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Abstract

For the projected Facility for Antiproton and Ion Research (FAIR) at GSI the upgraded,
existing synchrotron SIS-18 will be used as an injector. The increased beam intensity in
the upgraded SIS-18 is expected to cause additional collective effects, leading to beam loss
or beam quality degradation.

Beam interaction with radio frequency (rf) cavity, resulting in beam loading effect, is
an important consideration in the design and operation of high-intensity circular particle
accelerators. The steady state and transient perturbation of the rf cavity system by the
circulating beam can be harmful to the beam and limit the accelerator performance. Steady
state beam loading effect is observed in SIS-18 with single and double rf operations. The
supportive simulation and theoretical study is done, to extrapolate the results for the
upgraded SIS-18.

In SIS-18 the coasting beam, i.e. an unbunched dc beam, is captured by using the rf
cavities. RF capture is one of the potential sources for longitudinal beam quality degrada-
tion at high intensities. Therefore this part of the SIS-18 machine cycle requires dedicated
studies. The rf voltage ramping time and the initial voltage amplitude are important
parameters to be controlled. This study of longitudinal beam dynamics is helpful to deter-
mine the optimum type of voltage ramp, in terms of beam quality and total cycle time. A
theoretical study has been made in this direction, supported by simulations. In line with
that the experiments have been performed in SIS-18.






Kurzfassung

Fiir das geplante internationale Beschleunigerzentrum fiir die Forschung mit Ionen- und
Antiprotonenstrahlen (FAIR: Facility for Antiproton and Ion Research) an der GSI soll der
schon existierende aber modernisierte Synchrotron SIS-18 als Injektor verwendet werden.
Es wird erwartet, dass die erhohte Strahlintensitat im modernisierten SIS-18 zusétzliche
kollektive Effekte verursacht, die zu Strahlverlust und Minderung der Strahlqualitat fiithrt.
Wechselwirkungen des Strahls mit der Radiofrequenz- (RF-) Kavitit fiihren zu einem
Beam-Loading Effekt, der einen wichtigen Einfluss auf das Design und den Betrieb von
Synchrotrons hat, die mit hohen Strahlintensitaten arbeiten. Die stationaren und dy-
namischen Storungen des Kavitatensystems durch den zirkulierenden Strahl kénnen sich
nachteilig auf diesen auswirken und limitieren die Effizienz des Beschleunigers. Der sta-
tionare Beam-Loading Effekt wird im SIS-18 im Zusammenhang mit einfach- und dop-
peltharmonischen Operationen beobachtet. Simulationen und theoretische Untersuchun-
gen wurden durchgefiihrt, um die Ergebnisse der Maschinenexperimente am existierenden
SIS-18 auf den modernisierten zu extrapolieren. Im SIS-18 wird der ungebunchte DC Strahl
(,coasting beam’) durch Radiofrequenzkavitaten gebuncht. Dieser RF-Einfang ist einer der
potentiellen Quellen fiir die Minderung der longitudinalen Strahlqualitdt bei hohen Inten-
sitdten. Aus diesem Grund muss dieser Teil des Maschinenzyklus genau untersucht werden.
Die Anstiegszeit der RF-Spannung und die anfingliche Spannungsamplitude sind dabei
wichtige Kontrollparameter. Die Untersuchung dieses Teils der longitudinalen Strahldy-
namik hilft die optimale Spannungsrampe zu bestimmen, um die optimale Strahlqualitét
und Umlaufzeit zu erhalten. Theoretische Untersuchungen wurden in dieser Richtung
gemacht, um die Simulationen zu bestatigen. Zusatzlich wurden Maschinenexperimente
am bestehenden SIS-18 durchgefiihrt.
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Chapter 1

Introduction

The matter that surrounds us turns out to be a hierarchy of visible scale of materials to
elementary components of atomic nuclei. Composition of these materials can be studied by
bombarding their samples with high-energy ion beams. In the most basic sense, high-energy
accelerators represent the man-made machines which provide the possibility to attain those
required energy levels in the laboratory environment. Since 1932, specially during the
course of last fifty years, the continuous advancements in technology has accentuated the
developments in the accelerators [1]. As an evidence, the flux of the intense beam generated
in the modern accelerators, is far stronger than the flux of natural source of high-energy
particles like cosmic rays. Several pioneering works, such as study of evolution of matter in
the universe, discovery of new elements and precise radiotherapy for treatment of complex
tumor etc, provide a glimpse on the wide range of promising discoveries that could be
possible with modern accelerators and storage rings. Further research and advancement in
this direction are mainly based on the supply of high intensity and high quality beams.

Gesellschaft fiir Scwerlonenforschung (GSI) [2] in Darmstadt, Germany, is an acceler-
ator facility providing beams from light to heavy ions for experiments in various research
areas. The planning and preparations for the new international Facility for Antiproton and
Ton Research (FAIR) [3, 4], besides this existing facility, are in progress. As per the pro-
posed plan, the linear accelerator and SchwerlonenSynchrotron (heavy-ion synchrotron),
SIS-18 [5] at GSI, with modified parameters [6], will be used to inject a high-quality and
high-intensity particle beam to the FAIR synchrotron rings [3].

In a synchrotron, the charged particle beam is guided and focused by transverse mag-
netic field. This field is generated by several types of magnetic elements cascaded in the
vacuum chamber of the synchrotron ring. Beam acceleration is effectuated by an alter-
nating longitudinal electrical field [7, 8, 9] generated in the radio frequency (rf) resonator,
known as rf cavity, which is excited by a rf power generator. The interaction of the charged
particles with the beam surroundings, like vacuum chamber, cavities etc., and with each
other are among the limiting factors for the beam intensity [10, 11, 12].

The particle beam passes through the cavity multiple times and attains the desired level
of acceleration [14, 15]. While crossing the cavity the beam induces an electromagnetic field
in it, thereby creating a decelerating voltage acting on the beam in return. This mutual
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effect associated with beam and cavity interaction is known as beam loading [16, 17]. It
is one of the several current-dependent effects and represents one particular example of the
general problem of interaction between electromagnetic fields generated by the beam and
its surroundings, in this case cavity impedance [18, 19].

The beam loading involves the beam-induced perturbations in the rf cavity system
since it affects the amplitude as well as phase of the cavity voltage [21, 22]. They in turn
affect the beam and lead to undesirable beam behavior, like onset of beam instabilities or
partial/total particle loss due to an insufficient longitudinal acceptance [8, 12]. Its influence
on the beam quality i.e. the area occupied in the longitudinal phase space, is much more
visible in case of high-intensity beam. Beam loading causes the cross-coupling between
the inherent control loops in the rf system [21, 23], which at high beam loading makes the
system unstable.

The study of the beam loading effect in an accelerator should ideally begin with probing
the type of the beam loading. It depends upon the properties of the beam as well as cavity.
Among several other factors [16, 21, 22], key determinants for the type of beam loading
are 1. the pattern of bucket filling; 2. beam intensity and the frequency variations; 3.
bunch length and the decay/rise time of cavity. While the steady state beam loading
can be compensated by adjusting the detuning [25, 26|, the effective compensation of the
transient beam loading requires a specially designed low-level rf system [22, 23, 24].

At GSI, for a cooled bunch in the Experimental Storage Ring (ESR) the beam loading
effect has already been studied [28, 29]. This work is the first attempt to study the influence
of beam loading on the cavity, and on the longitudinal beam dynamics in SIS-18.

SIS-18 contains two similar ferrite cavities. Both of these operate at the same frequency,
i.e. harmonic four (h=4) of the revolution frequency, and form the single rf operation [30].
For a precise estimation of the beam loading knowledge about cavity behavior, specially
its resonance settings and the shunt impedance [31, 32], is essential. It is specifically true
for the ferrite cavity as its magnetic properties vary with the amplitude of the rf voltage
[31, 33]. A prototype of the SIS-18 ferrite cavity is easily accessible. It is exactly similar
to the SIS-18 cavity, except the lower capacity of its power supply unit [36]. To develop
further understanding about the cavity behavior, several experiments have been performed
on the prototype cavity.

Using these experimental results from the prototype cavity as a reference along with an
understanding developed about the required longitudinal beam diagnostics, the arrange-
ments are made to conduct the precise measurements of the beam loading effect. These
measurements are performed to examine its influence on beam, on the amplitude and
phase of the gap voltage and on the stability of the amplitude and resonance frequency
control loops [37, 38]. Along with the beam loading, the impedance observed by the beam
for the whole working range of the amplitude of rf voltage has been calculated through the
measurements.

In the present SIS-18 the steady-state beam loading is observed. The available theory
in this regard [10, 11, 17] is modified, as per the requirement, for the specific conditions in
SIS-18. The entire work is supported by the simulation study performed in a fortran based
particle-in-cell code ESME [39, 40]. This code facilitates the study of the longitudinal



beam dynamics under different settings of the rf system. The high-intensity effects have
been accurately included in it [41, 42].

Along with the present SIS-18, in-depth study and analysis of the beam loading deserves
a special attention in SIS-18 upgrade programme for FAIR. As per the proposed upgrade
plan, along with the higher beam intensity the SIS-18 rf system is to be upgraded from
the single to double rf system [7, 44| from the stability point of view. In double rf system,
two different rf harmonics (h=2, 4) are planned to create the flat potential well leading to
a flat bunch. Thus the maximum density in the bunch-center gets reduced [45, 46]. Also,
the nonlinearity created by the longer bunches in a dual rf bucket increases the well known
Landau damping [49]. Hence, a bunch in a dual rf bucket is more stable. A broad-band
Magnetic-Alloy (MA) cavity (h=2) is planned [50, 51] to form a double rf system with
one of the present ferrite cavities (h=4) in SIS-18. With the h=2 cavity, a transient beam
loading may appear. This work estimates the beam loading effect with the planned broad-
band cavity, on the basis of the agreement of the simulation and the theoretical solution
with the measurements in the present SIS-18.

The influence of the electromagnetic field, produced by the mutual interaction among
the beam particles, on the beam parameters is known as the space charge effect [52,
53, 54, 55]. A longitudinal impedance including the influence of the beam loading and
space charge effects is defined. The interaction of a stationary bunch with this longitudinal
impedance results in the potential well distortion [10, 11]. This potential well distortion
in the form of a slant, in the middle of the particle distribution, is theoretically defined in
this work. Its results are supported by the simulations.

The whole beam loading study is performed for the bunched beam at injection energy,
and the coasting beam at injection is captured by ‘switching ON’ the rf voltage. To estimate
the influence of the beam loading on beam quality [56, 57], the stability of the coasting or
unbunched particle beam must be assured and any emittance blowup or the filamentation
[58, 59, 60, 61] in the beam capturing process must be prevented.

Several studies have been performed at GSI to propose the case of stability of a cooled
coasting beam [28, 29, 62] and a case-study for the coasting beam in SIS-18 is in progress
[63]. In this report, the stability of the coasting beam interacting with the longitudinal
impedance is studied by inspecting the Keil-Schnell limit [11] in the present as well as for
the upgraded SIS-18.

The adiabatic capture prevents the influence of the capturing process on the longi-
tudinal beam phase space area and plays a vital role in ensuring the efficient capturing
and quality of the beam. In the adiabatic capturing of the coasting beam, the amplitude
of rf voltage (at constant frequency) must be increased gradually to form a bunch struc-
ture so that the parameters of synchrotron motion are changed slow enough to keep the
distribution of particles at equilibrium throughout the capture process. In SIS-18, there
is a rapid bunch formation within &~ 2 ms. This is nearly twice of the synchrotron period
at injection. For adiabatic capture, the capturing time should certainly be more than the
current value. But its upper limit is restricted by the limited machine cycle. As per the
SIS-18 upgrade plan, this machine cycle will be decreased in order to increase the frequency
of particle extraction. Within this faster machine cycle, ~ 20 ms is the time assigned for
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the beam capturing. The meticulous design of rf amplitude ramp parameters, like time
for full ‘Turn-ON’ and the voltage amplitude vs time function [59], greatly enhances the
possibility of adiabatic capturing. Therefore, an optimization of these ramp parameters is
the magjor objective of the capture study.

In case of SIS-18, a minimum biasing essential for the activation of the electronics in rf sys-
tems sets a lower limit on the initial voltage of the rf amplitude ramp, approximately 100
V. A scaling factor, relating the initial voltage with the momentum spread of the coasting
beam, is introduced. Above the threshold value of this scaling factor, the adiabatic capture
for the given coasting beam parameters is ensured.

In summary, this work is devoted for the measurements of the beam loading effect in the
present SIS-18. Alongside, the measurements are performed to optimize the rf amplitude
ramp parameters for the adiabatic capture of the coasting beam. Both of these measurement
studies are supported by the theoretical as well as simulation work, and on the basis of their
agreement the predictions are made for the upgraded SIS-18.

This report is organized as follows:

The subsequent chapter gives an overview about GSI along with some important param-
eters. Then the relevant details about SIS-18 and rf system, specially ferrite cavity, along
with its upgrade plan have been explained.

Chapter 3 explains some relevant concepts about longitudinal beam dynamics like Hamil-
tonian formalism, principle of phase stability etc.

Chapter 4 introduces intensity effects, their equivalent longitudinal impedance and the
potential. Then the stability of the coasting beam and the theory about the potential well
distortion in bunched beam is discussed. Then the simulation code ESME is introduced
along with an example comparing bunch from theory and the simulations are presented.
Chapter 5 explains the longitudinal beam diagnostics adapted for the capturing and beam
loading measurements in SIS-18.

Chapter 6 is explaining the adiabatic capture and its measurements in SIS-18. Here the
experimental results are compared with the simulation studies.

Chapter 7 is dedicated to the beam loading measurements. Here the simulation results are
also presented in support of the measurements.

Chapter 8 provides the conclusions derived from the above mentioned studies. And a brief
discussion about the future possibilities is presented.



Chapter 2
GSI and FAIR: An Overview

The “GSI Helmholtzzentrum fiir Schwerionenforschung” (Helmholtz center for heavy ion
research) is an accelerator facility established in year 1969 in Darmstadt, Germany. It is
funded by the Federal Republic of Germany and by the state of Hesse. The facility offers
the capability to accelerate ions over a wide range of masses and charges, ranging from
protons to Uranium, to velocities approaching the speed of light.

