
Chapter 6

Commissioning and investigations

with TFS

Beam particles interact via direct space charge fields and through the electromagnetic
fields induced in the walls of the vacuum chamber and the environment surrounding the
beam (see chapter 3).

The beam environment can be characterised by a longitudinal and transverse
impedance. Transversely the beam starts a coherent oscillatory motion around its equilib-
rium orbit. Because of the resistivity of the walls, these forces may have such a phase as
to reinforce the oscillations and lead to instabilities. This phenomenon is called transverse
resistive wall instability.

Apart from coherent instabilities where collective oscillations of the beam center or
the beam shape grow exponentially due to interaction with surrounding structures one has
to worry about incoherent effects which tend to destroy a high intensity beam. Both, co-
herent and incoherent phenomena depend on the beam density. It is important to measure
the beam and the beam environment properties relevant for stability in an accelerator ring.
There are two basically different ways of observing a beam in an accelerator [25, 31, 33]:

a passive one in which the observer does not disturb the beam (Schottky spectra)

an active one in which the observer deliberately excites the beam to record its response
(BTF – the beam transfer function)

The arrangement to measure a beam transfer function is shown in figure 6.1. The
beam transfer function (BTF) is defined as the response of a beam to a small longitu-
dinal or transverse excitation. The BTF reveals phenomena such as Landau damping,
the coupling impedance, active feedback system, non-linear resonances and the action of
cooling systems. The contribution of each phenomenon can be extracted from the BTF.
Important beam and machine parameters can be obtained directly from the measurement,
such as the momentum distribution, the tune, the chromaticity and emittance in much the
same way as from the Schottky noise measurements. BTF measurements are therefore an
important and powerful tool for diagnostics of coasting particle beams, complementary to
Schottky diagnostics and superior in situations where the Schottky noise is weak.
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Figure 6.1: Arrangement to measure beam transfer function. The frequency sweep of the
network analyser is set to cover one or several betatron sidebands.

Figure 6.2: Vertical lower and upper betatron sidebands for the 163th harmonics of a
86Kr34+ beam at the injection energy of 11.4 MeV/u. Due to coherent insta-
bilities the transverse sidebands can increase.

An example of the transverse vertical coherent sidebands for the 163th harmonics
of a 86 Kr34+ beam at the injection energy of 11.4 MeV/u is shown in figure 6.2. The Q
– value was set to 3.29 and the measured Q – value was 3.26. This difference is due to an
error between setting devices in the accelerator and controlling software. The Q – values
correspond to the frequencies 60.11 kHz and 58.4 kHz, respectively. The measured centre
frequency is 34.9934 MHz.
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6.1 Environment diagnosis for TFS

In the following the measurements and diagnosis of components already installed in the
SIS ring will be discussed. Because each component of the feedback system determine the
parameters of the entire system it is important to know each component of the feedback
system in detail. In summer 1999 the first series of measurements were carried out in the
SIS because the new automatic feedback system is intended to be installed in this ring.

These measurements cover pickup measurements and the effects which can affect the
efficiency of the TFS. During measurements described in the following a 86Kr34+ beam at
the injection energy of 11.4 MeV/u (β = 0.16) with 1.12 · 108 particles was used.

6.1.1 Pickup measurements

The goal of this measurement was to determine the frequency range and the resolution of
the pickups together with the preamplifiers. Because the pickups already installed in the
ring should sense the coherent oscillations, these measurements have to be done for better
understanding the frequency range and corresponding sensitivity of the pickups.

Figure 6.3: Pickup measurements in the frequency domain. The upper plot shows response
of the Schottky pickup in the frequency range up to 30 MHz. The lower plot
represents the same measurement with position pickup DX1.

Signals from the position pickups DX1 and DX5, and phase pickups DP1P and
DP3P were measured. The comparison of the frequency spectrum of the position pickups
and the Schottky pickups is useful for verification of the important parameters like the
frequency range. The measurements were done under different conditions. At first, the
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pickups were measured at the injection energy of (11.4 MeV/u) β = 0.15 and then at an
extraction energy of (300 MeV/u) β = 0.652.

The verification of the DX1 pickup with the Schottky pickup can be seen in figure
6.3. The spectrum shown for the vertical plane is with kicker kicking in the same (ver-
tical) direction at β = 0.15, the solenoid magnet of E-cooler was switched off and with
connected extraction kicker. The result of these measurements was that during these tests
the extraction kicker as well as the different energy levels had no influence on the frequency
range of the pickups. From the measured spectra the conclusion can be drawn that the
Schottky pickups are wideband devices and the position pickups are very sensitive in the
low frequency range where the instabilities are expected.

During measurements on the pickup the coupling between both horizonal and ver-
tical planes was observed and this will be discussed in the following section 6.1.2.

6.1.2 Effect of E-cooler

For purpose of the electron cooling system the solenoid magnet and toroids of the Electron-
cooler were installed in the synchrotron. Because the solenoid can effect the frequency
range or the resolution of the pickups it is necessary to investigate the effect of the solenoid
magnet and toroids.
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Figure 6.4: The effect of the solenoid magnet of the Electron-cooler on the 5th harmonic.
Measured values of the tunes are Qy = 3.27 and Qx = 4.32.
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The first measurement was carried out with following parameters for the SIS ma-
chine:

qx = 0.29 qy = 0.29 .

In order to measure the coupling between both vertical and horizontal planes the
direction of the excitation was changed. Because the BTF was only used in one plane
(vertical or horizontal) the sidebands had to be observed only in this “kicking” plane. The
observed situation is shown in figure 6.4 for the 5th harmonic (f = 1.0755 MHz). The
value of the tune Q+

x and Q+
y represent the vertical and horizontal sidebands both for fast

waves, respectively. The value of the tune Q−
x and Q−

y represent the same for the slow
waves. From this figure the measured fractional values of tune Q were:

qy = 0.27 qx = 0.32 .

In order to check the correctness of this calculations a value of Qy = 3.35 was set far
away from the normal machine tune of Qx = 4.29. The measurement done with this set-
up had shown that the solenoid magnet of the Electron-cooler causes a coupling between
transverse and vertical planes. That means that the operation of the TFS together with
electron cooling can be influenced by the solenoid.

6.2 Commissioning

In the beginning of this chapter, methods for commissioning and putting into operation of
the transverse feedback system will be described and discussed. The measurements with
beam were carried out in two different beam periods and on the two different accelerators:

Measurements at the ESR were done in the summer of 2000. The goal of these
measurements was to collect first experience with the beam. The results were impor-
tant for the first test and for the verification of the theoretical calculated coupling
impedance. The new different measurement methods were verified. The results from
these measurements were used for the possible correction on the measurement device
and on the TFS.

