindrical so called pillbox
cavity with radius R and length L using cylindrical coordinates (r,ϕ and z) with the Laplace operator in
cylindrical coordinates:

∆ f =
1
r
∂

∂r

(
r
∂ f
∂r

)
+

1
r2

∂2 f
∂ϕ2 +

∂2 f
∂z2 (A.3)
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One gets the following solutions for the different field distributions in the cavity. The solutions are
divided in two blocks, the transversal magnetic TM modes which have no magnetic fields in longitudinal
direction Bz = 0 and the transversal electric TE which have no longitudinal electric field Ez = 0. For the
TMmnp modes one gets [Wan04]:

Ez =E0Jm

( xmnr
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The TEmnp modes can be expressed as follows:
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A.2.3 Longitudinal beam dynamics

To describe the synchrotron oscillations around the reference phase one starts with the phase shift per
revolution (∆φ)rev (derivation based on [Wil92]).

(∆φ)rev = ωRF · ∆T = hω0 · ∆T = −hω0ηT0
∆p
p0

= −2πhη
∆p
p0

(A.16)

The harmonic number of ELSA is h = ωRF/ω0 = 274 this means that one bunch of particles needs h
oscillations of the RF-field to travel one turn in the accelerator and it is possible to store h bunches in the
accelerator.

Energy and momentum are connected via the relativistic energy momentum relation E2 = m2c4 + p2c2

this leads a factor of β2 for the connection of relative energy and momentum deviation.

∆E
E0

= β2 ∆p
p0

(A.17)
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Now one can express the phase deviation per turn as:

(∆φ)rev = −
2πhη
β2

∆E
E0

(A.18)

To get the change of the phase deviation one can divide the deviation per turn by the time a particle needs
for one revolution.

d
dt

∆φ =
(∆φ)rev

T0

A.18
= −

2πhη
β2T0E0

∆E (A.19)

The total energy change of a particle per turn is than the difference between gained energy due to
acceleration ∆Ekin (equation 2.2) in the cavities and energy loss due to synchrotron radiation W(E) =

∆Erev(E).

(∆E)rev =∆Ekin −W(E) 2.2
= eU(φ) −W(E) (A.20)

Because of small deviations from reference phase and energy one can use Taylor expansions.

(∆E)rev ≈ eU(φ0) + e
dU(φ)

dφ

∣∣∣∣∣
φ=φ0

∆φ −

(
W(E0) +

dW(E)
dE

∣∣∣∣∣
E=E0

∆E
)

(A.21)

Since eU(φ0)−W(E0) is zero because the accelerating voltage on the reference phase should compensate
the synchrotron losses exactly (equation 2.29), the energy change per turn gets:

(∆E)rev =e ·
dU(φ)

dφ

∣∣∣∣∣
φ=φ0︸        ︷︷        ︸

U0 cos(φ0)

∆φ −
dW(E)

dE

∣∣∣∣∣
E=E0

∆E (A.22)

The derivative of the energy deviation can be calculated if equation A.22 is divided by revolution time T0.

d
dt

∆E =
(∆E)rev

T0
=

e
T0
· U0 cos(φ0)∆φ −

dW(E)
dE

∣∣∣∣∣
E=E0

∆E (A.23)

To get the equation for oscillation in ∆φ one derives equation A.19 with respect to time and puts in
equation A.23.

d2

dt2 ∆φ = −
2πhη
β2T0E0

d
dt

∆E (A.24)

One receives the oscillation equation:

d2∆φ

dt2 + 2αs
d∆φ

dt
+ Ω2

s∆φ = 0 (A.25)
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A.2 Mathematical derivations

With synchrotron frequency Ωs and damping of the synchrotron motion αs:

Ωs =

√
2πhηe
β2T 2

0 E0
U0 cos(φ0) (A.26)

αs =
1

2T0

dW(E)
dE

∣∣∣∣∣
E=E0

(A.27)

A.2.4 Large amplitude oscillations

To get the form of the RF-potential in which the particles oscillate one has to evaluate the motion
of the particles with larger amplitude ∆φ and therefore their phase passing the cavity φ = φ0 + ∆φ.
Therefore we have another look on the derivative of equation A.20 and expand only the W(E) term. With
W(E0) = eUrev one gets:

d
dt

∆E =
e

T0
·
(
U0 sin(φ0 + ∆φ) − U0 sin(φ0)︸      ︷︷      ︸

Urev

)
−

dW(E)
dE

∣∣∣∣∣
E=E0

∆E
T0︸               ︷︷               ︸

≈0

(A.28)

By multiplication of A.19 and A.28 one gets:

−
πhη

β2T0E0
2∆E

d
dt

(∆E)︸        ︷︷        ︸
d
dt (∆E)2

=
e

T0
U0

(
d
dt

(∆φ) sin(φ0 + ∆φ)︸                    ︷︷                    ︸
− d

dt cos(φ0+∆φ)

−
d
dt

(∆φ) sin(φ0)
)

(A.29)

Putting everything together:

d
dt

(∆E)2 =
d
dt

eβ2E0

πhη
U0

(
cos(φ0 + ∆φ) + ∆φ sin(φ0)

)
(A.30)

Integrating this equation one gets an additional constant C.

⇒(∆E)2 =
eβ2E0

πhη
U0

(
cos(φ0 + ∆φ) + ∆φ sin(φ0)

)
+ C (A.31)

⇒(∆E)2 −
eβ2E0

πhη
U0

(
cos(φ0 + ∆φ) + ∆φ sin(φ0)

)
= C (A.32)

⇒(∆E)2 + V(∆φ) = C (A.33)

Therefore the potential can be written as:

V(∆φ) = −
eβ2E0

πhη
U0

(
cos(φ0 + ∆φ) + ∆φ sin(φ0)

)
(A.34)
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Glossary

BGO-OD Experiment for hadron spectroscopy. Main calorimeter made of BGO (Bi4Ge3O12) crystals.
Another important part of the experiment is a hugh dipole magnet the open dipole OD. 2, 19

CBELSA Experiment for hadron spectroscopy. The main calorimeter is shaped like a barrel and made
out of crystals therefore the experiment is called crystal barrel CB located at the accelerator facility
ELSA. 2, 19

DESY Deutsches Elektronen-SYnchrotron, german for german electron synchrotron, research centre for
accelerator physics located in Hamburg. 19

FODO magnetic structure of an accelerator: Focusing quadrupole F - O as 0 for driftspace without
quadrupole - Defocusing Quadrupole D - O for driftspace . 17

LLRF The low level radio frequency system is the which controls output phase and amplitude of a
klystron in a particle accelerator. 22, 29, 30, 34, 38, 39, 54

57





Acronyms

ELSA electron stretcher accelerator. 1, 2, 13, 14, 17, 19, 21, 26, 28, 36, 47, 53, 54

LINAC linear accelerator. 2, 19

PETRA positron electron tandem ring accelerator. 6, 7, 19, 21–26, 53, 54, 57

PS power supply. 11

QCD quantum chromo dynamics. 2
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