This chapter will help to lay the foundation in order to provide certain relevant insights
revolving around the central theme of this work. The existing accelerator facility at GSI
is briefed in the beginning, in Sec. 2.1. Then Sec. 2.2 highlights some technical as well as
physical parameters of SIS, followed by the description of the rf system in SIS. Thorough
understanding of cavity behavior is imperative for precise estimation of beam loading.
Therefore, a detailed discussion about ferrite cavity in SIS is presented in subsequent
section. The upcoming FAIR facility, which is the primary motivation behind the SIS
upgrade plan, and the SIS upgrade plan are briefly presented in Sec. 2.4.

2.1 Accelerator facility at GSI

A schematic view of the GSI is shown in Fig. 2.1. The facility can be broadly divided into
three major parts.

e UNlversal Linear ACcelerator (UNILAC)
e Heavy ion synchrotron (Schwerlonen Synchrotron, SIS-18 or SIS)
e Experimental Storage Ring (ESR)

After the first bending section for charge and mass separation, the ions, produced from
different ion sources, travel through the 120 m long UNILAC and achieve a velocity of
approximately 20% of the speed of light [2]. The UNILAC delivers beams with energies
in the range from 3 to 13 MeV/u for heavy ions, with u as the universal atomic mass
unit, and up to 15 MeV /u for light ions. This range of energy is set differently by simply
choosing different phase relation between the field oscillating in subsequent rf cavities. Its
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Figure 2.1: Accelerators and experimental areas at GSI. Starting from the left, the ion sources
are followed by the UNILAC. The beam is transferred from the low-energy areas to the SIS
through the transfer channel. The extracted beam from the SIS is available for experiments
in Fragment Ring Separator (FRS), plasma physics, ESR, radiotherapy and various scattering
experiments (HADES). This beam can further be extracted or dumped to different caves (Cave
A, B and C).

first section is the pre-stripper linac. The present 36 MHz high current pre-stripper has
replaced the 25 year old 27 MHz Wideroe type linac in 1999. Besides the energy, pulse
strength, repetition frequency and intensity can be chosen individually. The standard
energy of the injected beam from the UNILAC to SIS-18 is 11.4 MeV /u. Stripping in a
carbon foil before beam entry into the SIS-18 gives 73" as the most abundant state of
Uranium. These pre-accelerated ions from the UNILAC are injected into the SIS-18 with
horizontal multi-turn injection scheme and then further accelerated in SIS up to 90% of
the speed of light. The energy of the accelerated ions in the SIS, at magnetic rigidity 18
Tm, lies in the range from 1 GeV for U™ to 4.5 GeV for protons. These high-energy ions
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Dipole Magnet

Quadrupole Triplet

Figure 2.2: A principle diagram

) of SIS ring. Different components,
Beam Plpe - as mentioned in Table 2.1, are dis-
tributed along the circumference of
the ring. Two accelerating cavities
(called as S02BE1 and SO8BE2) are
in section 2 and 8 respectively.

from SIS can be extracted to different experimental areas by slow extraction or delivered
to ESR by fast extraction. At constant energy, it can be accumulated or stored in the SIS
or ESR for several hours.

2.2 Heavy-ion synchrotron (SIS)

The heavy-ion synchrotron with the circumference of 216.72 m consists of 12 identical
lattice sections, as shown in Fig. 2.2. Each section is equipped with two dipoles, one

Figure 2.3: A picture showing section 2 of SIS ring (Fig. 2.2) in the tunnel. It shows the
beam pipe, accelerating cavity, a quadrupole triplet and a dipole duplet.
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Maximum bending power | 18 Tm

24 Dipoles, 1.8 T
Magnets 12 Quadrupole triplettlenses
12 Sextupolelenses

Magnet Power

Dipoles 3.6 kA at 12 kV
Field Ramp 10 T/s

Rf Acceleration

2 Cavities with maximum voltage, 16 kV
Frequency Span 0.8-5.6 MHz

Vacuum

operational 1071 Torr

bakable to 300°C

Beam Diagnostics

12 Position Monitors

2 Phase Probes

1 DC Transformer

1 fast and 1 slow Pulse Transformers
1 Beam Scraper

1 Residual Gas Monitor

Table 2.1: Some facts about the existing SIS. The beam diagnostic instruments and compo-

nents are distributed along the SIS circumference.

quadrupole triplet and one sextupole along with two identical ferrite cavities in sections 2
and 8 (Fig. 2.3). Table 2.1 displays key features and components of SIS [5].

> T T T T .
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] — P
= Injection plateau |
@ ' (flat-top)
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S !
5 » Bunched beam at
> : . . .
et o injection energy )
5 § (flat-top) Qo;
o
5 c_)q’/ an§ting beam capturing %6
E' 0 at |r|11ect|on enlergy . . ?9
< 0 400 800 1200 1600 2000
Time/ ms

Figure 2.4: An example of rf frequency and amplitude cycle in SIS. It indicates a constant
energy for the whole injection plateau and that the coasting beam from the UNILAC is captured

at the injection energy.
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The bunched beam from the UNILAC is injected into the SIS. As no rf voltage is applied
in SIS at this instant, it appears here as continuous dc beam, called as coasting beam.
This coasting beam is captured in SIS by switching on the rf voltage. The SIS rf cycle has
different steps of injection, capture, acceleration, de-bunching and extraction (Fig. 2.4).
The period between beginning of injection and of acceleration is called injection plateau.
During the multi-turn injection, an ion-pulse, with a duration of 1 to 400 us, is injected
from UNILAC to SIS. To increase the beam intensity (ppc), multi-multi turn injection
is performed by injecting several pulses per cycle. Capture is followed by acceleration,
which is achieved by increasing the rf frequency. Here the rf amplitude is decreased to
keep the size of the rf-bucket [7] constant. After acceleration, the beam can be extracted
fast at same energy or frequency. And the another possibility is slow extraction, where
beam is de-bunched by slowly decreasing the rf amplitude followed by extraction to some
experimental hall.

2.3 SIS accelerating cavity

In an accelerator, a controlled acceleration of the charged particles requires a continuous
energy transfer through an external source. To fulfill this requirement, the electric field

radio frequency

oscillator
modulator gap voltage
amplitude
control
power
amplifier
resonance
frequency
beam cavity [— control

Figure 2.5: The simple rf assembly with its basic control system and beam. The controlled rf
power (at certain frequency) from rf oscillator is amplified by the power amplifier and transferred,
through a cavity gap, to the beam.

in a synchrotron is needed in the direction of motion of the particles. This electric field,
produced by the rf system, imparts the energy to the beam through the rf cavity [32, 34].

A minimum rf installation, as shown in Fig. 2.5, is a simple power amplifier assembly
where the cavity is excited by the signal from an oscillator. Different feedback loops are
required to control the frequency and amplitude of the rf signal from the beam stability



10

Chapter 2. GSI and FAIR: An Overview

point of view [17, 20, 22, 23]. The frequency of the oscillator signal is to be accurately
controlled so as to center the beam in the beam pipe. It is to be adjusted, along with the
signal amplitude, as per the requirements of the rf cycle (Fig. 2.4).

2.3.1 Working principle

Rf system in SIS consists of two identical ferrite accelerating cavities [37] placed in diago-
nally opposite sections as shown in Fig. 2.2. Recently, a new Magnetic Alloy (MA) cavity,
with the purpose of bunch compression, is installed [50, 67] in section 2 of the SIS ring,.

e Ferrite persists a wide range of magnetic, electrical and mechanical properties. It
provides a reliable and flexible means of tuning particle accelerator rf cavities with

efficient use of power [33].

e SIS accelerating cavity consists of two identical coaxial line, quarter-wave, ferrite
filled resonators [31, 32, 34]. Technical parameters of the cavity are explained in

Table 2.2.
Rf peak accelerating voltage Vo/ kV 16
Core material - Philips FXC8C12 mod
Relative permeability L 500 to 1000
Number of ferrite rings Nying 2% 32
Number of bias windings turns | Nyinding 6
Bias current range Tyias/ A 8 to 800
Dimensions of ferrite rings Dy/D;/t/ mm 498/ 270/ 25
Cavity length Leaw/ m 3.2
Type of power amplifier Power tetrode Siemens RS 2054SK
RF power from power amplifier | P.,,/ kW 50
Maximum rf (anode) current I,/ A 6.5

Rf input to power amplifier

Vip/ Pry/frs/V/ W/ MHz

230(peak to peak)/500/0.8 to 5.6

Table 2.2: Technical parameters of SIS ferrite cavity in Fig. 2.6.

e An increased inductance in ferrite cavity, as compared to an air-filled cavity (with
same dimensions), is achieved at the cost of increased core or rf losses [31, 33, mainly
eddy current and hysteresis losses. Here the ferrite cores are laminated to reduce the

eddy current loss.

e Both, dc bias and rf windings can be seen in the principle diagram in Fig. 2.6. A
dc current in the bias windings, called bias current, is varied to adjust the operating
point on the hysteresis curve such that the ferrite stores energy through the domain
rotation alone [31]. This way the hysteresis losses can be reduced effectively.
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Figure 2.6: A 3D-model and the principle diagram of SIS ferrite cavity, showing rf and bias
windings, tetrode tube, copper tubes, cavity gap and the electric field in the gap.
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e The bias field is in parallel to rf field but in opposite direction in each half of the
cavity. It provides a strong coupling between two halves of the cavity.

e Rf power is supplied by a tetrode tube and is coupled to the core through the rf
winding. A magnetic field is induced in the inductor formed by the ferrite core and
appears as electric field across the gap capacitor (Cy in Fig. 2.6) .

e The bias winding is arranged as a figure of eight around the ferrite stacks in two
halves, producing a balanced rf voltage on each winding and no rf voltage on the
ferrite bias source. Additionally a bias capacitor (C} in Fig. 2.6) is connected to
ground the rf signal.

e The dielectric losses result in an increase in temperature and thereby increase in
shunt impedance of the ferrite core. To minimize these losses, while being exposed to
the magnetic field produced by rf winding, the ferrite core should be shielded from
the electric field in the cavity. For this purpose, the ferrite cores are sandwiched by
copper tubes. The running water through the tubes acts as a cooling medium for the
cavity.

e A capacitor is formed between the ceramic plates connecting the two resonators. A
voltage divider is formed with some additional capacitors as shown in Fig. 2.6.

e Electric field in the cavity gap is in the longitudinal direction of motion. Hence
imparts energy to the ion beam.

e A virtual ground exists in the middle of the accelerating gap and the voltages on the
resonators are in anti-phase [37]. Hence the gap-voltage is measured across the left
or right half-gap and the virtual ground. Twice of this voltage (or peak to peak value
of the half-gap voltage) is the amplitude of the gap-voltage.

2.3.2 Simplified circuit representation

Electrically, the cavity near a resonance can be modeled as a parallel resonant circuit
[23, 17, 18] as shown in Fig. 2.7. By a proper transformation from the rf oscillator to the
cavity gap, the power amplifier can be represented by a current source I, in parallel with
the impedance, Rg,. This is the impedance for a fixed working point and considering
resonance in the tube assembly with transmission line connecting to cavity [18]. Here the
cavity is represented by using the lumped parameters L., C and R..,. The inductance of
cavity material (ferrite) is represented by L., the equivalent capacitance of the cavity along
with the capacitance formed by gap electrodes (C, in Fig. 2.6) is represented by C.

Quality factor Q, also known as the figure of merit for a cavity, accounts for the losses
in dielectric and in the conducting walls. It relates the stored energy and energy loss in a
cavity per cycle and is defined as the ratio of stored energy to energy consumed per period
ie.

_ Uw,
=7

Qo (2.1)



2.3 SIS accelerating cavity 13

power amplifier cavlty
IRCEIV Vif C

Ig Re Lc

)

Figure 2.7: A parallel equivalent circuit for cavity, near its resonance frequency. lIts all com-
ponents are presented in terms of lumped parameters.

Here U is the stored energy, W is the power lost in the cavity (is average rate of energy
lost for loaded cavity) and w, is the natural resonant frequency of the cavity. It is defined

as
1

Wy .
VL.C
The shunt impedance (R.,,) is one of the important parameters of rf cavity in accel-

erators [31, 32, 34]. It represents the power (P) absorbed by the cavity at resonance to
maintain a peak voltage Vj across its gap. It is defined as

‘/02
Ry = —. 2.2
5P (2.2)
In case of ferrite cavity, its magnetic permeability varies with the rf voltage and hence its
shunt impedance. Further, an effective cooling provision in the cavity (Fig. 2.6) prevents
a rise in its shunt impedance due to increase in temperature.
The shunt impedance for the cavity (Fig. 2.8) together with the generator (observed
by beam, shown in Fig. 2.5) is
Rs - Rcav||Rgen~ (23)
For maximum power transfer from rf generator (power amplifier assembly) to cavity, the

impedances of both the circuits should be matched [35, 68, 69]. Therefore, the working
point of the tube (Fig. 2.6) can be chosen so that, in relation,

RC(I'U
Be
the coupling coefficient, (., between cavity and rf generator adjusted to unity for the

practical operating range of cavity (and for the given beam intensity).

The behavior of the SIS cavity with the resonance frequency corresponding to injection
energy in SIS is shown in Fig. 2.8.

Ryen = (2.4)
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Figure 2.8: Cavity resonance curve showing the variations in real and imaginary impedances
at and around resonance. The parameters for the cavity are Q= 20, R,= 1.2 k{2 and resonance
frequency f, = 2= 0.85 MHz and f;,= 21.25 kHz

21

The amplitude of the cavity impedance at a frequency w can be expressed as,
R,
Z = W —w 2N (25>
(1 + ZQ ww; )
And in Eq. 2.5 (also elsewhere unless mentioned specifically) loaded quality factor,

Q= Qo/(1+ ), (2.6)
with Q) as the quality factor of the cavity alone (without power amplifier). Another readily

Type of cavity Qo frequency range/ MHz | Rs/ kS
Ferrite 10 to 40 0.8 to 5.6 2
Bunch Compressor 5 0.8 to 5.6 1.7

Table 2.3: Some technical parameters of SIS ferrite and compressor cavities .

measurable parameters for a cavity is, rise or fall time T, as

2Q

R
and it helps to represent the cavity behavior. Furthermore, by using the obtained resonance
behavior of cavity, at certain resonance frequency and Q value, its bandwidth can be
calculated. It is defined as f

T

Jow = (fn— fi) = 0

These frequencies (f; and f;,) correspond to the half-power points. The amplitude of the
impedance and hence the power absorbed at these frequencies is half of that corresponds
to the resonance frequency.