Measurements at the SIS were done in the summer of 2001. The goal of these
measurements was to verify the theoretically calculated TFS parameters, to put the
transverse feedback system into operation, and to do the first measurements with
the TFS and to check the efficiency of the transverse feedback system.

6.2.1 Measurement methods

The natural method is to have the “natural” coherent instabilities. But if there is no
heavy impedance source, which can cause strong coherent instabilities or we can not
achieve sufficient intensities, we artificially excited coherent betatron oscillations by other
alternate methods.

In the following the alternate methods for generation of the “artificial” coherent
instabilities will be described. The goal of this part is to give the comparison of the used
measurement methods.
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The following methods will be discussed and the measurement results achieved with
these methods will be presented:

The first method uses the “artificial” coherent instabilities produced by the elec-
tron cooling system. In our case the electron cooler was used with a (electron) current
of 750mA. This method is only useful for a first commissioning, because one has to
separate the effect of the electron cooling system and the TFS. Coherent instabilities
produced by an electron cooler are accidental. This method was used in the ESR.

The second method is based on the “artificial” kicking of the beam by an ex-
citer. For this purpose the appropriate power should be used for the kicking of the
beam. In this case the synchronisation of the kick and measuring instrument is very
important. This method was used in the ESR as well as in the SIS.

The third method is based on the “knock-out” extraction. This method is based
on dynamical Q - value measurement. The main principle is the noise excitation. We
can used it during all accelerator modes (in acceleration mode, on the flat top, with
bunched beam and coasting beam). For the first tests with the transverse feedback
system the noise excitation on the flat-top was used. This method was used in the
SIS.

6.2.2 ESR measurements with beam

The measurements described in the following were done in the Experimental Storage Ring
(ESR). Since the ESR uses the identical position pickups (pickup construction is the same)
and the “old” transverse feedback system (for coasting beam and for specific range of the
kinetic energy only) is already installed in the ring, the condition for measurements are
comparable with the environment in the SIS. Therefore results from measurement with
beam can be compared with measurements in the SIS.

The following reasons imply to carry out the first measurements in the ESR:

• In the summer of 2000 the exciter required for the TFS was not yet installed at the
SIS.

• Due to safety reasons during a medical beam time it was not possible to use the SIS
for machine measurements.

• At the SIS was no transverse feedback system installed. For the first measurements
the “old” transverse feedback system at the ESR was used.

• Possible usage of the new transverse feedback system for the ESR too.

The alternate methods for generation of the “artificial” coherent instabilities had to
be used. The two different methods for generation of the “artificial” coherent instabilities
were investigated in the ESR: “artificial” coherent instabilities excited by electron cooling
and the “artificial” kicking of the beam by means of the kicker. Measurements with
coasting beam were done with a 12C6+ beam at a kinetic energy of 260 MeV/u (β = 0.622).
During the test the kinetic energy was changed in range from the 250 MeV/u to 300
MeV/u. To achieve the desired higher intensities stacking together with electron cooling
had to be used. Beam currents up to ≈ 5.5 mA were accumulated.



95

The “artificial” coherent instabilities produced by the electron cooling
system.

The coasting beam was cooled up to a density level where “artificial” coherent in-
stabilities could be observed. At this moment the old active feedback system was switched
on manually. The disadvantage of this method is that one has to separate the effect of the
electron cooling system and of the TFS. The second disadvantage is the reproducibility
of the “artificial” coherent instabilities. The coherent instabilities produced by electron
cooling system are accidental.

Figure 6.5: The “artificial” coherent instabilities were produced by electron cooler and the
TFS was switched on. The measurement with the TFS was reproduced three
times. (the TFS was switched on and off 3 times.) (Measurement was done in
the ESR.)

The measurements results with coasting beam are shown in figure 6.5. The feedback
system was switched on and off 3 times. In figure 6.5 the difference signal from Schottky
pickups is shown. The reason is that the difference signals from position pickups are such
small signals that after subtraction it is not possible to see the difference signal. The
measured frequency range is up to 100 MHz. The “artificial” coherent instabilities caused
by the electron cooler are very intensive up to 60 MHz. The measured damping times
can be only estimated from the plot because synchronisation of the feedback system and
generation of the instabilities was very hard. The feedback system could be controlled
only manual. The estimated damping times are approximately 200 ms. The “artificial”
coherent instabilities produced by the electron cooling system can be used for the first
tests but such a kind of coherent instabilities can not be used for exact evaluation of the
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damping constant. Optimal setting depends on the gain of the preamplifier for pick-ups.
If pick-up preamplifiers are saturated the signals from pick-ups are not usable.

The ‘artificial’ kicking of the beam by an exciter installed in a ring.

The method is very simple: a coherent horizontal or vertical oscillation is excited
by a single kick and the centre-of-charge position of the beam in the coasting beam is
observed approximately 200 ms that corresponds over 40000 turns at injection energy.
The damping rate observed in the experiment is the sum of the damping of the TFS and
the natural damping (Landau damping). To extract the damping rate of the TFS alone,
we need to subtract the effect of the natural damping from that of the experimental data.
The rate of the natural damping is easily measured by the experiment with the TFS off.

Figure 6.6: Methods for pre-commissioning of the TFS. The measured natural damping
time is approximately 136 ms. (Measurement were done in the SIS.)

This method could not by applied in the ESR because the kick power (with the
lowest voltage at kicker) was too strong and the beam was kicked out of the acceptance
regularly.

The possibility to use this method in the SIS was proved. These measurements were
done with a 197Au65+ beam at the injection energy level of 11.4 MeV/u. The setting of
the machine in the SIS was as following:

Ekin = 11.5 MeV/u f = 850.030 kHz β = 0.158

Qx = 4.29 Qy = 3.24 .
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In figure 6.6 two plots are shown from SIS. The first plot (upper) represents a
spectrum at one time step. The signal of the upper sideband (fast wave) is shown for
the 4th harmonics with the frequency span 10 kHz. The second plot (lower) shows the
three dimensional figure of the upper sideband at frequency 918, 752 kHz. The red color
represents the highest intensity or signal and the blue color represents the lowest intensities.
The difference between both cursors corresponds to the natural damping time. In this case
the measured natural damping time is approximately 136 ms.

6.2.3 SIS measurements with beam

The series of new measurements were taken in the summer of 2001. All these measurements
were done with the new transverse feedback system installed in the SIS. The goal of
measurements carried out in the SIS was to check the operation of the digital signal
processing with the beam and to collect experiences with the new transverse feedback
system which works automatically for all accelerator modes.

Measurement conditions

At first the measurement conditions are described. The coasting 197Au65+ beam at the
extraction energy of 350 MeV/u was used for the all measurements discussed below. in
the SIS was tested.

