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.
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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 8 Kr3**+ 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 () — value was 3.26. This difference is due to an
error between setting devices in the accelerator and controlling software. The ) — 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 S6Kr?** beam at
the injection energy of 11.4 MeV /u (8 = 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.
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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) § = 0.15 and then at an
extraction energy of (300 MeV /u) 5 = 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 § = 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 @), = 3.27 and @, = 4.32.
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The first measurement was carried out with following parameters for the SIS ma-
chine:

¢z = 0.29 gy =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 Q7 and Q; represent the vertical and horizontal sidebands both for fast
waves, respectively. The value of the tune @, and (), represent the same for the slow
waves. From this figure the measured fractional values of tune ) were:

gy = 0.27 gz = 0.32..

In order to check the correctness of this calculations a value of @@, = 3.35 was set far
away from the normal machine tune of @), = 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 ) - 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:

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

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

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

e 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 2C%" beam at a kinetic energy of 260 MeV /u (8 = 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.
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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.
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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



96

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 TEFS 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.
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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 "Au%* beam at the injection energy level of 11.4 MeV /u. The setting of
the machine in the SIS was as following:

Ein = 11.5 MeV/u f = 850.030 kHz 3 =0.158
Qe =429 Q,=324.
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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 197 Au%* 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 197Au%"* 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:

Exin = 350 MeV /u f = 3800.31 kHz B =0.68
Q. =430 Q,=329.

The fractional ¢, — value was set to 0.30 and the measured fractional ¢, — 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:

e We had no "natural” coherent instabilities.

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

e 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 "7Au%7™ beam at the extraction energy of
350 MeV/u. In the center f=19,00155 MHz (2) is the longitudinal signal.

e 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.

e 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 § = 0.15
(phase A - accumulation phase). Then the beam is accelerated from § = 0.15 to § = 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, SO5DX5H=0n)  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
TF'S alone was (as is shown in the figure 6.10 plot TFS_4) observed.

TFS_2: Input measurement conditions:
TFS=on (S04DX5H=-0.4, SO5DX5H=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 TEFS switched off
(plot TFS_4).

TFS_3: Input measurement conditions:
TFS=on (S04DX5H=-0.4, SO5DX5H=0ff) = 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=0ff, SO5DX5H=0ff)  knock-out=on .
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plot TFS S04DX5H | SO5DX5H | knock-out | beam losses
[on/off] | [on/off] [on/off] [on/off] [%]
TFS_1 on on on off 0
TFS_2 on -04 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 k2/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 G£2/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 Ug%g 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. T'wo
cases for transverse stability were studied in detail: a coasting beam at injection energy
(8 = 0.158) and after an acceleration process (5 = 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 us (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:

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

e 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.

e 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 SO5DX5H (60 ns <+ 400 ns) and long delay
between pick-up SO5DX5H and exciter SO4TFH (700 ns + 9.64 us). 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 (AT, @, 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

Ap

bpar

—

B(T,w, s)

Cpu

d(t)

dy

l;kin
E(F,w, s)
120/6

e

f

fo

[s

fa

Frimp
jhﬁn

Fw
FW(w)
fFB (wl)
g

G

G’a,bsolute

mass number or amplitude
effective noise value due to quantization
is 16/3 for parabolic distribution function and 64/15 for quartic distribu-

tion function
radius of vacuum chamber

feedback factor 0.0 < bper < 1.0

magnetic field

noise power added to a signal due to quantization
speed of light (vacuum)

pickup capacity

time-dependent dipole moment

half height and width of kicker gap

kinetic energy

electric field

proton rest mass in volts (938 MV)
elementary charge (1.6022 x 10719 C)
frequency

revolution frequency

sampling frequency or synchrotron frequency
betatron frequency

frequencies of coherent transverse modes
lower frequency limit for transverse feedback system
driving term for betatron oscillations
Fourier transformation of Fyy

Fourier transformation of feedback term
geometrical factor

total gain in feedback loop

absolute gain

harmonic number

width of exciter gap

width of pickup gap

ion beam current

charging current

figure of merit for transverse exciter

periodic function
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L synchrotron period length

Ik exciter (kicker) length

lpy pickup length

M number of bunches

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

mo 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

D1 transverse momentum

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

Gcharge image charge on the plate

Qz 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

Ry shunt resistance of resonator

Tbeam beam radius

S longitudinal coordinate - coordinate along to design orbit

t time

to intrinsic delay

Trevolution time  revolution time

u(s) general coordinate for horizontal or vertical direction

U particle velocity

UB particle velocity Sc

% output voltage at pickup

p output voltage at pickup

Vk input voltage at exciter

L voltage at stripline pairs

x horizontal distance coordinate

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

xo(t) input signal depending on time

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

x; transverse position error of i-th bunch

TA initial amplitude in vertical direction

Xi(w) Fourier transformation of z;

Y vertical distance coordinate

Yy’ 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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Wi (7, s)
WK
wpU