T, =

(2.7)

(2.8)
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2.3.3 Control loops

The block diagram in Fig. 2.5 indicates the basic controls scheme to be adopted in an rf
system in an accelerator and is applicable for the SIS as well. An Amplitude Control Loop
(ACL), in Fig. 2.9, keeps the amplitude of gap-voltage as per the rf cycle and the Resonant
Frequency Control Loop (RFCL), in Fig. 2.10, assures an efficient power transfer from the
power amplifier to the cavity by keeping them in resonance with each other (i.e.w, = w;y)
[36, 37, 38]. Both of these control loops, collect the gap-voltage through the capacitive
gap-voltage divider (Fig. 2.6).

Gap Voltage | (amplitude , - » Actual Gap .
" Divider |information) | ~ectifier Voltage Controller
, Target Value of
Cavity Gap Voltage
(_30ntro| “ Amplifier e Cont.rolled Signal at Modulator
Grid of Tube Desired Frequency
DDS,

at target value
of rf frequency

Figure 2.9: Block diagram for the amplitude control loop.

Amplitude Control Loop (ACL)

As shown in Fig. 2.9, the controller compares the rectified or dc amplitude of the actual
cavity gap-voltage with its target value. The controller output is then modulated with
the target value of rf frequency, which is produced by using digital frequency generator
using Direct Digital Synthesis (DDS) technique, explained in detail in Ref. [97, 98]. This
rf voltage is amplified and further activates the control grid of the power amplifier (i.e.
tetrode in Fig. 2.6). The control grid is an important key in a tetrode tube for controlling
the voltage (or anode current) amplification provided by it. Finally the tetrode tube
adjusted to new working point now drives the cavity.
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Resonance Frequency Control Loop (RFCL)

A fine tuning is achieved for the condition when the anode current from power amplifier is

Gap Voltage | (phase Phase Comparator and

»  Divider inf fi » Phase to Voltage converter
information) (Target phase difference, 0°)
Cavity Voltage quivalent
“ Grid Voltage to phase difference
Divider
Bias Supply . Diode Controller
of Cavity Generator
*
Frequency to Voltage
Converter
arge
i T t
preset value of Value, O V
frequency, from DDS

Figure 2.10: Block diagram for the resonance frequency control loop.

in phase with the cavity gap voltage. To achieve this, the phase of the measured gap-voltage
is compared with the control grid voltage collected through a voltage divider (1/20). Then
the voltage equivalent of this phase difference is compared to its target value, i.e.0 V. Later
a dc signal equivalent to this voltage signal is produced in diode generator. This diode
generator works at the voltage equivalent of frequency from the DDS signal. This output
controls the bias current which influences the inductance or permeability of ferrite cores
and thereby controls the resonance frequency of the cavity.
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2.4 FAIR: Motivation behind SIS upgrade program

In order to meet the ever increasing demands of high intensity beams, a new Facility for
Antiproton and Ton Research (FAIR), in Fig. 2.11, is proposed besides the existing facility
at GSI. It will be a next generation, international accelerator facility built upon the past

SIS100/300

p-LINAC

CBM

N
\, — Rare Isotope
\ Production Target

Super-FRS

Antiproton
Production Target

Plasma Physics

Atomic Physics

Figure 2.11: Schematic view of present (in blue) and future (in red) facilities with experimental
areas (in grey) at GSI, consisting of: superconducting double ring synchrotron SIS100/300; the
antiproton production and the rare isotope production targets; the superconducting fragment
separator (Super-FRS); the collector and cooler double ring (CR and RESR); two storage rings
(HESR and NESR) and the proton linac (p-linac) for the antiproton physics program.

experiences and technological developments already made at GSI. As the name suggests,
FAIR will supply heavy ion and antiproton beams. Apart from the several cooler and
storage rings at its heart will be a super conducting double ring facility (SIS-100/ 300)
with a circumference of 1083 m. The suffix numbers are indicating their maximum mag-
netic rigidity [12]. The double-ring synchrotron will provide ion beams of unprecedented
intensities as well as of considerably increased energy.

GSI accelerators will serve as booster to SIS-100, which demands, as shown in Table 2.4,
the targeted beam intensities for FAIR to go well beyond the capacity of SIS. Hence, SIS
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Existing SIS Upgraded SIS
Reference ion Ut Aptst Ut Aptst

Maximum beam intensity/ ppc ~ 2-10% 2.101° 2-101 5810

Machine cycle/ s 33 33 0.37 0.37
Maximum energy/ GeV/ u 02 1.7 02 1.7
Type of rf operation Single rf Double rf

Table 2.4: Few beam and machine parameters in existing SIS18, which are to be upgraded
from FAIR point of view.

upgrade is an integral part of the FAIR project. For high intensity proton beams, which
are required for antiproton production, a separate proton linac (p-linac) as an injector to
the SIS will be constructed. Along with this, the upgrade activity needs several technical
developments. The efforts in this direction have already been initiated. Key highlights are
as follows:

e For the improvement of ultra-high vacuum system NEG (Non-Evaporable Getter)
coating is applied to the beam pipe. The NEG coating (=~ 1um) reduces the static
pressure in the section between the vacuum pumps [70], for example in dipole and
quadrupole chambers. The beam pipe has already been partially replaced by the
coated one.

e A dynamic vacuum during beam operation of the order of 107 to 1072 mbar is
required. But at injection, the charge exchange of ions like Ur?®* occurs to achieve
higher ionic states [70]. These ions after leaving their orbit hit the wall. A large
number of gas molecules are liberated due to this ion-induced desorption. And in-
creased gas pressure results in the beam loss in walls until the beam intensity dropped
significantly. To prevent this process the collimators, thick blocks with suitable ma-
terial properties and dimensions, are installed in different sections behind the dipole
magnets [71].

e The beam quality is defined by the area occupied by the number of particles in the
beam. High intensity beam occupies almost whole machine acceptance. And the Non
linear fields and lattice errors produced by a high intensity beam results in deformed
closed orbit [72]. Therefore, the closed orbit is to be corrected not only to maintain
the beam quality but also to exploit the machine acceptance by preventing the beam
loss [73].
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e The collective effects in the bunched beams, at various beam intensities, are studied
as they play an important role in the damping of longitudinal oscillations [74].

e The stability study of an intense coasting beam is an important aspect. The coherent
transverse instabilities of such a beam under the influence of space charge have been
inspected [75].

e With increasing beam intensity, collective effects shall play more visible role and must
be properly compensated to ensure good quality and high intensity beam [76]. In
this context, beam loading study and its compensation are among the main design
issues. In this PhD work, the beam loading effect due to the ferrite cavity in the
present SIS is studied.

An upgrade of present single rf to the double rf system [44, 45], is one of the important
motives under SIS upgrade program. In the new rf system, two cavities, i.e. one of the
present ferrite cavities and a new Magnetic Alloy (MA) cavity, will work at different
frequencies. Some properties of the new MA cavity are mentioned in Table 2.5. An

Parameter | )y | frequency range/ MHz | R,/ kQ
Value 0.3 0.8 to 5.6 1.7

Table 2.5: Some technical parameters of planned harmonic 2 cavity for double rf operation in
upgraded SIS.

influence of the beam loading and space charge effects, on the beam in a double rf
system is studied in the present work.

e To have an adiabatic capture of beam [30, 59] in the upgraded SIS, this study is aimed
to assure the conservation of longitudinal emittance and hence the beam quality.
Also, the duration of machine cycle (Table 2.4) is to be decreased in order to increase
the number of particles extracted per second [77]. A limitation of the time period,
available from the fast machine cycle is considered as the most important constraint
in the study.
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Chapter 3

Longitudinal Beam Dynamics

In synchrotron a charged particle beam is steered by the bending magnetic field which is
perpendicular to the particle trajectory, i.e. transverse direction. And an electric field,
in the direction of particle motion i.e. the longitudinal direction, imparts energy to the
beam for acceleration and also for compensating the energy lost in the ring [16]. The
longitudinal particle motion under the influence of electric field generated by the rf cavity
can be explained by the longitudinal beam dynamics.

In this report, the whole study about beam capturing and beam loading in SIS is
carried out at injection energy. Therefore, the longitudinal beam dynamics is described
here for the stationary bucket formed at injection energy. In general, the frequency of
longitudinal oscillations is much less than the frequency of transverse oscillations and
hence, to a reasonable approximation, they are considered as decoupled.

This chapter provides the information in following sequence. Beginning with the prin-
ciple and requirement of particle acceleration, the principle of phase stability for single
particle motion under the influence of general rf force is explained by formalizing the
Hamiltonian function. It is followed by an explanation about the behavior of an ensemble
of particles as a distribution function. Thereafter, some important features of rf bucket as
well as of bunch are discussed.

3.1 Particle acceleration in SIS cavity

In order to impart electrical energy to the charged particles, a special physical environ-
ment is created to produce a field in longitudinal direction of motion and it is called the
accelerating cavity (Sec. 2.3). The degree of particle acceleration depends on the instanta-
neous phase of the rf wave seen by the particle while travelling through it. The rf system
(Fig. 2.5) in a synchrotron should fulfil the conditions of synchronicity and longitudinal
phase stability [11, 30]. By synchronicity, it is meant that the frequency of rf system f,;
should be locked to the frequency of particle revolution fy in the ring (otherwise the ac-
celerating voltage will be averaged to zero). It is expressed as f,; = hfy, where integer h
is known as harmonic number [11, 20, 30].
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Co /2
VI

Figure 3.1: A schematic diagram Vo SIN(P)~
showing the SIS cavity gap, where L, :
is 0.1 m and Cy is 250 pF. Lg/ 2 Lg/ 2

For a systematic acceleration, the phase of the rf field must reach a specific value at the
arrival of the reference particle in the beam. This phase is called synchronous phase (¢s).
The Longitudinal phase focusing is achieved by adjusting the synchronous phase [35]. The
time-dependent electric field in the rf cavity gap, as shown in Fig. 2.6, is given by

Ez(t) = EzO Sin(27rfrft + ¢s)>

and electrical energy imparted to the particle at each traversal through the cavity AU is
written as [9]

Lg/2
AU = q/ E.(t)dt, (3.1)
—Lg/2
where ¢ is charge of the particle and suffix z indicates the longitudinal component of the

field, as shown in Fig. 2.6. It can be shown that

AU = qEoL,T, sin(¢s).

Depending upon the gap-length, L, (Fig. 3.1) and the revolution frequency of particles,
the longitudinal field may vary inside the gap as well. If a particle takes finite time to
cross the cavity, the energy gained due to the presence of electric field in the cavity gap is
averaged over the transit time. The influence of the gap-length on this energy is reflected
by the transit time factor,

T,, = sin(hLy/2R)/(hL,/2R),

explained in [7, 20], with R as mean radius of synchrotron ring. It shows that along with
machine and cavity dimensions it depends on the rf frequency or harmonic number as well.
In case of SIS ferrite cavities, the gap length Ly, in Fig. 3.1, is 0.1 m and R is 34.49 m.
Here, the single rf system with the harmonic number 4 has the transition time, 7}, of
0.9999. In this case the rf voltage seen by the particle is defined as

Vrr = EoLgsin ¢ = Vjsin ¢, (3.2)

where 1 is the maximum amplitude of rf voltage.
The synchronous particle adheres to the ideal plan for the accelerator system. It crosses
the cavity at the desired point of time to receive the expected quantum of energy (Eq. 3.1).
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For a stationary beam, synchronous particle receives no energy from the accelerating system
(¢s is zero or ). But all the other particles in the beam, which are displaced in phase or
time with synchronous particle (Fig. 3.2), receive different energies. Longitudinal equation
of motion explains the motion of other (non-synchronous) particles with respect to the
reference (synchronous) particle.

3.2 Longitudinal equation of motion

The parameters for the non-synchronous particles are summarized in Table 3.1.  There

Revolution frequency w = wy+Aw
Particle energy E = Ey+AFE
Particle momentum p = pot+AQp
Angular position in the ring 6 = 0y+ Af
Phase position on rf wave ¢ = ¢5+ Ao

Table 3.1: The relation between the parameters for synchronous and non-synchronous parti-
cles. All quantities with suffix are referring to synchronous particle.

will be a distribution of energy or momentum produced due to the phase position or
displacement of particle with respect to the synchronous particle, as shown in Fig. 3.2.
A two dimensional space defined by the phase and energy (or momentum) coordinates is
called longitudinal phase space. The motion of non-synchronous particles in longitudinal
phase space with respect to synchronous particle is described by forming the equation of
motion, explained in several textbooks [7, 11, 12, 13] and other literatures [8, 9, 72].

The energy gained in one turn by a particle entering the accelerating station with phase

¢ is
AE = Vygsin ¢. (3.3)
dE AFE

If this change in energy is smooth in one turn then ST where 7} is the revolution
0

time, i.e. the time taken for one revolution around the synchrotron orbit by synchronous
particle. For a relativistic charged particle with velocity v and mass m, the change in
momentum (Ap) is related to the change in energy. Its total energy is given by

E? = E} + p*c?, (3.4)
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Figure 3.2: A schematic diagram to explain the revolution of particles in the SIS ring and
their corresponding position on rf wave. The synchronous particle has phase position (¢) zero
hence receiving no energy from the field which is in the longitudinal direction of motion, Z.

with Fj as rest mass, momentum p = ymgv and E = mc?, where Lorentz factor or relativity

coeflicient
1
V= — (3.5)

V1-p52

The derivative of total energy in Eq. 3.4 with respect to time can be written as

dE dp

2E— = 2pc*—

dt Pear
which for smooth and continuous variations with time can be simplified to AE = vAp.
Hence, the variation in momentum is Ap = (Ty/L)qV sin ¢.
As per the definition of non-synchronous particle (Table 3.1) Ap is the deviation in its
momentum (p) from that of synchronous particle (py). So the momentum spread in phase
space is defined as

(3.6)

Ap _ gVo(sing —singy)

0= (3.7)
Po Ymov
and variation in the momentum spread with respect to time is
G- qVo(sin ¢ — sin gbs). (3.8)

Lymgv

This relation (Eq. 3.8) is the first longitudinal equation of motion defining the mo-
mentum variations.
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The revolution time for non- synchronous particle is 7 = L/v, with L as its path
length. For smooth variations in these parameters with respect to their corresponding
values for synchronous particle we get, (A7/Ty) = (AL/Ly) — (Av/vy). Here, change in
path or orbit length is related to the particle momentum through “momentum compaction
factor”, «a, [8, 9]. This is the characteristic of a particular accelerator and is defined as
(L — Lo)/Lo = a,(p — po)/po- It can be seen that, the particle with higher momentum will
take longer orbital path and will reach to the cavity later.