An example of the transverse vertical coherent sidebands for the 20th harmonics
of a 197Au65+ beam at the extraction energy of 350 MeV/u is shown in figure 6.7. The
setting of the machine in the SIS was as following:

Ekin = 350 MeV/u f = 3800.31 kHz β = 0.68

Qx = 4.30 Qy = 3.29 .

The fractional qx – value was set to 0.30 and the measured fractional qx – value
was 0.32. This difference is due to an error between setting devices in the accelerator and
controlling software. The frequencies correspond to the 290.1 kHz and 306.2 kHz, respec-
tively. The measured centre frequency is 18.999545 MHz and the theoretical calculated
value of centre frequency is 19.00155 MHz.

An example of the measured spectrum of the signal generator is shown in the figure
6.8. The described measurement were carried out on the flat top. The following reasons
lead to measure on the flat-top:

• We had no ”natural” coherent instabilities.

• In order to put the transverse feedback system into the operation we need repro-
ducible method for instabilities for a longer time (≈ seconds).

• The effect of the TFS can be separated from other effects.

The “artificial” coherent instabilities produced by the “knock-out”
method.

The description of the measurement method is based on the figure 6.9. Two plots
are presented:
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Figure 6.7: Lower (1) and upper (3) betatron coherent sidebands in the horizontal direc-
tion for the 20th harmonics of a 197Au65+ beam at the extraction energy of
350 MeV/u. In the center f=19, 00155 MHz (2) is the longitudinal signal.

• The relative amplitude of the noise generation represents our coherent insta-
bilities. The noise was only generated on the flat top and was triggered with the
beginning of the flat top phase. The noise was generated within 2 seconds.

• The relative amplitude of the current transformer corresponds to the beam
current in the ring. The measured characteristic is divided into four different phases
(A, B, C, and D) which are described below. The most important is the C phase.

At the beginning of the phase A particles are accumulated in the ring at the β = 0.15
(phase A - accumulation phase). Then the beam is accelerated from β = 0.15 to β = 0.68
(phase B - acceleration phase). After the acceleration phase the beam is circulated in the
SIS for a number of seconds (phase C - flat-top phase with the slow extraction). As it
can be seen from the figure 6.9 at the begin of the flat-top phase the noise generation
is triggered and started automatically. The beam is excited for a number of seconds
continuously. The so-called slow extraction is started. To avoid the beam extraction
(beam losses) the TFS should be switched on. The different decreasing slopes correspond
to different input parameters adjusted for the TFS. The four different cases in depending
on the input parameters were measured and are discussed in the following: the TFS is
switched on or off, the noise generation is switched on or off, and one or both pickups for
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Figure 6.8: An example of the measured spectrum of the signal generator on the flat top
for knock-out measurements in the frequency range from 100 kHz to 5 MHz.

the TFS are used. After flat top phase the beam is kicked off completely (phase D) and
the new accumulation phase (phase A) can start.

In order to evaluate better the efficiency of the TFS the flat-top time was set to
5 seconds. The constant level of the beam intensity from cycle to cycle is an important
prerequisite. If the beam intensity in the ring is changed drastically this method is no
more applicable.

Measurement results and discussion

The results with the new digital TFS can be seen in the figure 6.10. Four measured charac-
teristics depending on input conditions are shown: TFS 1, TFS 2, TFS 3 and TFS 4. On
the flat-top (C - flat-top phase) we can see four line plots with different slopes. The slopes
represents different damping times. In the following measurement results are discussed:

TFS 1: Input measurement conditions:

TFS=on (S04DX5H=on, S05DX5H=on) knock-out=off .

The function of the transverse feedback system should be tested at first. If the noise
is present in the system the transverse feedback system should not react on this
noise. The TFS should work only in presence of the coherent instabilities. If the
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Figure 6.9: Two characteristics represent the relative amplitudes of the noise generation
(KNOCK-OUT) and of the current transformer. The four phases specify: A -
accumulation phase, B - acceleration phase, C - flat-top phase with the slow
extraction and D - start and stop phase of the accelerator cycle.

beam is stable and without external excitation (no coherent instabilities) and the
transverse feedback system is switched on then no influence on the beam caused by
TFS alone was (as is shown in the figure 6.10 plot TFS 4) observed.

TFS 2: Input measurement conditions:

TFS=on (S04DX5H=-0.4, S05DX5H=0.7) knock-out=on .

The plot TFS 2 represents the situation when both pick-ups are used. The beam
losses were about 40% smaller in comparison to the situation with TFS switched off
(plot TFS 4).

TFS 3: Input measurement conditions:

TFS=on (S04DX5H=-0.4, S05DX5H=off) knock-out=on .

The plot TFS 3 represents the situation with the TFS switched on but the signal
from one pick-up is only used. The improvement on the beam stability of about 27%
was measured.

TFS 4: Input measurement conditions:

TFS=off (S04DX5H=off, S05DX5H=off) knock-out=on .
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plot TFS S04DX5H S05DX5H knock-out beam losses
[on/off] [on/off] [on/off] [on/off] [%]

TFS 1 on on on off 0

TFS 2 on -0.4 0.7 on 62

TFS 3 on -0.4 off on 73

TFS 4 off off off on 100

Table 6.1: The evaluation of the TFS efficiency with the beam. In the column “plot” the
TFS 1, TFS 2, TFS 3, and TFS 4 corresponds to plots in the figure 6.10.

In the plot TFS 4 the standard beam behaviour in the ring with the feedback
switched off is shown. The TFS is switched off and after certain time is the beam
kicked off. This plot represents the reference value.

The multiplication coefficients can be changed in the range from -2 to 2. The correct
and optimal values for the coefficients are calculated from the betatron functions. The
system gain can be adjusted at three different positions: amplifiers for pick-ups, system
amplifier (behind the digital part of the TFS) and power amplifier. The system gain for
all measurements was set to a constant value.
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Figure 6.10: Results from measurement in the horizontal direction in the SIS. The different
input conditions are listed in the table 6.1.

The TFS was successfully tested under different input conditions. The summary for
measured characteristics with corresponding input conditions is listed in the table 6.1. In
order to increase the TFS efficiency the TFS in both directions (horizontal and vertical)
should be used (coupling between horizonal and vertical plane). Experiences from the
measurements have shown that the correct coefficient sign and coefficient value is very
important. If the coefficient sign is not correct the TFS can not damp the instabilities but
can excite the coherent instabilities.
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6.3 Conclusions

From the measured spectrums the conclusion can be drawn that the Schottky pickups are
wide band systems and that the position pickups are very sensitive in the low frequency
range where the instabilities occur.