Qatt
Ola;’y
QaPpU x
QpU,y
K x

aKy

ﬂatt
By (s)
BPU x
Bru.y
BK x
BK.y
B,y

YT
op/p

Ex

Mt;d

ét;d

coherent oscillation amplitude at pickup position
coherent oscillation amplitude at exciter position
ion charge state

coupling impedance

transverse coupling impedance (x or y direction)
space charge impedance

resistive wall impedance

broadband impedance

kicker impedance

electron cooling impedance

transverse feedback impedance

the impedance of free space

characteristic impedance

impedance of stripline pairs

impedance of external network

wake function

height of exciter gap

height of pickup gap

alpha function

attenuation function

alpha function (horizontal, vertical)

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

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

K
alpha function at the exciter (K) position for the y direction
relativistic velocity factor v/c or betatron function
attenuation function
betatron function (horizontal, vertical)
betatron function at the pickup (PU) position for the x direction
betatron function at the pickup (PU) position for the y direction
betatron function at the exciter (K) position for the x direction
betatron function at the exciter (K) position for the y direction
average betatron function (horizontal, vertical)
relativistic Lorentz-factor
relativistic factor at transition energy
arbitrary phase constant for particle i
width of momentum distribution at half height of maximum
(beam) emittance
horizontal emittance
vertical emittance
off momentum parameter or damping coefficient
triplet\doublet off momentum parameter
chromaticity
triplet\doublet chromaticity
el. conductivity of vacuum chamber wall material
time delay between a generic beam particle and the synchronous particle
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Tcool

Tp

Te
Tfocusing
Trisetime
Trw

Tk

Tbb
Thlowup
2

AZmin
Aymin
Ap,

U(s)

time derivative of 7

cooling time

particle flight time between pickup and exciter
electronic delay time

is 1 for triplet and 0 for doublet

coherent instability rise time

resistive wall rise time

kicker rise time

broadband rise time

quantization rise time

phase of an oscillation

a distribution function for beam

angular frequency

angular revolution frequency

resonance frequency of resonator

transverse signal of a single particle with w and @ in spectrum with single

lines
frequency offset

chromaticity frequency

phase difference between adjacent bunches
difference between particle flight time and electronic delay time
betatron phase advance between pickup and exciter
delay step value for digital delay

delay step value for analogue delay

transverse beam displacement

kick angle received by ion going through exciter
deviation from the ideal value

achievable pickup resolution in vertical direction
achievable pickup resolution in horizonal direction
momentum change of particles

initial phase

phase function



Appendix B

ALTERA implementation
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Figure B.1: The entire feedback integrated in the ALTERA chip EPF10K30ETC144-1.
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Connection diagrams - Main card

117



118

0 7 E I 3 I I 5 5 7 ] ]
H TFS - Main Board H
CLK_ADC
H 5.F6 H
GLK XILINX
5 E6
s o
cLK DAy
LocK /6.0 bonen
L = = 1 L
- P
AGND
5 P 5
yonl
X
H $579 H
BUIER( 1
502
- aoc_1 5
.
0 AEND %;LK—ADC CLK_XILINX Ry 0
L J*/s co 3
/8 EO'— do 8U1
R BU15xL1
Ll #15 RS 8577 Ll
LA N5, 0yr X
#
X /13 .05 o
1S3
C BU3 C
hoc_2 TLINX e ABND
5 s
PB1OKA1 __PBIUXAT
501 502
L BFO1 BFUT L
NAE DATUM Update:
[FONTROL ENTW Rojko |30-Nov-2000 T ’: S 3 O O
0 BEARB.| X X
A GEPR TFS-vari-delay BLATT
1
_ vaN
o 7 F 3 l GSI - owwsmaor VERS. v1\12-00 X
Figure C.1: The principal scheme of the main card presented in modules.
o 1 E 3 5 5 7 g ]
H H
VME Connectonr L
down
G §18 813 877 G
2186Px P7 818ePx P7 8TagPx .P7
3536 8588 g708
X X %
L 1 1 o0 150 L
DINSTOP AU EDINSTOP B/D DINSTOP .
COUNTCON RESERV 1 DINSTOP .
ESERV 2 ESET XIL .
5 ESERV 3 g 5
o,
Ay
o
[ CA INPO [
CA_INP3 g
ESERV 6
o,
s cB NP2 s
C8_INP5 .
CBINPS .
o,
L A — L
AREAD14 |
AREADT1
AREADE /
o AREADS D
EWDATA
BREAD13 READ14
L READTO READT] g, H
ncioy Jessn: f
[BREAD4 READS
— —
c e e c
p GND
L ~ L
E
&
5 Lo 8
NAE DATUM Update:
ENTW | Rojko |30-Nov-2000 T ’: S 3 O O
BEARB.| X X
A GEPR VME connectors BLATT
2
_ vaN
o 7 3 3 l GSI - owwsmaor VERS. v1\12-00 X