Also, by using the definition of vy (Eq. 3.5) and its relation to the total energy (Eq. 3.4) and
1 dp

momentum variations, it can be related to the momentum spread as F = ——. Thus,
7" Po
the time variations can be simplified to,
AT Aw Ap
oT__SY_,op (3.9)

where = (1/7*) — (1/4%), with o, = 1/9;*. Here 7; is the transition limit of v above
which, change in path length dominates over change in velocity. Below this transition
limit, particle with higher momentum has higher velocity than synchronous particle and
hence it reaches the gap earlier. As can be seen in Fig. 3.2, it encounters the rf wave at
lower phase angle and hence receives less energy (Eq. 3.3) and vice versa. This reduction in
phase and energy (or momentum) is the cause of the stable oscillations of non-synchronous
particles in longitudinal phase space. This phenomenon is the very basis of operation of
synchrotron and is known as the principle of phase stability [14, 15].

The phase difference (Table 3.1) with respect to the synchronous particle for smooth vari-
ations is

Ap=¢— ¢y = —hAD, (3.10)

where change in angular position, 6, is related to the revolution frequency (6 = / wdt) and

the negative sign indicates that particle with higher revolution frequency will reach the
gap early and phase difference will be reduced and vice versa. This way the phase change
in one turn is,

Ag
— = —hA
T, “”
and for smooth variations, by using Eq. 3.9, we get this phase change per turn as,
do
— = hndwy. 3.11
dt T10Wo ( )

The equation 3.11, relating the phase change per turn to the momentum spread and other
beam and machine parameters, is the second equation of motion. It can be combined
with first equation of motion (Eq. 3.8) to form a single second-order differential equation,

EAG
a2

+ w?(sin ¢ — sin ¢,) = 0. (3.12)
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Here, for small oscillation amplitude,

1qV h cos ¢

with effective mass m* = —ym/n, is known as synchrotron frequency. It is the frequency of
oscillations of non-synchronous particle around the synchronous particle with synchrotron
period Ts = 27 /ws, as the time for one synchrotron oscillation. For stable oscillations wg
must be a real quantity. For which below transition (v < =) with ¢5 = 0, n should be
negative.

The two equations of motion can be rewritten, with the use of Egs. 3.8, 3.11 and 3.13,
in terms of canonically conjugate coordinates [9] ¢ (phase displacement) and ¢ (phase ve-
locity) of particle.

do .
a_qﬁv

% = —w2sin ¢

With the help of following Hamiltonian equations [9, 78]

d¢ OH
& o
d$p  OH
dt 99

the total energy of the system can be formulated.

3.2.1 The Hamiltonian

A Hamiltonian, signifying the total energy of the system,

12
H = %—1—%2(1—005@5), (3.10)
and in general case,
12
H:%+%%M@. (3.11)

Here the first term corresponds to kinetic energy and second term to potential energy [78]
with rf potential
1 ¢

Yip=— [ Vig(d1)dén, (3.12)
Vo Jo
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for a particle with phase displacement of ¢. The particle trajectories in the longitudinal
phase space can be calculated by using the Hamiltonian and can be represented as

) = £/2[Hy — w2Yis(9)], (3.13)

where Hy is the value of Hamiltonian, calculated for the initial value of coordinates ¢ and
¢. For different energies, closed and open particle trajectories in phase space can be derived

o/ w

s

separatrix
2 T
14

(-=, O
(0, 0) =0
0' 1 | : f f
\/ | To
_1"
2 TN
closed trajectory

open trajectory

Figure 3.3: The stationary bucket, the stable and unstable trajectories formed by non-
synchronous particles around the synchronous particle. The synchronous particle is with coordi-
nate (0,0). For SIS, the length of this stationary bucket at injection energy is 1.18 us (against
revolution period of 4.77 us) and bucket height depends upon the ws (Eq. 3.13) i.e. upon the
amplitude of rf voltage along with other machine and beam parameters. A typical value of
fs(= ws/2m) for SIS is 1 kHz.

from the Hamiltonian. These two types of trajectories are illustrated in Fig. 3.3. One type
describes the oscillations about equilibrium points separated by 27 along abscissa and are
elliptical for small amplitude oscillations. The other one possess no phase boundaries and
is distorted for large amplitude oscillations. The boundary line between the two types of
particle trajectories are called separatrices and the area within the separatrices is called
rf-bucket. In case of ¢s =0 (or ), the average energy gain due to the phase oscillations
vanishes. In this condition no resultant particle acceleration is achieved and hence the rf-
bucket is known as stationary bucket.
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3.2.2 Stationary bucket

The bucket formed at constant energy is called stationary bucket. For the given machine
parameters and rf voltage it has the largest height and the largest area as compared to
accelerating bucket (for ¢5 # 0 or m). Such buckets are symmetric around the rf phase
(Fig. 3.3) which is either zero for v < 74 or 7 for v > ;. The bucket length is 27 with
respect to ¢ and 27 /h with respect to 6. The height of a stationary rf bucket gives the
maximum momentum deviation a particle may achieve during synchrotron oscillation. It
is known as momentum acceptance of the accelerator and is defined as,

(

For a stationary bucket, the bucket width extends over 27, which permits (theoretically
and for ideally adiabatic processes) to capture continuous beam with the higher efficiency
as compared to an accelerating bucket. This is the reason, why the beam injection from
linear accelerator to synchrotron is normally performed at injection energy (constant rf
frequency) and is true for SIS as well. For SIS rf cycle this region of constant energy
(Fig. 2.4) at injection is called as injection plateau. In the present work both adiabatic
capture and beam loading studies have been carried out in SIS at injection plateau.

At present the single rf system in SIS is used for creating four buckets (w,; = 4wy)
with all of them equally filled. The particles inside the bucket are arranged in different
form, depending upon the type of bucket and the other beam and machine parameters, as
explained in the following section.

Ap
Po

2w
=== 14
)Tf hnwo (3 )

3.3 Particle distribution

Until now only the interaction of single particle with external electromagnetic fields has
been discussed. Practically, the interaction of the beam, as a whole, is required to find its
longitudinal beam parameters and its behavior in presence of these fields. In reality the
rf bucket is filled by the collection of particles in the form of bunch, arranged in a certain
distribution. This distribution should be stationary in time (a matched distribution),
which implies that it should be invariant under the influence of synchrotron oscillation of
individual particle. All distributions in longitudinal phase space which are the functions
of Hamiltonian f1(H) (Eq. 3.11) can be considered as matched distributions.
The phase projection of longitudinal distribution (Fig. 3.4), is defined as line density,

o) = /_OO f(, d)do. (3.15)

Generally, both longitudinal distribution and line density are normalized to unity i.e.,

+oo +o0 . .
/_ [ (0. d)iodd = 1
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stationary :
rf bucket

particle
distribution;

Figure 3.4: The upper part is the stationary bunch with synchronous particle at center with
coordinate (0, 0) and the lower part shows the distribution of particles, as per the Eq. 3.15, in
this bunch.

+oo
/ Mo = 1.

Elliptic and Gaussian are among the widely used distributions. Specially, Gaussian is the
most frequently observed one in SIS. But, as the particle at the bunch boundaries are too
diverged to produce a significant current to be sensed by the pickup probes (Sec. 5.2),
virtually the maximum bunch length is limited by the bucket boundaries.

As the particles in the bunch are oscillating in position and velocity, there is a continuous
exchange between their potential and kinetic energies. As a result, their energy distribution
is also Gaussian. As Hamiltonian represents the total particle energy, so for a Gaussian

particle distribution:
H

2Hrms )’

2
ms

f(H) = foexp(—

where fy is a normalizing constant and H,,,; = /2 is the Hamiltonian which is pro-
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portional to the rms value of the energies of the particles in a bunch.
Also, from the definition of Hamiltonian (Eq. 3.11) and of line density (Eq. 3.15),

A(®) = Mexp(—2)

where Y'(¢) is the total potential. In general, for a double harmonic system it can be
expressed as,

Y(¢) = (1 — cos¢p) — a(l — cosng), (3.16)

with a = 0 for single rf and is nonzero for double harmonic rf system. o is the rms bunch
length proportional to the rms value of the particle phase velocity

(0 = Prms/ws) (3.17)

and \g is the normalizing coefficient (normalized line density).
For single rf, the line density can be expressed as

1 — cos ¢

A(6) = Mexp(———30). (3.18)

o
The expansion of the cosine series can be approximated, by neglecting the higher order
coefficients, for small oscillation amplitudes to a Gaussian function as

1 ?

mexp (—%). (3.19)

Here, rms bunch length, ., is related to the ¢,, (Fig. 3.4) as ¢, = V50,ms. The
relation between Full Width Half Maximum (FWHM) and the corresponding rms value

for a Gaussian curve [73] is useful for finding the 0,5 for the curve. For example, the rms
bunch length, o,.,,s for a Gaussian bunch is

A(@) ~

FWHM
Orms — = ——-
2v2-1n?2

The bunch length and bunch forms (or potential well distortion) are the properties which
are used to study the influence of beam intensity on bunch stability in an accelerator. The
study of SIS, under the influence of some specific beam intensity effects, is explained in
the following chapter.

An area occupied by the collection of particles, in the longitudinal phase space, depends
upon the beam and machine properties and is explained in the following section.

(3.20)

3.3.1 Emittance

During synchrotron oscillations, a particle oscillates between extremes of momentum and
phase with respect to the synchronous particle, which results in a steady longitudinal dis-
tribution of particles, called particle bunch. The area occupied in longitudinal phase space
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Figure 3.5: a) An illustration of coasting beam in SIS with (Ap/p)s, = 1- 1072 at injection
energy of 11.4 Mev/ u for Ar'®t ions. b) The bunch in the SIS, fitted to Gaussian form.

by this distribution is called emittance. It signifies the bunch temperature, as explained
in Ref. [12]. The maximum longitudinal excursion of particles from the bunch center, as
shown in Fig. 3.8, defines half -bunch length.

Among many ways of defining the emittance, rms emittance [64, 65] is the most common
and accurate one, as it can be calculated for any arbitrary particle distribution. For a
continuous distribution of N particles with coordinates (A¢;, A@) it can be formulated as

A N N L N o
Erms = N Z Ag;® Z A (Z Aﬁﬁiﬁ@') : (3.21)
i=1 i=1 i=1

A direct way of calculating the occupied phase space area is to fit an encircling ellipse
around a certain fraction of the assembled particles. It is called elliptic emittance. The
limitation with this method is that it may include plenty of empty space when the particle
distribution is totally non-elliptic. An un-bunched DC beam is called coasting beam. In
principle, the definition of rms emittance (Eq. 3.21) is applicable for coasting beam as well
[12]. A uniform particle distribution with a maximum momentum spread of (Ap/p)q in
the ring can be represented as shown in Fig. 3.5 a. The rms emittance of this beam can
be defined as,

Seoast = 212V/504. (3.22)

Here 6, the rms value of momentum spread of coasting beam is taken as \/Lg(Ap/ D)eb-

For a Gaussian bunch, observed in SIS in Fig. 3.5 b, the bunched beam area in terms
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of its bunch length, ¢,, and ws can be defined as,

bm 2
Sbunch - 2w80 /_¢m \/% - 7"f(§b)dqS (323)

Here the maximum bunch length ¢,, is obtained by fitting the bunch profile and is ~
V50 ,ms for single rf. To keep its numerical volume invariant, the emittance is generally
defined as a product of energy and time i.e. in the units eVs.

As mentioned in Sec. 2.2, a coasting beam in SIS is captured by ‘switching ON’ the rf

system. One of the main constraints here is to preserve the emittance during this process.

3.3.2 Filamentation and Emittance blowup

As per the Liouville’s theorem, the motion of phase space density distribution behaves
like an incompressible fluid [79]. In an accelerator with no random dissipation of energy,

4 bunch boundary,

e 7|0, 180)
>9 (O} -180) “bunch cent‘éF'--—;_,..;___ \
= [©.0
00
c |
2
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-160 -80 0 80 160

Distance from the bunch center/ deg

Figure 3.6: The capturing of Ar'®* coasting beam in SIS with ., as 5-10~* by using single
rf wave with 100 V and 6 kV initial and final amplitude of voltage respectively. The capturing
time of 0.5 ms is 2 T in this case.

and without coupling between longitudinal and transverse planes, emittance is to be pre-
served throughout the rf cycle. However, during the different rf gymnastics performed in
the accelerator, the boundary of occupied phase space area can become arbitrary. This
structuring is called the filamentation of particles. This arbitrary complexity adds infinite
number of phase space to the actual bunch and appears as an increase in emittance or as
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emittance blowup. This phenomena does not violate the Liouville’s theorem, as in spite
of the filamantation over the whole bucket, the microscopic phase space is still preserved
[11].

Generally, the non-adiabatic rf gymnastic or nonlinearities produced by the beam gen-
erated fields is the source of filamentation and emittance blowup. An example of it is
shown in Fig. 3.6, where a continuous beam is injected in a large rf bucket. The situa-
tion can be altered by reducing the rf voltage to the level of energy spread. In this case,
the acceptance efficiency is equal to the overlap of bucket and beam in phase space. A
sophisticated method of beam capturing, called adiabatic capture, is explained in detail
in [30, 59]. The slow and systematic rise of rf amplitude, Vj, in such a capture process
prevents the growth of emittance and allows the capture of almost all particles. For an
adiabatic capture the choice of rf ramp parameters, like time for ‘switching ON’ the full rf
and the time to rf amplitude function are important. With the aim of adiabatic capture
in SIS, different ramps have been tested and their parameters are optimized. The details
are explained in a separate chapter devoted for the adiabatic capture.

3.3.3 Double rf System

The potential well and the type of particle distribution highly depends upon the nature
of the rf waveform (Fig. 3.7). When all cavities in an accelerator functions at the same
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Figure 3.7: The waveforms for fundamental rf wave, its second harmonic and the combination
of these two as double rf wave, as planned for SIS.

frequency, it results in a single rf operation. In case of double rf operation [44, 47], the
cavities function at two different frequencies. The two ferrite cavities in the present SIS are
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working at the harmonic 4 of the fy. In the upgraded SIS (Sec. 2.11), one of these cavities
will be replaced by the h=2 cavity (Table 2.5) to form the double rf system. This new rf
system is aimed to produce flattened longitudinal particle distribution and will provide a
sufficient bucket area for faster ramping (Table 2.4).