To put the transverse feedback system into operation requires periodical ”coherent
instabilities”. During the measurements with beam, three alternate methods for “artifi-
cial” coherent instabilities were presented: “artificial” coherent instabilities produced by
electron cooling system, “artificial” coherent oscillations by kicking the beam with the
kicker, and “artificial” coherent instabilities produced by “knock-out” method. The on-
set of instabilities for the first two methods is more a stochastic process. Therefore the
transverse feedback system should be switched on manually. For this reason the exact
evaluation of damping times could not be performed.

For the mentioned reasons the best way to test the efficiency of the transverse
feedback system is to use the ”artificial” coherent instabilities produced by the ‘knock-
out” method. For the digital feedback system the “knock-out” method was successfully
tested. A very important point should be mentioned at this place: reproducibility. The
best results were achieved with the vector summation. As we can see from measurements
an increase of the beam intensity by more than 40 % was achieved.

The functionality was checked in manual mode as well as in the automatic mode.
In the manual mode the four input parameters can be adjusted: coefficients for the vector
summation, the system gain in the feedback loop and the revolution time (delay time).
In the automatic mode we can choose which parameters will be set up and calculated
automatically, and which parameters will be set up manually.

From the table 6.1 we can see that the TFS is working with one pick-up but the
TFS efficiency can be higher with the vector summation. More tests with the TFS es-
pecially with different feedback loop gains, coefficients etc. are planned to be done. The
disadvantage of this method is that during measurements it is required to have a constant
level of the beam intensity. If this condition is kept the TFS system can be tested under
different conditions.



Chapter 7

Conclusions and outlook

The work was motivated by the need to control coherent transverse instabilities in a
broad velocity range and to find new concepts and methods for improving the efficiency
a broadband TFS. All transverse feedback systems were constructed exact only for one
accelerator. The main reason is that the most parts of transverse feedback systems are
distributed (long cable delays) and were designed exact only for one system. Transverse
feedback systems already in use at different accelerators were not able to cover all working
accelerator modes (coasting beam, bunched beam, acceleration mode) and the adaptation
for different accelerators was not simple. The presented transverse feedback system solves
all these problems. The constructed system is compact, highly adaptable and customis-
able, and, in principle, can be used for all accelerators. The change of some constants
in the system make possible to use it for different accelerators. The digital system has
unlimited possibilities and can be used for all acceleration operation modes (flat-top, dur-
ing acceleration, coasting beam, bunched beam, the variable delay is configurable). The
advantage of the system is that the digital system allows to work in the manual mode as
well as in the automatic mode. The manual mode is used from the beginning for the basic
adjustments and for putting the transverse feedback system into operation.

Within this thesis, the increasing of the beam intensity limit by means of the au-
tomatic feedback system operating in a large velocity range of ions was investigated and
the practical realisation was presented. A systematic theoretical analysis of coherent in-
stabilities in the SIS of GSI as well as an analysis of feedback system parameters was
performed. A digital signal processing part, which is a crucial component of the SIS
transverse feedback system, was designed and constructed. The practical tests show that
the digital signal processing is a very promising method and can not only be used for
feedback operation but also for feedback system diagnosis.

Theoretical consideration

The change of betatron functions at pick-up and exciter positions during the acceleration
process in the SIS was calculated. From triplet focusing mode (at injection energy level) to
doublet focusing mode (at extraction energy level) the betatron function value is changed
by more than a of two factor.

The transverse coupling impedance has been analysed in detail. As a main contribu-
tions to the real part of the coupling impedance, the resistive wall and kicker impedances
were identified. These are the most important impedance values in the low frequency
range where the Landau damping is insufficient. The kicker impedance with magnitude
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of approximately 800 kΩ/m at the frequency of 14 MHz was measured as the most dan-
gerous [21]. The broadband impedance is dominant for higher frequencies. The most
important contribution to the imaginary part of the transverse coupling impedance is the
space-charge impedance which can reach values of 1.1 GΩ/m.

The equation for the feedback impedance – including transfer functions of electro-
static pick-up and strip-line exciter – was derived. The effect of the exciter length on TFS
efficiency in the higher frequency range as well as time difference between particle-flight
time and electrical time were analysed. Taking into account the above mentioned analysis,
a new exciter with a length of 15 cm was designed and installed in the ring.

Because the heavy ion synchrotron SIS was designed for operation at the space
charge limit, a precise analysis for a U72+

238 beam with 3 · 1010 particles (assuming a elliptic
beam distribution) was performed. In order to cover all energies and accelerator working
modes, the stability diagrams and rise times for other species were also considered. Two
cases for transverse stability were studied in detail: a coasting beam at injection energy
(β = 0.158) and after an acceleration process (β = 0.58). The estimated rise time at
frequencies, where the Landau damping is effective, is approximately 0.5 s and, therefore,
are not as dangerous as coherent instabilities coming from the kicker with an estimated
rise time of 15 ms. Such coherent instabilities might become a problem after 100 ms
and especially for 14 MHz where the maximum of the transverse coupling impedance
is supposed to be. From analysis performed, the entire frequency range up to 40 MHz
can be dangerous and should be controlled by a transverse feedback system. Because the
instability rise time is smaller than the time of the acceleration process the TFS must work
during the acceleration process too. Thus, a programmable variable delay with parameters
listed in table 4.3 is required.

An overview of feedback systems together with a discussion and comparison of dig-
ital and analogue systems was given. Most of the listed analogue possibilities are not
programmable or can be only slightly modified during operation. However this is insuf-
ficient for modern automatic transverse feedback systems. The possibilities for variable
delays were investigated and compared in detail. Concerning the design of a new TFS, we
conclude that the main problems are to realise broadband non-dispersive variable delay
times in the range up to 10 µs (for correction in the second turn) and to allow mathemati-
cal operations in real time. The different phase-advance adjusting methods were discussed
and compared, too. The complete analysis of these methods - vector summation method
- with the possibility to change the TFS parameters and to calculate the required signal
for the exciter online, without interruption of the output signal, was presented.

Simulations

In the frame of this work the beam with the feedback system for various boundary con-
ditions was simulated. A wide variety of cases was investigated to document the effect of
multiplication error (phase advance error), quantization noise, pick-up noise (resolution),
exciter length, exciter transfer function and system gain. The comparison of different
working methods (proportional and constant kick) under different conditions were also
presented. The results obtained from these simulations show which parameters are im-
portant for the design of a new TFS. We demonstrated, for instance, that:

• damping time for 40◦ phase advance between pick-up and exciter is by factor 2 bigger
than for 90◦.
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• reciprocal value of the horizontal damping time is linearly dependent on the system
gain.