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



119

0 T z 3 Z) 5 5 7 8 g
H
Kontrol HPIB
CcL NX_ 3y LK _ADC 3k DAC 3 g (CLK XILINX3 g
fEo P A D19 |39 0 5 |cho 3 3 |cHo NEWDATA 19 |iip
ED P A U 18 |c D1 8 (chr 2 ERpin A NEWDATA 18 |cpq
(] BB D17 Z1cHe pB11 L iCH2 L2 icHe ¥
P8 U 1B \cH3 8 1cH3 0 8 \cH3 16 IcH3
OUNT ENAB— 15 1chs o Z Slihs DBg Slora o 15 IoHa o
4lcs 2 dicHs 2 L] 4lcws 2 5 M4 rys 2 [
PUTE 3 e X 3 lche X 7 3lche X 4 135l %
PUT4 2 ey 2 7 2lehy @ DB6 2 ey 2 2_12lgh; 2@
PUT2 Terg Mo Da Terg 0 Des Tleng o T A1 by
PUT2 0lchg wi g Olchg 06 DB4 0lchg oo 010 chg s
PUT 3 \cH10 10 3 1cH10 3 3 IcH10 S S 1cH10 -
PUTO 8 1cH11 1 8 lcH11 C 8 JcH11 8 8 lcH11
7 o 7 < DB 7 © 7 71ch12 ~
ESERV_1 515018 @ EseRv 8 “BoH2 P DBO SRR @ 6 5112 @
ESERV 2 51eH14 Bx ESEAV 7 5 |oqy o= B leH1a Bx 5 5 1pH1a Bx L
ESERV 3 P ESERV 6 4105 2ch1s 4 Alch1s
HOs—<Y9.68 £
ﬁﬁg G8 |
°
LEDs o g D
0y
LED3
Loax7 DGND 2
S566 ) « H‘é L
GND 8 [P 1w +ava
Lsvo 7] 43 |2 niea ABND
Kl E558 b >
GND 6| 45 |3 meags +5V0Q c
R
GNO 5|y a4 FEDD 2V5 enp =
™ STORAL1 g
. L
&
Lot oD 5
LD4%J7
SB12 B
X
GND 8 45
D2 7145
A NAME DATUM Update:
INIT-CONE S| g ENTW Rojko |30-Nov-2000 T’:SBOO
— BEAFB.. X X
Kantrol HPIB + LEDs BLATT
GEPR :
| - VON
0 T z 3 7} i GST - osawstaot VERS. V1\12-00 X
Figure C.3: Part for checking and controlling board.
0 T z 3 T ] T 5 T 5 T 7 ] ]
ADS9432 converter for Pickup4 H
AGND [
HET3eL 1650
5713 +3v3 G
CLK_ADG X V
/1.F1 T
ox
DﬂD
-
X
R180 ?%MDDFI*SW 0,
R181 oo 100AXS1 D1
R182 p2ed00mxS1 02 £
R183 £7 10051 D3
R184 P20 10051 4
ASND R185 S22 100AXS1 5
0186 ot 1008%51 DEY ,
R187 g 100RXS1 7
R188 o= 100AXS1 B
A189 100A%S1 [B]=)
5 7190 S22 100R%S1 010 5
A9t gZoooxst D11
PRI
/?Dﬁﬂ 100N4L1 PES
7 L
X
s{73 “Eos=/9
KKB1T126
RS 12
21 o
EEo 1 c
Bl 15
815 < 5
i
°
AGND IE Il
B
NAME DATUM Update:
ENTW Rojko _|28-Nov-2000 T’:SBOO
BEARB.. X X
ADC for Pickup4 BLATT
GEPR 4
| _ VON
0 T z 3 4 I GST - omnwsraot VERS. V1\12-00 X

Figure C.4:

Input ADC for the pickup S04DX5H or S04DX5V.
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Figure C.8: ALTERA chip EPF10K30E.
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Figure C.9: Switches for presetting of the variable delay.
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Figure C.10:

Selection of the presetting: control board or ’free’ run.
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Figure C.11: JTAG communication and bootable memory.
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Figure C.12: Output ADC convertor.
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Appendix D

Connection diagrams - Control

card

Jumper description

Ja, 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
clockmodel | 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.
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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.
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Figure D.4: Switching power supply circuit for +3V3.
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Figure D.5: Switching power supply circuit for +1V8.
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Figure D.6: XILINX chip for communication between DSP and ALTERA.
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J1o | J9 | J8 | J7
M3 | M2 | M1 | MO 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 H Output ‘ Master parallel & up ‘ Parallel ‘
1 ‘ 1 ‘ 1 ‘ 1 H 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 PLLFREQ?2 OFF
5-6 PLLFREQS3 OFF
7-8 BOOTMODEO ON MAP1 Internal RAM, 8-bit ROM
SH4 | 9-10 BOOTMODE1 OFF
11-12 | BOOTMODE2 ON
13-14 | BOOTMODES3 ON
15-16 | BOOTMODEA4 OFF
SH5 | 17-18 LENDIAN ON 1’ little - or ’0’ big - endian
19-20 CLKMODEO 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.

‘ H 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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