A double rf sytem was first installed and tested in the Cambridge Electron Accelerator
in 1971 [43]. The frequency and amplitudes of two rf wave (with different frequencies) in
double rf system can be adjusted to achieve the flattened potential well. A double rf wave
for a stationary bucket can be defined as

Vg = Vosin(w,st) — oV sin(nw, ft), (3.24)

with a as the fraction of amplitude of the fundamental wave. For SIS, this wave with a =
0.5 and with second harmonic i.e. n=2 is illustrated in Fig. 3.7. The bucket formed by
and the bunch under the influence of such an rf system is demonstrated in Fig. 3.8. The
flattened potential well leads to a flat bunch in the center and the maximum density in
the bunch center gets reduced. In other words, a higher bunching factor, i.e. the ratio of
average to peak current, is achieved [7, 47, 55]. Nonlinearity created by the flat bunches
in a dual rf bucket increases the Landau damping [44, 45, 46, 47]. Hence, the bunch in a
dual rf bucket is more stable than in a single rf bucket. In the flat region of bunch, the
amplitude of external rf voltage is zero and the beam loading effect may become crucial.
This effect and its influence on the particle distribution for different type of rf systems is
explained in the following chapter.
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Longitudinal Intensity Effects

An energy loss or gain during the beam interaction with its surroundings can significantly
modify the dynamics of particle motion. In case of frequency domain approach, adopted
in present work, the beam surrounding is represented by frequency dependent impedances
[11, 16]. These impedances are strongly coupled to the beam in case they have common
components at the same frequency. The longitudinal components of these impedances are
considered here, which can be categorized as narrow-band (with Q>>1) and broad-band
(with Q=21) as they have different influences on beam.

The ferrite cavity in SIS (Sec. 2.3) comes under the category of narrow-band impedance.

The fields induced by beam in such structures are limited to a small frequency width, much
less than the revolution frequency fy. They can have components at fundamental as well
as higher frequencies. And they persist for a long time depending upon cavity parameters
like its Q factor and rise time (Subsec. 2.3.2). The Magnetic Alloy cavity (Table 2.5)
planned for the upgraded SIS represents a broad-band impedance. Its bandwidth is much
larger than the fy and fields induced in it by the beam damp faster [16]. The beam cavity
interaction represents one of the specific cases of beam interaction with its surroundings
and is called beam loading effect [11, 16, 17, 18, 23].
Along with the excitation of electromagnetic field in external impedance, many particles
contained in a high intensity beam represent a sizeable charge and current. It acts as a
source of electromagnetic fields called self-fields and this effect is called as space charge
effect [11, 53, 54, 55].

With the goal to study the beam loading effect in SIS, theoretical description of beam
loading effect is presented in the beginning of this chapter. It is followed by the description
of the space charge effect. The shunt impedance of the cavity and impedance equivalent
of space charge effect are two components of the longitudinal impedance considered in this
study. The voltage induced by a stationary bunch in this impedance is derived in the
preceding section. The coasting beam stability in SIS is estimated under the influence of
this impedance. Thereafter, the influence of this impedance on the bunch form is described
and estimated numerically, with single and double rf buckets, for the upgraded SIS. At the
end, the simulation programme used throughout this study will be presented.
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4.1 Longitudinal beam loading

In an accelerator the performance of the rf system depends highly on its interaction with
particle beam. An intense particle beam can induce a significantly strong electric field
in a cavity, which is compatible to the external field from the power amplifier (Sec. 2.3).
This induced field can modify the magnitude as well as phase of the cavity voltage, which

] 70
1,01 R L Cl I, (1)

| .

Figure 4.1: A parallel equivalent circuit of rf cavity along with the power amplifier and beam
current sources. Here R, is representing the impedance of rf system observed by beam i.e. the
shunt impedance of the cavity along with the power amplifier.

subsequently influences the beam and leads to undesirable beam behavior like the onset of
instabilities or particle loss by lack of longitudinal acceptance. Thus the beam loading can
restrict the maximum beam current that can be stably accelerated otherwise. In Fig. 4.1,
the cavity is modeled similar to the Fig. 2.7 except that, along with the power amplifier,
the beam current is also considered. As the velocity of particles (and therefore the beam
current) is nearly constant (as Ty ~ 1 for SIS) while crossing the cavity, it is realistic
here to have the rigid beam consideration [11, 16, 18]. Such a beam is represented as an
ideal current source with the consideration that the stored energy of the beam can create
enormous instantaneous rf power which is much higher than the capacity of the power
amplifier.

An ideal coupling between a tuned cavity and power amplifier is considered i.e. 5. = 1.
Here R, represents the impedance, which is a combination of shunt impedance of cavity
along with the impedance at the final stage of power amplifier of rf system (Eq. 2.3)
observed by the beam. The shunt impedance and the lumped parameters of cavity have
been defined in Subsec. 2.3.2. The generator and beam currents, I, and [, (Fig. 4.1) can
be related by using Kirchhoft’s current law as,

I,+ 1, =1,

These currents contribute to the total gap-voltage.
Fig. 4.2 a, represents the circuit behavior at f, = f,¢, where V;.¢ and [, are in quadrature
for a stationary bucket; for acceleration, their phase difference is ¢+ /2. The gap-voltage



4.1 Longitudinal beam loading 37

V, is changed under the influence of beam loading voltage V4 to
Vip =V, + Vo= LR, (4.1)

For the cavity tuned to resonance, the amplitude V, = [, R, is maximum, and for off-
resonance conditions Ry is replaced by Z in Eq. 4.1

‘/:I’f = _[tZ - -[tRsCOS¢ eXP(j¢)7

with impedance Z = Ry 4 j X and reactance X = wlL — (1/wC).

The V, ;s in phase with the I, represents the best operating point for the power amplifier,
which minimizes the required power transfer to the cavity [16]. Due to the beam loading
effect, the angle between these two vectors is changed to ¢ (Fig. 4.2 a). The 1), represents
the angle by which the cavity is detuned (to w), from its resonance frequency, due to the
beam loading effect. Also, at beam injection, in adiabatic capture and in fast extraction,
where beam current changes abruptly, this effect can influence the beam stability [17, 23].
The cavity detuning and beam stability are discussed in the following section.

I

1

[b ,] im [b

o

a) b)

Figure 4.2: a) Phasor diagram showing that the [, along with I is giving the total current I;.
It results in the phase difference i) between I, and gap-voltage V,;. b) The phase difference
due to beam loading, in phasor a, is compensated by detuning the cavity by angle 1.

4.1.1 Cavity detuning and beam stability

The beam loading effect in a synchrotron, on the basis of its influence, can be divided in
two parts. First is to maintain the efficiency of the power transfer from power amplifier to
the cavity. Secondly, to maintain the synchronous phase, which influences the stability of
the beam.

For a uniform beam intensity around the SIS ring, with given cavity parameters and
for enough time after injection, the stationary situation can be considered. At frequency
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wy = wyr the voltage and current vectors in Eq. 4.1 can be represented as in Fig. 4.2 a.
For a cavity detuned from its resonance condition, the current [; varies along the dotted
line (Fig. 4.2 a) with the tuning to compensate for the reactance, jX of the cavity (with R
constant). SIS cavity is equipped with a resonance frequency control loop (Subsec. 2.3.3)
to maintain the I, and V,; in phase condition by tuning the cavity back by angle v as
shown in Fig. 4.2 b. But in some cases the cavity tuning range is not large enough to
compensate the steady beam loading and the rf generator must work on the reactive load
to deliver the reactive power. Furthermore, the amplitude control loop in SIS rf system
(Subsec. 2.3.3) adjusts the amplitude of I, to compensate for I, (or any other effect) and
this keeps the amplitude of V,; at its desired value.

Above a certain threshold value of the beam current, not only the amplitude but the
phase angle between I, and V, s i.e. ¢, also changes. It results in the coupling of the control
loops and finally ends with an unstable behavior of the system [23]. Relative beam loading
is characterized by the ratio |Ip|/|140|, with I,y as the generator current required to produce
the voltage V,; in a tuned cavity with negligible beam loading. SIS is equipped with a
Digital phase control loop (Sec. 5.4) to control the phase of the gap-voltage and hence to
maintain the phase stability.

In an accelerator there are situations, like beam capturing or fast extraction, where I,
changes rapidly. In such cases the resulting variations in V,.; must be damped fast enough,
in time < Ty, in order to avoid its influence on the longitudinal phase space, like mismatch,
subsequent blow up or even loss of particles. Such situation, due to the beam capturing in
SIS, is studied in this work.

Below transition, the beam loading voltage works against the external focusing force of
rf system so that a significant beam loading may result in increase in the bunch length and
hence subsequent increase in the emittance. Also a trial of tuning the cavity back (¢ = 0)
may excite phase oscillations which may lead to instability. Robinson’s stability criterion
[26, 27] is applied to assure the beam stability in this situation. Below the transition this
criterion is always fulfilled or, in other words Robinson damping [26] always exists in the
system if w, > w, s or ¢ > 0 [7, 11, 16]. The detuning is defined as

Wy Wr
t =2 — 4.2
wy =20(25 - 22) (42)
for w,s = w, and is simplified to
tan ) = QQ(M). (4.3)

r

At the same time below transition, increase in frequency corresponds to decrease in mo-
mentum gain (Eq. 3.9). Fig. 4.3 is showing the resonance curve of the cavity with w, = w, s
and the stable region for the tuning. For the stability in longitudinal phase space, cavity
should be tuned to w, > w,¢.
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Figure 4.3: A resonance curve showing the region of tuning from beam stability point of view.

4.1.2 Steady-state beam loading

The phasor representation in Fig. 4.2 is valid only when the beam loading voltage is
sinusoidal. Due to the finite Q of the cavity, the moment the beam leaves the cavity
the beam loading voltage starts decaying exponentially. Then, like a step function, it
will charge up again and finally this whole cycle, which is similar to the charging and
discharging of capacitor, is a sawtooth wave rather than sinusoidal. This can be described
with the help of a Fourier series. Only if the falling time of cavity is large enough so that
the decay is negligible to be observed by the following bunch, beam loading voltage is more
likely sinusoidal and can be represented by one component at rf (or cavity) frequency. This
condition can be expressed as the falling time of cavity T is much larger than the distance

between two bunches 7, ¢.
20Q) 2mh

> Ty =
Wy rf warf’

T, = (4.4)

where N, is the number of bunches. In case of SIS, large bunches with ¢,,,s ~ 0.3 to 0.9,
its ferrite cavity with Q factor of ~ 30 and rise time of ~ 11us at injection energy. Its
T, is =~ 10T, rf period. It indicates that, for SIS with 4 long bunches, there will not
be a significant fall in sine wave to be recognized by the following bunches while passing
through the cavity. Hence only the steady-state beam loading is expected. The h=2 cavity
(Table 2.5), with Q factor of ~ 0.3, T, ~ 0.17,; at injection energy, does not fulfil the
condition of steady-state beam loading. As its bandwidth (=~ 5 MHz) is much higher than
fo, several higher harmonics of fy can induce a type of collective bunch instability due to
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the beam loading [16].

4.1.3 Transient beam loading

A transient beam loading may occur under the following circumstances: for a ring with non-
uniform beam intensity, ie. when empty bucket or hole exists for further rf manipulations,
at injection when rf voltage is increased slowly for beam capturing or when the condition
for steady state mentioned in Eq. 4.4 is not fulfilled. In these situations, rapid changes in
I, are encountered and, at some point, the amplitude of beam loading voltage V, (or 1)
may become compatible to V,; (or I,). The resulting variations in amplitude as well as in
phase of V. must be damped not only precisely but also in the time much faster than the
synchrotron period to avoid the consequences like mismatch (mentioned earlier), emittance
blow up and in worst case the particle loss. Still the vector diagram in Fig. 4.2 is valid
but these vectors only at f,; are not enough to describe it. It can be described with the
consideration of rf cavity with band limited modulation around f, ;. To restore the desired
phase and amplitude of vectors, amplitude and tuning loops get active. Simultaneously, a
fast beam phase control loop [21] should be active to restore the stable phase angle between
I, and V, ;. As mentioned in Subsec. 4.1.1, a digital control system in SIS [98, 99] maintains
this phase angle.

4.2 Longitudinal space charge effect

All particles in the beam with same charge, results in a repulsive force between the parti-
cles. The influence of this force, which works against the external force, can be manifested
as longitudinal impedance, potential well distortion and longitudinal tune shift etc. To
quantify this effect, consider a uniformly distributed continuous beam with radius a and
with a line charge density A(z) = hA(¢)/R in a beam pipe with radius b. Its self-field
results in a radial electric field

gA(z) T
2meg a2 r<a
Ei(r,2) = , (4.5)
A1 r>a
2meg T
and an azimuthal magnetic field as
HogA(z)Be 7
2 a? r<a
By(r,z) = (4.6)
HogA(2)Be 1 r>a
2 T

Other field components can be neglected for the case where bunch length (¢,,, in meters)
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Figure 4.4: The schematic diagram showing the radial and longitudinal fields produced by the
beam particles. The closed path for the integration is also shown.

is much higher than the beam pipe radius (b, in centimeters). The electric field produced
by the space charge can be calculated by applying the Faraday s law of electromagnetic
induction (Stoke s theorem) i.e.

- d [ - -
E-dl=—— ¢ B-dA 4.7
[ B (17)

for the fields mentioned in Eqs. 4.5 and 4.6. The integration for the closed path and the
fields are as shown in Fig. 4.4 results in

_ HogBc OA(2)

(B, — By)dz + —go[A(z + dz) — A(2)] = e

dz,
4meg g0

with geometry factor gy = 1+ 21In(b/a) [53] for a circular beam pipe. It can be modified
for different geometries [12, 54]. For a conducting wall (E,, = 0) the electric field can be
expressed as,

g9 OA(z)
dmegy?fe Ot

As the space charge field is to be integrated for the frame which is rotating with the beam,
it results in a constant line density \,. Hence the space charge voltage per turn V; can be
related to this field as

_q9oBcZy OA(z)

262 Ot

E, =

V,(z) = 2rRE. =

(4.8)

with Zy = \/1o/€o = 3772 is the impedance for free space and pg and € are respectively
the permeability and the permittivity for free space. Furthermore, as the Eq. 4.8 shows
that this effect scales to 1/3v%, space charge is an important issue in low and medium
energy accelerators.
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The force exerted by these self-fields on individual particle of the same beam can be
represented in terms of a reactive impedance in the path of the beam, called space charge
impedance, X. It is defined as

zZ° 17
X, = Zn _ 2o (4.9)
n 2572

and the voltage induced due to this impedance at n'* harmonic can be calculated by using
Eq. 4.14. By following the definition of rf voltage from Eq. 3.12 the space charge potential
for a stationary bunch profile can be extracted by intergrading the space charge voltage in
Eq. 4.8,

X
Yi(2) = e o Do — A2, (4.10)
0
and in terms of phase angle ¢,
RX, h?
Y(6) = aboe o = A (4.11)

This potential can be added to the rf potential to find the bunch distribution with space
charge. A typical value of the X at injection energy to SIS is ~3.4k(), with beam radius
is 1/4 of the beam pipe radius.