• for a certain exciter length and time difference between particle flight time and
electric transit delay time, an upper limit value of the frequency exists where the
feedback system does not work.

• a constant damping scheme provides a linear damping of the amplitude and ad-
ditionally, for the same peak power it is faster than the conventional proportional
damping scheme which produces an exponential damping in time.

Concerning the design of a digital signal processing system we found the following
conclusions:

1. A 12 bit/100 MHz system with variable parameters is required for the signal process-
ing because of the dynamic range, system resolution and analogue frequency range
up to 40 MHz to be processed.

2. The tasks are divided between PLD and DSP, i.e. PLD is used as DSP coprocessor
because the PLD can handle repetitive functions with extremely high performance
and the DSP processor can perform remaining functions.

3. Parameter independent phase characteristic in the whole frequency range is re-
quired. The transfer function of the TFS should not depend on adjusted value
of programmable variable delay.

4. Calculation in real time of the correct signal for the exciter is required. A new signal
is received each 10 ns and in the same time the calculated signal has to be used at the
exciter. Thus, a maximum peak data processing rate of 800 Mbytes/s is required.

5. The digital signal processing method offers the possibility to use both proportional
and constant damping scheme.

Design

These facts were the motivation for a new development of the digital signal processing
part, the design and realisation of which was divided into the two parts:

main card with PLD - it processes both pick-up signals and calculates the signal for
the exciter.

control card with DSP - it acts as a watch-dog for the main card. Because both pick-
up signals are available on each clock pulse the processed signals from the control
card have to be sent into the main card without disturbing the data processing from
pick-ups.

By means of new signal processing methods the switching times for the variable delay
and notch filter were optimised. That means that the switching time does not depend on
the value of the variable delay time.

Because delay-step values of the digital signal processing system are given by the
reciprocal value of the clock frequency, novel methods (digital and analogue) for increasing
of the delay-step value were studied and a practical solution was presented. The digital
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method with a resolution of 1 ns was simulated. For practical realisation, the analogue
version with switchable delay lines was presented.

A new phase adjusting method for vector summation with auto-changing coefficients
was discussed. For this purpose, four different ramps are generated during the whole
acceleration process: revolution time, multiplication coefficients and total gain. This
allows to adjust the feedback system for all working modes optimally: coasting beam,
bunched beam and during the acceleration process.

The detection method using two pick-up signals requires two different delays: short
delay between both pick-ups S04DX5H and S05DX5H (60 ns ÷ 400 ns) and long delay
between pick-up S05DX5H and exciter S04TFH (700 ns ÷ 9.64 µs). Both short and long
delays were integrated on a single 30KE chip by means of dual port memory.

The simulations have shown that by using the optimisation and pipelining methods
that the maximum system clock frequency can be increased by factor of 3. For the whole
TFS design the maximum simulated clock frequency 131.5 MHz with adjusted output
latency for multiplication and summation of 3 clock cycles was achieved.

The integrated solution for the new feedback system was presented and a method
for online digital signal processing has been developed and put into operation. According
to the accelerator working mode the TFS can work in automatic or manual mode of
operation. In manual mode (by means of program NODAL) values for revolution time,
multiplication coefficients as well as total gain can be entered.

Measurements

The realised 12bit/100 MHz variable digital signal processing working in real time shows
results which are in a very good agreement with the theoretically calculated parameters.
The phase error within the entire frequency range is less than ±4◦. The measured available
precision of the programmable variable delay for the TFS is to 146 ps. The RMS value (the
delay step value was n = 100 ns) of the deviation from the nominal value was found to be
201.4 ps. Correction and optimisation methods for improving parameters like differential
and integral nonlinearity were presented and applied. First measurements with the variable
notch filter showed the results expected. A notch depth up to 30 dB in the frequency range
from 2 MHz to 15 MHz was measured.

For feedback system optimisation and parameter calculations the SIS and ESR mea-
surements were performed. To demonstrate the quality of the digital signal processing part
the first test and commissioning with the automatic transverse feedback system were car-
ried out in the ESR.

To put the transverse feedback system into operation requires periodical ”coherent
instabilities”. During the measurements with beam, three alternate methods for “artifi-
cial” coherent instabilities were presented: “artificial” coherent instabilities produced by
using the electron cooling system to achieve beam phase densities to induce instabilities,
“artificial” coherent oscillations by kicking the beam with the kicker, and “artificial” co-
herent instabilities produced by “knock-out” method. The first two methods are more
stochastic processes and the transverse feedback system should be switched on manually.
For this reason the exact evaluation of damping times could not be performed.

For the mentioned reasons the best way how to test the efficiency of the transverse
feedback system is to use the ”artificial” coherent instabilities produced by the ‘knock-out”
method. This method was used as a compromise among others methods. For the digital
feedback system the “knock-out” method was successfully tested. The very important
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point should be mentioned at this place: reproducibility. The best results were achieved
with the vector summation. At the beginning we supposed that an increase of the beam
intensity by factor 2 could be possible in the SIS ring with the transverse feedback system.
As we can see from measurements an increase (improvement) of the beam intensity more
than 40 % was achieved.

Many extensions of the present work are possible as future challenges. Within this
work the required intensities for “natural” coherent instabilities could not be achieved
in the SIS at the GSI. In addition, only measurements with a coasting beam could be
performed. The complete and exact analysis of each parameter (∆τ,Q, noise, ...) should
be examined within the entire frequency range.

Concerning bunched beams, work has to be done to study the behaviour of both the
notch filter and the BOSS (Beam Offset Signal Suppressor). More measurements in both
directions (horizontal and vertical) is required to evaluate the behaviour of the notch filter
(especially the phase characteristic, see chapter 5.2.2) in interaction with beam.

Furthermore, the different damping methods (see chapter 4.1.2 and chapter 4.5)
should be subjected further investigation. Results from these measurements can tend to
better understanding of the beam and TFS interaction.
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Appendix A

Symbols and constants

A mass number or amplitude

AD effective noise value due to quantization

a is 16/3 for parabolic distribution function and 64/15 for quartic distribu-
tion function

b radius of vacuum chamber

bpar feedback factor 0.0 ≤ bpar ≤ 1.0
9B(r, ω, s) magnetic field

BD noise power added to a signal due to quantization

c speed of light (vacuum)