The shunt impedance of cavity and the longitudinal space charge impedance, are col-
lectively taken here as longitudinal impedance of a ring. The voltage induced in this
impedance during the interaction with a stationary bunch depends on their components
at common frequency.

4.3 Voltage induced by a stationary bunch

To derive the voltage induced in an impedance by a stationary bunch, the frequency com-
ponents of beam current are to be known. These frequency components are obtained by
the Fourier transformation of the beam current. The line density spectrum has discrete
frequency components at w = nhwg, where n is an integer. The Fourier spectrum for the
beam current,

(@) = a2 ),

of a symmetric bunch with N particles can be expressed as

Iy(¢) = L4 + 2 Z I, cos(nwt),

n=1

where the DC component of beam current is

Ij. = qNpBch/R (4.12)
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and I,,, the current component at higher frequencies is,

L= [ 1,(6) exp(—ing)do. (4.13)

T o -

The voltage induced in the longitudinal impedance Z,U(: Z(nwy)) interacting with the
beam current in Eq. 4.13 is,

“+oo
Vina(¢) = =2 1, Zll exp™, (4.14)
n=1

which can be simplified for its component at f,; as

Vina(6) = =21, Z) exp(ig). (4.15)

Furthermore, a factor I' is defined, to compare the DC current to the component at fun-

damental frequency, as
I¢ I
N=—=2— 4.16
[dc [dc ’ ( )
where factor 2 includes the symmetrical current components at f,; and — f,¢.
The additional voltage V;,q(¢) depends on the type of impedance and on the coordinate
¢ and it does not include the time variable. The time dependence appears if the dipole
oscillations are included in the procedure above. Without dipole oscillations, the effective

voltage seen by the bunch is time independent and is written as

Viot = Vi (@) + Vina(9). (4.17)

In case of cavity Vj,q is equivalent to V, and the higher the cavity bandwidth the more
current harmonics will contribute to

VE)(QS) = rf(¢)Rs- (418)
Similar to rf potential, in Eq. 3.12, the beam loading potential is defined as,

hR, [®
Vi = e /0 A(6)dd, (4.19)

and it depends on the beam intensity and shunt impedance of the cavity. For the bunch
in SIS with cavity bandwidth f, of the order of a few kHz and the revolution frequency f
of few hundreds of kHz, the maximum power should go with the fundamental of w, .

4.4 Longitudinal impedance and coasting beam

A coasting beam in the synchrotron ring interacts with the longitudinal impedance and its
stability remains as an important pre-requisite for the efficient beam capturing in SIS. An
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upper limit for the longitudinal impedance is derived by applying the Keil-Schnell criterion
[10, 11, 12].

21| _ FEBnl(&p/p)°s,

no q[dc .

(4.20)

To compare the impedance for different accelerators, the normalized longitudinal impedance,
|ZWl| /n, is used. By respecting the limit, the longitudinal instability in the coasting beam
can be prevented. The beams with high intensity and low momentum spread are prone to

Beam and machine parameters

Ton species Arts+t
Total Energy, E/ GeV 37.7
16 0.155
i 0.94
(Ap/p)es 11073
I.(present/ upgraded SIS)/ mA 12.2/ 35.5
Geometry factor, g 2.83
Cavity and space charge impedances/ k{2
X, 3.36
R, (ferrite cavity) 5.0
R (h=2 cavity) 1.7

Table 4.1: The beam, machine and cavity parameters to find the stability of the coasting
beam and corresponding Keil-Schnell limit. The dc beam current 1. is 12.2 mA, which is the
maximum stable beam current for the ion Ar'8* in present SIS.

the longitudinal instability because the stability limitation depends inversely on the total
beam current, i.e. I;., and is proportional to the square of the momentum spread of the
coasting beam, (Ap/p)ep-

The stability of the coasting beam before capture, while interacting with the longitudi-
nal impedance, in present and upgraded SIS (Sec. 2.11), is studied. The form factor, F, in
Eq. 4.20, is taken as unity, which is true for most of the bell-type momentum distributions
[12]. The F, along with the SIS parameters mentioned in Table 4.1, gives the Keil-Schnell
limit for the | Zll|/n, 3.87 kQ. The ferrite cavity and the space charge impedances (R, and
X, respectively) are considered as the main contributors to the |Z!l| of the ring. The R,
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is taken from the test cavity measurements (Table B.1) and the X (Eq. 4.9) is calculated
by using the beam parameters and g factor in Table 4.1. The Fig. 4.5 a, indicates that,

4.0 - - 3.5
~ ., .
Keil-Schnell limit
c 361 1 34 space charge -
< © =
= “space charge =
S 327 il © 337 ferrite cavity
- Ve
=~ 10r T = 1.0} : ]
= ferrite cavity N ~ Keil-Schnell
0.5r 1 ~ 05} MA cavity limit
0.0 . . 0.0 ~—— " £
0.7 0.8 0.9 1.0 05 1.0 15 2.0
Frequency, f/ MHz Frequency, f/ MHz
a) b)

Figure 4.5: a) Keil-Schnell stability limit (Eq. 4.20) for the coasting beam with the space
charge reactance, X, and the shunt impedance, R, of one of the ferrite cavity in the present
SIS. b) The upper limit for the upgraded SIS, with enhanced beam intensity. Here, in addition
to the impedances in Fig. a, the R, for h=2 cavity is also considered.

for the given parameters in SIS and summarizing all these impedances, the longitudinal
impedance is within the stability limit.

For the upgraded SIS, the R, for the h=2 cavity (Table 2.5) is added in the |Z!l| of
the ring and the parameters in Table 4.1 are used to calculate the stability limit i.e. 133
Q) for this case. Fig. 4.5 b, shows that for the given parameters and with the enhanced
beam intensity in SIS, the cavity impedances are exceeding the limit only in the certain
frequency region. In summary, the longitudinal impedance in upgraded SIS is exceeding
the stability limit and needs compensation to avoid the longitudinal instability in coasting
beam.

4.5 Potential well distortion

The equation of the longitudinal phase space motion, Eq. 3.12; indicates the dependence
of particle distribution on the time variations of the rf field (Fig. 3.7). This external field,
or voltage, is modified by the fields induced due to the intensity effects (Eq. 4.17), which
consequently modifies the particle distribution (Sec. 3.3). This effect is called potential
well distortion [10, 11, 12, 16]. As the type of rf system has influence on bunch, the effect
is described for the single and double rf systems. This effect is introduced in the following
section. Estimations for the SIS, with present and upgraded beam intensities, is presented.
For both the cases, the cavity impedance is considered as uniformly distributed along the
circumference of the ring.
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4.5.1 Single rf bucket

The potential Y(¢) in the Hamiltonian (Eq. 3.11) is modified from Y, (Eq. 3.12) to Y, s +
Y, +Y; with the consideration of the beam loading potential Y} (Eq. 4.19) and space charge
potential Y (Eq. 4.11). This additional potential modifies the line density, in Eq. 3.18, to

]
\©) = do-expl—ans Yoy +au | AO)d6+ awldo = NG, (4.21)
0
with o, f as rf, a. as the space charge and ay; as beam loading coefficients. The rf coefficient
1
= —s, 4.22
= (4.22)

depends on the machine and beam parameters through o, , where

hnBc ,Ap
= — . 4.23
g f Rws ( p )rms ( )
The space charge coefficient
qNpeX
sc — 4.24
o UerR% ( )
and the beam loading coefficient
qNfcR,
= 4.25
Qpl 7.2 RV, ) ( )

along with the parameters mentioned in Eq. 4.23 depends upon the beam intensity (N)
and specifically on the space charge impedance X, and the shunt impedance of cavity (Ry).

The bunch form in Eq. 4.21 with the consideration of only beam loading effect is reduced
to

¢
A(#) = Ao. expl—a,Yop + /0 A(¢)dd). (4.26)

As the resistive component extracts energy from the bunch, the whole bunch is shifted
to compensate for this loss and, thereby, to maintain the stability in longitudinal phase
space [10, 16]. As the new bunch forms modify the beam loading potential (Eq. 4.19), an
iterative program is written in Mathematica [94] to find the stable solution of Eq. 4.26 for
the final bunch form. The phase shift, ¢;;, introduced by the beam loading, is derived by
applying the condition of constant peak line density A\¢ in Eq. 4.26 under the influence of
a constant real impedance. Hence

1

A/((bbl) =0= )\0 [arf sin Cbbl — abl()\o — %)L

where the dc part from the line density is subtracted as it does not contribute to the beam
loading effect. Its further solution gives

(Mo — i), (4.27)

Qyf 2

Ay

¢bz ~
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where the ratio ay/a, ¢ indicates the amplitude of the beam loading voltage in comparison
to that of the external rf voltage.

An example of phase displacement of bunch in single rf bucket in SIS is shown in
Fig. 4.6. The machine and beam parameters are mentioned in Table 4.1. Here, instead of

1.0

bunch with
upgraded
beam intensity

0.6  bunch with
present beam
intensity

0.4+

Line density/ arb.u.

021 1

(o) 0] S——— -
-3 -2 -1 0 1 2 3

Distance from bunch center/ rad

Figure 4.6: The bunch form demonstrates the phase shift under the influence of beam loading
effect produced by the MA cavity in upgraded SIS. Bunch form with intensity effects in current
SIS is coinciding with the one with no intensity effects.

Intensity in SIS | ayy ¢ /rad
Present 0.05 0.0
Upgraded 1.42 | 0.18 (or 10°)

Table 4.2: Beam loading parameter, ay; and phase shift, ¢y, for present and upgraded SIS for
single rf operation with h=2 cavity.

coasting beam, it is the stationary bunch with V4 as 6 kV for h=2 cavity. The (Ap/p)rms,
in Eq. 4.23, is calculated by considering the matched bunch i.e. the rms emittance of the
bunched beam (Eq. 3.21) remains same as the rms emittance of the coasting beam before
bunching.

For the single rf operation, with the present and the upgraded beam intensities in SIS,
h=2 cavity is considered here. The results are summarized in the Table 4.2. For the
upgraded beam intensity, the oy of 1.42 produces a significant phase shift, ¢y (Eq. 4.27),
of 10°. For the bunch in the present SIS, ay; is too low and its influence on the bunch
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is insignificant. In this case the bunch (Fig. 4.6) is coinciding with the one assuming no
beam loading effect (o = 0).

4.5.2 Double rf bucket

The double rf bucket in SIS is aimed to create flat bunches, as explained in Subsec. 3.3.3.
The amplitudes of two rf waves (Eq. 3.24) are adjusted so as to have no effective external
rf in the middle region of the bunch. As a result, the beam loading voltage is effective in
this region. The relation for the bunch form, in Eq. 4.21, for this middle region is reduced
to

]
A() = Do explasedo — A(@)] + o / A(@)dg). (4.28)

This relation, with the coefficients oy (Eq. 4.25) and a,. (Eq. 4.24), shows that the beam
loading and space charge effects decide the bunch form in this region. Here again, an
iterative program is used to find the final bunch form. It can be expressed as

d\
AR Ao+ (%) |/\:/\0¢’

by neglecting the higher-order derivatives. The derivative for Eq. 4.28 is

d\ Oébl>\02
— = — 4.29
dg o = T3 sco’ (4.29)
and it results in the bunch form,
A= N(14 Ag). (4.30)
An intensity parameter A is introduced here as
Oébz)\o2
= =" 4.31
14 asc)\O ( )

For a given beam intensity, it indicates the slope introduced, in the middle region of bunch,
under the influence of the beam loading and space charge effects. The Eq. 4.30, shows that
this slope is introduced by the beam loading (cy;) and a compensation to this effect is
provided by the space charge (as.).

Bunch forms for the double rf system with present and upgraded beam intensities
are shown in Fig. 4.7. The tilted bunch form, with the slope due to the beam loading
effect, represents the case of upgraded SIS. The beam, cavity and space charge parameters
are mentioned in table 4.1. The Vj as 6 kV for the h=2 cavity in the double rf system
(Subsec. 3.3.3). The parameters, ay, . and A, for the present and upgraded SIS, are
summarized in the Table 4.3. The intensity parameter (Eq. 4.31) A, results in a slope of
16 Y in the middle part of bunch. The distorted bunch form is clearly visible in this case,
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Figure 4.7: The numerical solution of Eq. 4.28 for bunch form under the influence of beam
loading and space charge effects, for Ar'8* jon, in double rf system in upgraded SIS with MA
cavity.

Intensity in SIS« e A
Present 0.05 0.1 0.02

Upgraded 1.42 2.81 0.13

Table 4.3: Beam loading, space charge and intensity parameters for present and upgraded SIS
for the double rf operation with h=2 cavity.

in Fig. 4.7. For the present SIS, A is too low (0.02) to produce any visible effect. And, the
bunch form is coinciding to the one with no intensity effects.

The model for the potential well distortion, as mentioned above, is applicable for the
broad-band cavity due to the consideration of the distributed Rs in the ring.
The iterative programme used for deriving the final stable bunch form assumes the double
rf bucket to be produced by the two identical cavities. But, in reality, the planned double
rf in upgraded SIS will be produced by the two different type of cavities i.e. a ferrite
and a magnetic alloy cavity. With simulation programme it is possible to overcome these
limitations.
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4.6 Simulation programme

Accelerator in itself is a complex machine for its functioning depends not only on several
parameter settings, but also on the electronics around including the beam diagnostics. The
simulation makes it possible to create a virtual ideal machine, where the beam with its
surroundings can be studied by avoiding any errors introduced by its surroundings (eg.
vacuum chamber) and the beam diagnostics. In the present work, a Fortran based simula-
tion code ESME [39] developed by Prof. J.MacLachlan (from Fermi National Laboratory)
in 1988 is used.

ESME models the beam behavior in a synchrotron, or in a storage ring, under the influ-
ence of rf system [40]. Here, the evolution of the energy-azimuth coordinates is extracted
by iterating a map corresponding to single-particle equations of motion [39, 40]. The en-
ergy and phase of the i'" particle relative to the synchronous particle (the s particle) are
tracked, at regular intervals along the ring, by using two difference equations,

Tsn—1 Tin
D= L2200+ 2m(22 )],

Ei,n - Ei,n—l + ev((Ps,n + hﬁz,n) - 6‘/(905,71)7

with 7 as the revolution period, ) as the azimuthal phase position of a particle with energy
E and ¢ as its phase with respect to synchronous particle in rf wave. ESME defines the
default values for all the ring and beam parameters.