CPU pickup capacity

d(t) time-dependent dipole moment

dk half height and width of kicker gap

Ekin kinetic energy
9E(r, ω, s) electric field

E0/e proton rest mass in volts (938 MV)

e elementary charge (1.6022× 10−19 C)

f frequency

f0 revolution frequency

fs sampling frequency or synchrotron frequency

fβ betatron frequency

fnmp frequencies of coherent transverse modes

fmin lower frequency limit for transverse feedback system

FW driving term for betatron oscillations

F̃W(ω) Fourier transformation of FW

F̃FB(ω1) Fourier transformation of feedback term

g geometrical factor

G total gain in feedback loop

Gabsolute absolute gain

h harmonic number

hK width of exciter gap

hPU width of pickup gap

I, IB ion beam current

IC charging current

K⊥ figure of merit for transverse exciter

k(s) periodic function
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L synchrotron period length

lK exciter (kicker) length

lPU pickup length

M number of bunches

m mode number; describes the phase relation between particles within a
bunch

m0 mass of a particle

N number of stored ions

n mode number; the coupled bunch mode; or number of bits

p mode number; describes periodicity in transverse phase space

p⊥ transverse momentum

q fractional part of tune or charge state (q/A)

qcharge image charge on the plate

qx fractional part of the horizontal tune

qy fractional part of the vertical tune

qD quantization level or resolution of the ADC

Q tune

Qx horizontal tune

Qy vertical tune

Qcav quality factor of resonator

R synchrotron circumference

RIN input impedance of preamplifier

Rs shunt resistance of resonator

rbeam beam radius

s longitudinal coordinate - coordinate along to design orbit

t time

t0 intrinsic delay

Trevolution time revolution time

u(s) general coordinate for horizontal or vertical direction

9v particle velocity

vB particle velocity βc

V output voltage at pickup

VP output voltage at pickup

VK input voltage at exciter

VL voltage at stripline pairs

x horizontal distance coordinate

x′ angel between particle and design orbit in the x-s-plane

x0(t) input signal depending on time

x̂ maximum amplitude of transverse oscillation assumed to be one-
dimensional

xi transverse position error of i-th bunch

xA initial amplitude in vertical direction

Xi(ω) Fourier transformation of xi
y vertical distance coordinate

y′ angel between particle and design orbit in the y-s-plane

y(t) output signal depending on time

yA initial amplitude in horizontal direction
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yPU coherent oscillation amplitude at pickup position

yK coherent oscillation amplitude at exciter position

Z ion charge state

Z⊥(r, ω) coupling impedance

Z⊥ transverse coupling impedance (x or y direction)

ZSC
⊥ space charge impedance

ZRW
⊥ resistive wall impedance

ZBB
⊥ broadband impedance

ZK
⊥ kicker impedance

ZEC
⊥ electron cooling impedance

ZFB
⊥ transverse feedback impedance

Z0 the impedance of free space

ZC characteristic impedance

ZL impedance of stripline pairs

Zk impedance of external network

W⊥(r, s) wake function

wK height of exciter gap

wPU height of pickup gap

α alpha function

αatt attenuation function

αx,y alpha function (horizontal, vertical)

αPU,x alpha function at the pickup (PU) position for the x direction

αPU,y alpha function at the pickup (PU) position for the y direction

αK,x alpha function at the exciter (K) position for the x direction

αK,y alpha function at the exciter (K) position for the y direction

β relativistic velocity factor v/c or betatron function

βatt attenuation function

βx,y(s) betatron function (horizontal, vertical)

βPU,x betatron function at the pickup (PU) position for the x direction

βPU,y betatron function at the pickup (PU) position for the y direction

βK,x betatron function at the exciter (K) position for the x direction

βK,y betatron function at the exciter (K) position for the y direction

βx,y average betatron function (horizontal, vertical)

γ relativistic Lorentz-factor

γT relativistic factor at transition energy

δi arbitrary phase constant for particle i

δp/p̄ width of momentum distribution at half height of maximum

ε (beam) emittance

εx horizontal emittance

εy vertical emittance

η off momentum parameter or damping coefficient

ηt;d triplet\doublet off momentum parameter

ξ chromaticity

ξt;d triplet\doublet chromaticity
σ el. conductivity of vacuum chamber wall material

τ time delay between a generic beam particle and the synchronous particle
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τ̇ time derivative of τ

τcool cooling time

τp particle flight time between pickup and exciter

τe electronic delay time

τfocusing is 1 for triplet and 0 for doublet

τrisetime coherent instability rise time

τrw resistive wall rise time

τk kicker rise time

τbb broadband rise time

τblowup quantization rise time

ϕ phase of an oscillation

ψ(ϕ, x̂, ...) a distribution function for beam

ω angular frequency

ω0 angular revolution frequency

ωr resonance frequency of resonator

ω±n transverse signal of a single particle with ω and Q in spectrum with single
lines

ω⊥nc frequency offset

ωξ chromaticity frequency

∆ϕ phase difference between adjacent bunches

∆τ difference between particle flight time and electronic delay time

∆µ betatron phase advance between pickup and exciter

∆tD delay step value for digital delay

∆tA delay step value for analogue delay

∆x transverse beam displacement

δx′ kick angle received by ion going through exciter

δn deviation from the ideal value

∆xmin achievable pickup resolution in vertical direction

∆ymin achievable pickup resolution in horizonal direction

∆p⊥ momentum change of particles

Ψ0 initial phase

Ψ(s) phase function
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Figure B.1: The entire feedback integrated in the ALTERA chip EPF10K30ETC144-1.
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Figure B.3: Implementation of the multiplication with decoding in the ALTERA chip
EPF10K30ETC144-1.
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Connection diagrams - Main card
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Figure C.1: The principal scheme of the main card presented in modules.

Figure C.2: The VME connectors for connection to control board and function generators.
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Figure C.3: Part for checking and controlling board.

Figure C.4: Input ADC for the pickup S04DX5H or S04DX5V.
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Figure C.5: Input ADC for the pickup S05DX5H or S05DX5V.

Figure C.6: Clock generation with clock distribution.
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Figure C.7: Power source +3V3, +2V5 and -5V0 for the main card.

Figure C.8: ALTERA chip EPF10K30E.
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Figure C.9: Switches for presetting of the variable delay.

Figure C.10: Selection of the presetting: control board or ’free’ run.
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Figure C.11: JTAG communication and bootable memory.

Figure C.12: Output ADC convertor.
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Appendix D

Connection diagrams - Control

card

Jumper description

J4, J5 Clock frequency osillator

J7, J8, J9, J10 Boot for XCR3320 mode

SH3, SH4, SH5 Configuration switches for DSP

J12, J13, J14 Connection between DGND and PDGND

J11 Connection for external EMULATOR Reset

LED1,LED2 LED signalisation of voltages, signals ...

Table D.1: Signals description for the control board.

J4 J5

clockmode1 clockmode0 clk

0 0 4x

0 M 5.3125x

0 1 5X

M 0 6.25X

M M 2X

M 1 3.125X

1 0 6X

1 M 3X

1 1 8X

0 = connect directly to ground
1 = connect directly to VDD
M = leave unconnected (floating)
Input clock frequency = 20MHz

Table D.2: Clock frequency for the oscillator ICS501.
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Figure D.1: The supervisor, clock generation and programming mode.