To simulate a specific beam in SIS ring, the important parameters which have been
introduced are 7, ring radius, beam energy, rest mass and atomic number of accelerating
particle along with the initial momentum spread of coasting beam and the type of particle
distribution in bunched beam. The rf cavities are distributed symmetrically around the
ring. Both cavities in SIS are placed with a phase difference of 180°. For the rf system,
the voltage amplitude ramp is introduced by defining initial, final voltages and ramping
time. Different values of these parameters along with the type of amplitude ramp, like
iso-adiabatic, parabolic or linear, are chosen for simulating the capturing process [59, 66]
in SIS. For the stationary bucket (Sec. 3.2.2), the rf frequency is calculated in ESME by
using the injection energy of the beam with the goal to have matched bunch i.e. to match
the bunch center with the bucket center. The planned double rf system for SIS (Sec. 3.3.3)
is simulated by inserting appropriate harmonic numbers, phase difference and amplitudes
of fundamental and second harmonic. The modelling of multiple rf systems, longitudinal
beam loading and space charge effects is done here by using the linux version of ESME2000
and ESME2003. ESME adopts macro-particle (maximum 1 x 10%) approach for calculating
these effects in both, time and frequency, domains. For beam loading calculations, cavity
parameters like R, Q and f,. (Sec. 2.5) are introduced in a separate data file [42]. The
beam and a conducting-wall beam pipe with radius (4 and 10 cm respectively) along with
the number of charged particles in the ring are introduced for simulating the space charge
effect [41].

In order to quantify the properties of the distribution, several outputs like energy,
momentum, rms emittance, rms bunch length, the beam loading and space charge voltages,

()’
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Figure 4.8: The bunch form under the influence of beam loading and space charge effects, for
Ta%" ion, in double rf bucket from numerical solution (Eq. 4.28) and ESME simulations.

bunching factor, rf amplitude ramps etc. have been plotted as a function of time. The
information about the bunch form is collected as an ASCII file and plotted, as per the
requirement, to compare it with the numerical calculations or the measurements.

Fig. 4.8 shows the example of the bunch form, from ESME simulations, along with
the bunch form from the numerical solution of Eq. 4.28. The influence of beam loading
and space charge effects results in oy, o, and A, for Ta®'* ion, as 0.34, 0.57 and 0.09
respectively. The good match of simulated bunch form with the one from numerical calcu-
lations (Eq. 4.28) is helpful in planning the measurements on SIS and also for predicting
the effects for the upgraded SIS.

The simulations are benefitted with the flexibility to choose the different type of cavities
and their frequencies and it could overcome the limitations of the numerical solutions. But,
on the limitation side, it cannot predict the exact beam loading, unless the exact value of
the R is known. Further, the influence of the beam loading on the control loops and the
type of beam loading can be confirmed through the measurements only.
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Chapter 5

Longitudinal Beam Diagnostics in

SIS

This chapter explains the beam diagnostics [82, 83] adopted for the longitudinal beam
loading and adiabatic capturing measurements in SIS. These measurements need a record
of beam intensity, bunch form and the momentum spread of coasting and bunched beams.

A precise measurement of beam intensity, along with the accounting for the unwanted
fluctuations, is required corresponding to other quantities like gap-voltages and beam signal
measured in parallel during the experiments. Therefore the intensity is recorded directly
and continuously at the output of a DC transformer, which is designed and manufactured at
GSI [84, 85] and explained in Sec. 5.1. Then the description about Beam Position Monitor
(BPM) [83, 88|, which is used to detect the longitudinal bunch form is presented. This
time-domain signal is observed by using an oscilloscope. It is followed by the description
about Schottky pick-up, which is used to collect the frequency-domain information from the
beam. This information is observed by using a spectrum analyzer and is used to calculate
the momentum spread of coasting beam [83, 89]. Further, the Digital Signal Processing
(DSP) system, which is used to measure and control the phase difference between beam
current and gap-voltage (Fig. 4.2), or between the gap voltages, is explained. This DSP
system is programmed and customized at GSI as per the specific requirements [98, 99].

5.1 DC Transformer

Beam current in a particle accelerator is commonly measured by passing the beam through
the toroidal core with high magnetic permeability of a Current Transformer (CT) [85]. Here
the beam acts as primary winding (Fig. 5.1 a) and the secondary winding on the core is
magnetically coupled to it [86, 87]. Due to the high permeability the field lines are guided
through the toroidal core such that only the azimuthal component is effective. Hence, it
keeps the signal strength nearly independent of the beam position inside the vacuum pipe.
The voltage induced in the secondary winding, V(t), is equivalent to the beam current, Ij,.
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Toroidal Ring AC transformer Ceramic
DC-CT | insulator

V(1)
Secondary
Winding
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Figure 5.1: a) Principle diagram for Current transformer used for beam current measurement.
It is showing the ion beam through the toroidal core. The current induced in the secondary
winding is collected as the voltage drop, V(t) across resistor R. b) A photograph of DC-CT in
SIS ring. A high permeability, of order 10°, VITROVAC toroidal ring with inner diameter of
260 mm and 10 mm? is used for all CTs. (Courtesy: Mr.Achim Zschau)

At a certain instant, the induced voltage,
V(t) = Lsee(t)Ry.

From the definition of a transformer,
V(t)=1L,— = 1,5, (5.1)

with N; as the number of turns on the secondary winding and S as the sensitivity or
calibration factor. Both the R, and N, should be considered for calculating the calibration
factor.

For beam current measurement in SIS for different parts of rf cycle (Fig. 2.4) two
different types of CTs are used. The passive pulse type fast CTs [83, 85], which can
measure only pulsed beam currents, are used for multi-turn-injection and fast extraction
observations. However, the DC-CTs based on the well-known fluxgate principle, which can
account for the DC component [84, 86, 87] as well. They are used for the beam during
accelerating ramp, the coasting beam and during the slow extraction. As all measurements
in this work are performed at injection plateau, an information about the intensity of the
coasting as well as the bunched beam is required. Therefore the DC-transformer shown in
Fig. 5.1 b, is used for the measurements.
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The beam signal from longitudinal pick-up (Sec. 5.2) is passed through the core of
DC-transformer. The beam current I, from 300 pA to 1 A can be measured here [83].
By definition, the response of a CT is limited only for an ac signal. But an adoption of
appropriate electronics makes the measurement of dc current possible. DC-transformer in
SIS (Fig. 5.1 b) consists of three high-permeability (105) VITROVAC toroidal rings. The
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Figure 5.2: An example of the beam intensity, in the units of particles per cycle corresponding
to time in ms, recorded in main control room.

first torus from the left, consisting of two coupled torodial rings, is the DC transformer. The
other two rings act as ac transformer for feedback and for controlling injection respectively.
The two tori, with similar magnetic characteristics, of DC transformer consist of three
types of windings each. These windings are used for the modulation, demodulation and

for measurement purposes. Its detailed working principle is explained in these references
(83, 85, 86, 87].
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Figure 5.3: An example of the beam intensity, in units of voltage (induced in secondary
winding of DC-CT) vs time in ms, recorded in rf experiment hall where the measurements were
performed. Two curves for different rf voltages are showing the clear fluctuations in the beam
intensity which is expected to be constant.

A time error is introduced due to the physical distance between the measuring in-
struments and intensity records made in main control room. To overcome this effect a
continuous record of the beam intensity, along with the other measured quantities like
gap voltages and beam signals, the direct outputs from the DC-CT is tapped during mea-
surements. This simultaneous recording of signals is done by using a Lecroy oscilloscope
(explained in Sec. 5.2). The beam current calculation by using the measured voltage
(Eq. 5.1) needs the calibration factor, S. It is calculated for each experiment separately
to include the effect of daily offset [84]. For this purpose, the intensity record from the
main control room (Fig. 5.2) and from the direct measurement (Fig. 5.3), for a particular
instant, are compared. In this way, an accurate value of beam intensity has been calculated
corresponding to the other settings and measurements with the time resolution of &~ 0.1us.
Also, the beam intensity fluctuations can be compared and accounted for different cases
shown in Fig. 5.3.
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5.2 Beam position monitor

Beam Position Monitor (BPM) is one of the most frequently used non-destructive diag-
nostic device in nearly all types of accelerators. As the name indicates, it provides the
center-of-mass of the beam for both transverse planes. Along with this, it monitors the
longitudinal bunch shape as well. And this is the very purpose of using the BPM in this
work.

It works on the principle of induction of charge on an insulated metal plate, placed in
the electric field of the beam particles [88]. For time-dependent bunched beam, this charge
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Figure 5.4: Principle diagram of longitudinal beam pick-up, showing the beam pipe with
ion beam inducing the opposite ions on metallic pick-up plates. This signal is detected by
using electronic circuit shown in Fig. 5.6 and longitudinal beam profile is displayed by using an
oscilloscope.

is in the form of an alternating current (ac) signal as can be seen in Fig. 5.4. Considering
the frequency range of the beam signal, this signal is coupled using rf technologies for
monitoring or measurement purpose. Due to this principle of monitoring longitudinal
bunch shape, it is also called electromagnetic pick-up.

BPMs are categorized based upon the method of realization of the working principle.
Longitudinal beam pick-ups used in SIS are of ‘Shoe box’ type with linear cut as shown in
Fig 5.5 a. The frequency range of it is 0.2 to 100 MHz, which covers the higher harmonics
of the bunch frequency. It is a box-like arrangement of four metal plates which in simplest
form resembles a diagonally cut shoe-box (Fig 5.5 b). As the beam passes by, it induces
different electric charge on the metallic electrodes. The concept is to measure this induced
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Figure 5.5: a) One of the BPM in SIS, installed in 1988. (Courtesy: Mr.Achim Zschau)
b) The conceptual diagram of BPM shows the voltages picked by its left and right plates. From
the amplified signal, sum signal is collected for the measurements.
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Figure 5.6: The Electronic scheme for longitudinal beam pick-up. The beam signal is detected
by pick-up plates and collected by using a differential transformer. Then this signal is amplified
or attenuated depending upon the level of its strength. Further all the signals below the cutoff
frequency of pick-up [88] are filtered. The sum signal is collected, by using a switch, to observe
the longitudinal beam profile in an oscilloscope.

charge or potential by the electric field of the beam on two opposite (left and right) metal
plates (or electrodes). With higher potential on the nearer one (to beam) and lower on the
opposite, the sum of the potentials V¢4V, ign: remains constant and depends only upon
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the beam current.

The processing electronics is an integral part of the BPM system and it should be so

as not to influence the beam signal. The BPM system in SIS uses a broadband processing
electronics as shown in Fig. 5.6. The record for the bunch shape benefits with high time
resolution. The analog signal from individual plates is amplified or attenuated to bring it
to the ADC input level. The final digital output from ADC has to be used to calculate
the strength of sum or difference signals. These signals are analogously generated by a
differential transformer [83]. The digital bunch signals are easy for handling and post
processing.
The time-domain information of bunch signal is recorded by using “WaveRunner 4395A”
Lecroy oscilloscope. The measurements are profitted from the segmented memory of these
modern digital storage oscilloscopes, where the data can be recorded with the sampling
rate up to 5 GHz. They can record up to 10000 traces, and each of them can be triggered
individually. This property facilitates the recording for evolution of bunch form for times
much more than synchrotron period. Keeping the memory capacity of oscilloscope in mind,
the data is stored in binary format (‘trc’). By using a software tool provided by Lecroy, this
data is converted to ASCII format(‘txt’). Then by using a visual basic based programme
[96], the point information is replaced by the corresponding time axis.
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5.3 Schottky pick-up

The Schottky pick-up was first installed in ESR and is described in Ref.[90]. Recently a
replica of this is mounted and tested for SIS as well [89]. The detecting probes for the

Figure 5.7: A photograph of Schottky pick-up in Experimental Storage Ring (ESR) at GSI.
(Courtesy: Mr.Achim Zschau)

Schottky signal from the beam are two plate capacitors. The concave shaped plates, shown
in Fig. 5.7, are oriented horizontally and vertically to form the capacitors in respective
planes. The sensitivity of detector probe can be adjusted by varying the distance between
the plates. This electrostatic pick-up detects the image currents induced by beam which
depends on the beam velocity [91]. A schematic diagram of Schottky pick-up is shown
in Fig. 5.8. During the measurements, a lower frequency cut off of 10 MHz is to be set
so that the signal to noise ratio drops and comes in the non-linear region of amplifier
characteristic [90, 93]. For longitudinal measurement the sum signal is measured by using
a real time spectrum analyzer, RSA3303A, from Tektronix. Out of several operational
mode of this device the real time mode is chosen because, only for this mode it can be
triggered externally [92]. External triggering is required to synchronize the data acquisition
to the required instant in the synchrotron cycle mentioned in Fig. 2.4.

The frequency span in the device can be chosen but in definite steps of 2, 5, 10-fold,
and so on, of 100 Hz. The center of measurement and the measuring time (duration for
data acquisition) can also be chosen. After triggering, the device acquires the data for the
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Figure 5.8: The electronic scheme for Schottky pick-up, showing that the beam signal is
collected by this pick-up. Then the signal is amplified or attenuated depending upon the signal
level. Further, for the information in longitudinal plane, the digital sum signal is selected by a
switch and is observed using a spectrum analyzer.

whole measuring time, which was chosen from the injection till the end of the designed
ramp (Subsec. 6.2.2).

The data in the spectrum analyzer is saved in binary format (‘iqt’). By using ReadIQT,
a software provided by Tektronix [92], these files are converted to ASCII (‘txt’) format.
The span or frames can be chosen for the conversion and for further averaging as per the
requirement. The number of frames in full data set, called block, is given by the ratio
of measuring time to the frame time. Several hundreds of frames are to be averaged to
extract a clear Schottky spectrum. A C++ programme is used for this purpose, the details
about it are mentioned in Ref [75]. A mathematica programme [94] is developed and used
to extract the rms momentum spread by using the averaged Schottky spectrum.



62 Chapter 5. Longitudinal Beam Diagnostics in SIS

5.4 Digital Signal Processor System

A Digital Signal Processing (DSP) system (made in Sundance Multiprocessor Technology)
has been programmed at GSI [98, 99] with the purpose of beam phase control and cavity
synchronization. It is used to synchronize the cavities for double rf operation and to observe
the additional phase information under the influence of beam loading.