Figure D.2: The interrupt, JTAG and boot parts of the DSP processor.
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Figure D.3: DSP power and host communication.

Figure D.4: Switching power supply circuit for +3V3.
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Figure D.5: Switching power supply circuit for +1V8.

Figure D.6: XILINX chip for communication between DSP and ALTERA.
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Figure D.7: The VME connectors for connection to control board and function generators.

Figure D.8: JTAG for DSP and JTAG for XILINX together with signalisation.
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Figure D.9: DSP address and data buses with boot memory for DSP.

Figure D.10: Interfaces for checking and monitoring with boot memory for XILINX.
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J10 J9 J8 J7

M3 M2 M1 M0 cclk CONFIGURATION MODE DATA FORMAT

1 0 0 0 Output Master serial Serial

1 0 0 1 Input Slave parallel Parallel

1 0 1 1 Input Synchronous peripheral Parallel

1 1 0 0 Output Master parallel & up Parallel

1 1 1 1 Input Slave serial Serial

Table D.3: Booting modes description for control board.

J12 J13 J14

GND GND GND connection between DGND and PDGND

Table D.4: Ground connections for control board.

Pins Function Default Description

SH3 1-2 PLLFREQ1 OFF C6201B CLKOUT1 50-140 MHz

3-4 PLLFREQ2 OFF

5-6 PLLFREQ3 OFF

7-8 BOOTMODE0 ON MAP1 Internal RAM, 8-bit ROM

SH4 9-10 BOOTMODE1 OFF

11-12 BOOTMODE2 ON

13-14 BOOTMODE3 ON

15-16 BOOTMODE4 OFF

SH5 17-18 LENDIAN ON 1’ little - or ’0’ big - endian

19-20 CLKMODE0 OFF mult x 1 f(CLKOUT)=f(CLKIN)

21-22 CLKMODE1 OFF

23-24 *** Not Used *** XXX not connected

On the board: A - 1 (DGND) C - 0 (+3V3)

Table D.5: Configuration switches description for control board.

LD1 notes LD2 notes

1 not used Reset

2 +1V8 not used

3 +5V0 LD2 for debugging +3V3

4 +3V3 LD1 for debugging DGND

Table D.6: Description of LEDs signalisation.
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Schwerionen-Speicherring ESR,” Dissertation Universität Frankfurt, GSI 91–22 (GSI
Darmstadt, 1991).

[103] M. Serio and M. Zobov, “Measurement of transverse and longitudinal spectra,” LNF-93-
042-P Invited talk at 1st European Workshop on Beam Instrumentation and Diagnostics
for Particle Accelerators, Montreux, Switzerland, 3-5 May 1993.

[104] M. Serio et al., “Multibunch instabilities and cures,” in NONE LNF-96-033-PC Prepared
for 5th European Particle Accelerator Conference (EPAC 96), Sitges, Spain, 10-14 Jun
1996.

[105] J. D. Simpson and R. Konecny, “Low Dispersion Notch Filter For Multi - Ghz Fre-
quencies Using Fiber Optics Delays,” ANL-HEP-CP-85-42 Presented at 1985 Particle
Accelerator Conf., Vancouver, B.C., Canada, May 13-16, 1985.

[106] S. R. Smith, “Beam position monitor engineering,” SLAC-PUB-7244 Talk given at 7th
Beam Instrumentation Workshop (BIW 96), Argonne, IL, 6-9 May 1996.

[107] M. Stampfer, “ Development of an Active Feedback System to Damp Transverse Co-
herent Diplomarbeit, Max-Planck-Institut für Kernphysik, Heidelberg, 1992.

[108] M. Steck, “Design of the electron cooling system for SIS,” Darmstadt GSI - GSI-Nachr.-
95-12 (95,rec.Jan.96) 25-26.

[109] J. M. Steimel and D. McGinnis, “Damping in the Fermilab booster,” Prepared for 1993
IEEE Particle Accelerator Conference (PAC 93), Washington, DC, 17-20 May 1993.

[110] J. M. Steimel, “Fast digital dampers for the Fermilab booster,” In *Dallas 1995, PAC,
vol. 4* 2384-2388.

[111] P. Strehl and H. Vilhjalmsson, “The SIS-beam diagnostic system,” pp. 1413-1415.

[112] “TMS320C6000 Peripherals Reference Guide,” TEXAS INSTRUMENTS, Literature
Number: SPRU190C, 1999 477 p.

[113] “TMS320C6000 Assembly Language Tools User’s Guide,” TEXAS INSTRUMENTS,
Literature Number: SPRU186E, 1999 386 p.

[114] “TMS320C6000 Optimizing C Compiler User’s Guide,” TEXAS INSTRUMENTS, Lit-
erature Number: SPRU187E, 1999 387 p.

[115] “TMS320C6000 CPU and Instruction Set Reference Guide,” TEXAS INSTRUMENTS,
Literature Number: SPRU189D, 1999 391 p.

[116] “TMS320C6000 Board Design for JTAG,” TEXAS INSTRUMENTS, Application re-
port: SPRA584, 1999 7 p.

[117] “TMS320C620x/TMS3206701 DMA and CPU: Data Access Performance,” TEXAS IN-
STRUMENTS, Application report: SPRA614,1999 28 p.

[118] “Code Composer Studio User’s Guide,” TEXAS INSTRUMENTS, Literature Number:
SPRU328A, 1999 234 p.

[119] D. Teytelman et al., “Feedback control and beam diagnostic algorithms for a mul-
tiprocessor DSP system,” SLAC-PUB-7305 Talk given at 7th Beam Instrumentation
Workshop (BIW 96), Argonne, IL, 6-9 May 1996.



146

[120] D. Teytelman et al., “Operation and performance of a longitudinal feedback system us-
ing digital signal processing,” SLAC-PUB-6675 Presented at 6th Beam Instrumentation
Workshop (BIW 94), Vancouver, Canada, 2-6 Oct 1994.

[121] M. Tobiyama, E. Kikutani and Y. Minagawa, “Longitudinal bunch feedback system
with a two tap FIR filter prototype,” KEK-PREPRINT-95-103 Contributed to 10th
Symposium on Accelerator Science and Technology, Hitachinaka, Japan, 25-27 Oct 1995.

[122] M. Tobiyama, E. Kikutani, T. Taniguchi and S. Kurokawa, “Development of a two tap
FIR filter for bunch by bunch feedback systems,” KEK-PREPRINT-95-104 Contributed
to 10th Symposium on Accelerator Science and Technology, Hitachinaka, Japan, 25-27
Oct 1995.

[123] M. Tobiyama and E. Kikutani, “Study of bunch by bunch feedback system in TRISTAN-
AR,” KEK-PREPRINT-97-13 Talk given at 17th IEEE Particle Accelerator Conference
(PAC 97): Accelerator Science, Technology and Applications, Vancouver, Canada, 12-16
May 1997

[124] M. Tobiyama and E. Kikutani, “Bunch-by-bunch feedback systems for KEKB rings,”
KEK-PREPRINT-98-8 Talk given at 1st Asian Particle Accelerator Conference (APAC
98), Tsukuba, Japan, 23-27 Mar 1998.

[125] M. Tobiyama and E. Kikutani, “Commissioning of KEKB bunch feedback systems,”
KEK-PREPRINT-99-4 The 1999 particle accelerator conference (PAC’99) Mar 29 -
Apr 2, 1999, New York City, New York, U.S.A..

[126] M. Tobiyama, E. Kikutani and J. W. Flanagan, “Bunch by bunch feedback systems for
KEKB rings,” KEK-PREPRINT-99-71 In *Wako 1999, Accelerator science and tech-
nology* 555-557.

[127] M. Tobiyama and E. Kikutani, “Development of a high speed digital signal process
system for bunch-by-bunch feedback systems,” Phys. Rev. ST Accel. Beams 3 (2000)
012801.

[128] T. Toifl, “Integrated circuits for the synchronisation of high-energy physics experi-
ments,” Dissertation CERN, Genf 1999.

[129] L. Vos, “Transverse emittance blow-up from dipole errors in proton machines,” CERN-
LHC-PROJECT-REPORT-193 Presented at 6th European Particle Accelerator Confer-
ence (EPAC 98), Stockholm, Sweden, 22-26 Jun 1998.

[130] T. Weiland and R. Wanzenberg, “Wake fields and impedances,” DESY-M-91-06, May
1991. 54pp.

[131] H. Wiedemann, “Particle accelerator physics: Basic principles and linear beam dynam-
ics,” Berlin, Germany: Springer (1993) 445 p.

[132] H. Wiedemann, “Particle accelerator physics: 2: Nonlinear and higher order beam
dynamics,” Berlin, Germany: Springer (1995) 464 p.

[133] E. Wilson, “Transverse beam dynamics,” In *Jyvaeskylae 1992, Proceedings, General
accelerator physics, vol. 1* 131-158. CERN Geneva - CERN-94-01 (94/01,rec.Mar.)
131-158.

[134] “Speed Metrics For High-Performance FPGAs,” XILINX Application Brief XBRF015,
1997 10 p.

[135] “XCR3320: 320 Macrocell SRAM CPLD,” XILINX Product specification DS033, 2000
43 p.



147

[136] J. Xu, J. Claus, E. Raka, A. G. Ruggiero and T. J. Shea, “The Transverse damper
system for RHIC,” BNL-45356 Presented at 1991 IEEE Particle Accelerator Conf., San
Francisco, CA, May 6-9, 1991.

[137] V. M. Zhabitsky, I. L. Korenev and L. A. Yudin, “The Resistive instability damper
system for the first stage of the UNK accelerator with IIR filter in feedback,” JINR-P9-
91-494.

[138] V. M. Zhabitsky, “Transverse feedback system with a digital filter,” Nucl. Instrum.
Meth. A391 (1997) 96.

[139] B. Zotter and F. Sacherer, “Transverse Instabilities Of Relativistic Particle Beams In
Accelerators And Storage Rings,” In *Erice 1976, Proceedings, International School Of
Particle Accelerators (CERN 77-13)*, Geneva 1977, 175-218.



148



Acknowledgements

I cordially acknowledge Prof. H. L. Hartnagel for supervising my dissertation and contin-
uous help I received from him during my stay at the Technical University Farmstead as
well as for his kindly offered financial support during all three years.

My special gratitude goes also to Dr. N. Angert for being a co-supervisor of my
thesis. He kindly offered me financial support during my last six months at GSI.

I am especially indebted to Dr. U. Blell, who gave me infinite support and encour-
agement during my stay at GSI. Special thanks for Dr. K. Beilenhoff and Dr. H. Eickhoff,
who were giving me support from the beginning of my work.

My coming to Germany was possible very much due to the help and support of Prof.
J. Jasenek, who introduced me to Prof. H.L.Hartnagel at Summer School, Bratislava, in
1997. I am very grateful to him for making this chance to become a reality.

A very special place in my thanksgivings I have to reserve for Dr. K. Beckert, Dr.
K. Blasche, Dr. O. Boine-Frankenheim, Dr. B. Franzke, R. Menges, Dr. F. Nolden, Dipl.-
Ing. P. Moritz, Dr. M. Steck, and Dipl.-Ing. A. Schwinn. I appreciate their help and
support during my measurements and first tests with the automatic feedback system in
SIS as well as in ESR.

For the numerous advises and consultations especially connected with the signal
processing system, measurements and putting both cards into operation in a laboratory
environment, I also would like to thank Dipl.-Ing. A. Badura, Dipl.-Ing. A. Franke,
J. Gross, Dipl.-Ing. G. Englert, Dipl.-Ing. R. Hartmann, Dipl.-Ing. J. Hoffmann, and
Dipl.-Ing. W. Panschow.

My gratitude also goes to all colleagues at the Institute of Microwave Engineering
for their valuable discussions and suggestions as well as providing great encouragement.

Additionally I would like to thank Dipl.-Phys. B. Franczak and Dipl.-Ing. P. Kein-
berger for their help with software preparation and for their assistance concerning on
NODAL program.

Thanks to G. Eidmann, Dipl.-Ing. G. May, W. Meufels, and S. Voltz for help with
questions on connection diagrams and layout preparation. Without their support it would
not be possible to realise both printed circuit boards in such a short time.

For the friendly environment at GSI and for their help, I would like to thank Dr. R.
C. Bär, Dr. G. Franchetti, Dr. G. Rumolo, and Dipl.-Phys. Liu.

I want to express my gratitude to Dr. R. C. Bär, Dr. U. Blell, Dr. V. Ichizli,
Dipl.-Ing. A. Megej and all those who read this manuscript and made helpful suggestions.

Because the largest part of this thesis was carried out as part of the GSI project I
would like to thank all other not mentioned here co-workers of GSI for a fruitful collabo-
ration and their excellent technical support.

Finally, I want to thank my family for their unconditional support. To them I
dedicate this work.

149



150



Lebenslauf

Persönliche Daten

Name: Roman Rojko
Adresse: Hurbanova 18/137
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