A sketch of the DSP phase measurement system is shown in Fig. 5.9. With the purpose
of beam phase control, specifically for correcting the dipole oscillations in bunch, the
phase difference between a gap signal and the signal from longitudinal pick-up is used
as an input signal. For cavity synchronization the gap signals from both ferrite cavities

cavity amplifier/

S02BE1 _ attenuator
N\ gap signal ADC

mixer filter

DSP
SIS-ring

gap or | ADC
AL bunch signal
cavity

S08BE2

Figure 5.9: The scheme connecting the cavity or beam signals to DSP system in SIS. The
phase difference, ¢, between gap signals of the cavities (Fig. 2.2), is measured by DSP unit.

(Fig. 2.2) are compared and the phase difference between them is corrected [30]. After
frequency conversion of the swept frequency signal to a fixed intermediate frequency (IF)
and amplification, both signals are digitized and feeded to a DSP unit which calculates the
difference between signals numerically. The DSP system performs narrow-band detection
which guarantees the correct phase measurement even for noisy signals. The accuracy of
the phase detected by the DSP measurements system is better than +1° [99].
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Adiabatic Capture in SIS

An unbunched charged particle beam i.e. coasting or dc beam in SIS is captured by
‘switching ON’ the rf voltage precisely slow enough so as to preserve the beam quality or the
longitudinal emittance (Subsec. 3.3.1) during the whole capturing process. This is known
as the adiabatic capture [50, 59] of the dc beam. Here, adiabatic capture study is aimed to
assure the beam quality. While to study the longitudinal intensity effects (Sec. 4.1 and 4.2)
remains the primary objective of this work, adiabatic capturing of coasting beam remains
an essential pre-requisite to ensure that for any undesirable effect on beam quality and
beam stability. In this context, an analysis of capture study carries a special significance
before the study of the intensity effects.

Initially, several types of voltage-amplitude ramps based on the linear variation of differ-
ent phase space parameters are explained and a factor quantifying the emittance dilution
in the capturing process is introduced. It is followed by the theoretical and simulation
studies on the influence of amplitude of initial voltage on the capturing process. Further,
as the performance of the different ramps are tested in measurements and simulation, the
measurement method and parameter settings are explained. Thereafter, the observations
and results for both, single and double rf systems, are presented in the dedicated section
for each.

6.1 Principle of capture study

The reference time scale for the particle motion in the longitudinal phase space is the
period of synchrotron motion Ty (Sec. 3.2). For the adiabatic capture, the increase in the
amplitude of the rf voltage V[ should be slow enough to result in a linear variation of the
phase space parameters, Ty and w, [50, 59, 61], which helps to preserve the emittance.
In phase space, T (synchrotron period) is the property of an individual particle and wy
(synchrotron frequency) is the property of collection of particles, which directly influences
the bucket height (Eq. 3.14).

The appropriate choice and limiting values of the parameters of amplitude ramp i.e.
ramping time ¢4, time to ‘full-turn-ON’ for V|, and its initial and final values, V; and V¢
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respectively, depends upon the specific accelerator and its settings. For example, the lim-
ited machine cycle (Fig. 2.4), decided by the required frequency of the particle extraction,
restricts the higher limit of the ¢,,,, and a too fast capture results in the filamentation
and emittance blow up (Subsec. 3.3.2). The number of particles captured sets the lower
limit and the bunching factor (Subsec. 3.3.3) sets the higher limit for the final value, V}
of the rf voltage V; [50]. Apart from the above mentioned ramp parameters, the voltage
amplitude vs time function i.e. Vi vs t,4mp has a vital role to play in adiabatic capture
[59]. Different types of ramps are defined on the basis of this relation.

6.1.1 RF amplitude ramps and dilution factor

Several functions are derived by using the different properties belong to the single particle
(Ts) or to the collection of particles (ws) in phase space. With conditions like d7%/dt>>1,
dw,/dt>>1 and a linear rise from V; to V; for the adiabatic capture. Using these conditions
the iso-adiabatic, parabolic and linear types of ramps are derived and a Dilution Factor
(DF) is introduced to compare their relative performance. DF quantifies the increase
of the emittance in the capturing process, and hereby is the criterion for comparing the
performance of the ramps.

Iso-adiabatic ramp

Here the condition of linear variations in 7}, with time is applied to derive the rf amplitude

variations as follows:
1
Yo = 5

dTy
dt

1 dw,
w? dt

<< 1, (6.1)

where «;, is the coefficient introduced for the iso-adiabatic ramp. By using the condition
in Eq. 6.1, the form of the amplitude ramp can be obtained. T} is related to the rf voltage
amplitude as T, = 27 AV Y2 with A = \/LRm* /hq and it can be expressed as a differential

equation
1
Qg dt = 5Av—?’/%zv. (6.2)
Thus for the above mentioned ramp parameters, the «;, is obtained as
1 ( 1 1 )
tramp \/Vz \/ Vf

and an indefinite integration of the relation in Eq. 6.2, gives the ramp form as a;,t + C' =
AV Y2 By using the a;,, voltage amplitude at any instant on the ramp is obtained as

Oéia:A

1
V(t) = t 1 )

1 2
(tramp(\/_' - \/Vf)+0)

=
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where, the constant C is calculated by applying a boundary condition V (t,4mp) = V5 (or
V(0) = V;). By putting the constant C, the relation for the iso-adiabatic ramp

V;
tramp \/Vf

is obtained, which is shown in Fig. 6.1 with «;, of 0.1, for ¢,4,, of 100 ms against T of 0.6
ms.

(6.3)
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Figure 6.1: The iso-adiabatic, parabolic and linear ramps are drawn with V; =100 V, V; =6
kV and the ramping time ¢,4,,, = 100 ms.

Parabolic ramp

This ramp assumes the condition of linear increase in the bucket height (Eq. 3.14), applied
through the consideration of the linear variation in the w, with time i.e.

dw,

dt

<< 1, (6.4)

Qpar =

where o, is the coefficient introduced for the parabolic ramp. The w; is related to the
amplitude of rf voltage as wy = WV /A, this relation is expressed as a differential equation

1
Oépardt - ﬂV’WdV.
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By integrating it to the limits of the mentioned ramp parameters, we get

(VVr = VVi),

1
trampA

Apar =

and to derive the voltage amplitude, an indefinite integration of the mentioned differential
equation is done, which gives

1

Qpart + C' = —VV,

A
where C” is the constant derived by applying the similar boundary condition as that for the
iso- adiabatic ramp (Eq. 6.3). By using the constant C", the parabolic voltage amplitude
ramp is expressed as

V(t) = (VVi+ —— (V= V7)), (6.5)

tramp

which is shown in Fig. 6.1.

Linear ramp

A consideration of the linear increase in the amplitude of the rf voltage from V; to V; in
time ¢,qmp, results in a linear ramp

t

V() =Vi+ (Vs = Vo), (6.6)

ramp

which is shown in Fig. 6.1.

Dilution factor

In order to quantify the influence of these capturing ramp parameters on the longitudinal
phase space area, a parameter called ‘Dilution Factor’ (DF) is defined here. It gives the
dilution in the longitudinal phase space area of coasting beam before capture due to the
capturing process and is the ratio of bunched beam area, Sy, (Eq. 3.23), at the end of
capture to the coasting beam area, S...s (Eq. 3.22), in phase space (Fig. 6.2).

Sunc
DF — bunch

(6.7)

Scoast

In measurements, these areas are derived either by using the definition of rms emittance
(Eq. 3.21) or depending on the type of fit, the definition of fitted emittances is used.

The experiments and ESME simulations (Sec. 4.6) have been performed to test these
ramps (Eq. 6.3, 6.5 and 6.6) for different t,4,,,, by comparing the DF resulted from them
and this way the ramp parameters are optimized for the adiabatic capture of dc beam in
SIS.
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Figure 6.2: A qualitative demonstration of phase space showing the coasting and bunched
beams and the bucket created by the initial voltage.

6.1.2 Initial voltage and momentum spread

Apart from the type of ramp and the ramping time, the initial voltage V; is also an
important parameter to be considered during the capturing process. An imperfection
in the phase space (e.g. in Fig. 3.6) is caused by it, if the height of the bucket (Eq. 3.14)
created by the V; is higher than the momentum spread, (Ap/p)a, of the coasting beam
before capture (Fig. 6.2) and results in a non-adiabatic capture. From the simulations
(Fig. 6.3) it is observed that the dilution factor is not only a function of the V; but also
depends upon the (Ap/p)s and indicates that for an adiabatic capture, the meticulous
choice of V; is important. A parameter connecting the V; to the coasting beam properties,
defining its choice for the given coasting beam is introduced as a scaling parameter,

y = 6cb
(

Gl (6.8)

where d., is the rms momentum spread of the coasting beam (Subsec. 3.3.1) and (Ap/po)rf
is the bucket height (Fig. 6.2), created by V;. Further,

mm*h (Ap/p)cb
10¢  VV; '

with all the coefficients have the similar meaning as mentioned in Sec. 3.2. The simulations
are carried out for the different ion species showed the relation of dilution factor with the

X = nBc
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Figure 6.3: The dependence of dilution factor on momentum spread of coasting beam is
varying with the amplitude of initial voltage.

parameter x (Fig. 6.4), and

=14+ (6.9)

where f(x) includes the imperfection in phase space introduced by the V; and for f(x) <0
there will be no emittance growth. It is defined as an empirical relation

for x < x4, and found in good agreement with the simulation results (Fig. 6.4). Further,
a threshold for x i.e. x4, =~ 0.43 is defined so that, a coasting beam with any value x > xu
has no influence of the initial voltage on its capturing process.

There are certain limitations with the choice of V; i.e. the activation of different elec-
tronic circuits in SIS rf system demands for a minimum voltage of 100 V [36] restricts the
lower limit for V;. Also, the (Ap/p)s has quite frequent fluctuations in SIS. Therefore,
the above mentioned simulation and theoretical study is helpful to provide a limiting value
of initial voltage for the given coasting beam parameters, which is further verified by the
measurements.
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Figure 6.4: Simulations showing x for different ion-species. A threshold value of separating
the adiabatic and non-adiabatic regime is shown as 0.43, irrespective of the ion-species and the
beam intensity.

6.2 Capture measurements

The coasting beam in SIS is captured in the stationary bucket formed at injection energy
(Subsec. 3.2.2). The adiabatic capture study in this work is aimed to measure the emittance
of the ion beam before starting and at the end of the capturing process at this constant
energy. A change in the emittance in case of different types of ramps, represented by
Eq. 6.3, 6.5 and 6.6, for a range of a ramping times have been compared. Along with the
emittance change, bunch form and beam stability are also the important aspects to be
assured for the adiabatic capture [56, 57]. Therefore, the beam signal and its evolution
with time have been observed.

In upgraded SIS, srf system will be replaced by the drf one (Subsec. 3.3.3). Hence, the
measurements for the capture have been performed with drf system as well. Two ferrite
cavities working at different frequencies (Fig. 3.7) were ‘switched ON’ simultaneously and
synchronized by using DSP system (Sec. 5.4).
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Figure 6.5: A schematic diagram showing the different longitudinal diagnostics and measuring
instruments used during the capture study. The other ferrite cavity, SO8BE2, in SIS ring
(Fig. 2.2) is also activated for the double rf operation. It is kept short-circuited during srf
measurements.

6.2.1 Measurement method

Emittance of the coasting beam is a function of its momentum spread. A Schottky signal
from the coasting beam (Fig. 2.4) is collected before capture by using the Schottky pick-up
in SIS ring (Fig. 5.7). A scheme for the capturing set-up is shown in Fig. 6.5. This is the
frequency domain information from the beam in longitudinal direction for which the sum
signal from the Schottky pick-up is collected through some intermediate electronics shown
in Fig. 5.8. A Sony-Tektronix 3066 fast spectrum analyzer was used to observe this signal.
The conversion to linear power scaling, averaging and fitting of an averaged signal to a
certain distribution gives the momentum spread of the coasting beam. The details about
this pick-up and the post processing of the data are mentioned in Sec. 5.3.

Emittance for a stationary bunch is a function of its bunch length (Eq. 3.23), which is
derived by processing the longitudinal (sum) signal from beam pick up (BPM) in SIS ring
(Fig. 5.5 a). The details about BPM, right from the data collection to its post processing,
are explained in Sec. 5.2. This time- domain information of the beam signal is observed by
using an oscilloscope as shown in Fig. 6.5. Both the instruments, the oscilloscope and the
spectrum analyzer are triggered externally at the instant matched to the beam injection to
SIS. The bunch form is monitored by using a Lecroy oscilloscope (Fig. 6.6) and to observe
the beam stability, segmented memory feature of this oscilloscope (Sec. 5.2) is used.

Using the definition of the ramps in equations 6.3, 6.5 and 6.6, a data-table consisting of
the voltage amplitude and time information is created. This data-sheet is feeded remotely
to the Arbitrary Waveform Generator (AWG) and the generated ramp is then feeded to
the driving cavity or cavities in case of drf system. The same oscilloscope (Fig. 6.6) is
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Figure 6.6: A block diagram showing the signals measured by using the oscilloscope. For
double rf operation, the ramp is feeded to the SO8BE2 (in Fig. 2.2) cavity and then its gap-
signal is measured, additionally.

used to observe the time domain information from the beam and the gap signals from the
cavity (or cavities). After deriving both the coasting and bunched beam emittances from
the measured data, a dilution factor is calculated by using Eq. 6.7. Same procedure is
followed for all the three types of ramp and both the rf systems.

6.2.2 Settings of parameters

Machine, beam and cavity (or rf ramp) parameters are the main constituents of the mea-
surement settings. These parameters, for the experiments with both the single and drf
system, are shown in the Table 6.1. The beam intensity is kept constant but, to keep check
on its fluctuations, it is constantly recorded during measurements. For each experiment the
energy was kept constant and the frequency f,; was matched to the corresponding beam
energy. The energy and frequency mismatch is one of the sources of bunch oscillations
which disturbs the bunch stability at capture [61].

Single and double rf ramp settings

A long injection plateau (Fig. 2.4) of 2 s is set to apply the self-designed rf amplitude ramps
for capturing and bunching. Nearly 100 ms delay is provided, before initiating the capture,
to collect the information from the coasting beam. The data from the bunched beam is
collected on the flat-top followed by the capturing ramp. A de-bunching ramp leaves the
coasting beam in the machine, which follows the further machine cycle as per the routine
SIS operation (Fig. 