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Abstract

The ISIS neutron and muon source, located in the UK,
consists of a H™ linear accelerator, a rapid cycling proton
synchrotron and extraction lines towards two target stations.
Transverse beam instabilities are one of the major factors
limiting the intensity of the proton beam. In order to miti-
gate these instabilities an experimental damping system is
being developed for the ISIS synchrotron. This system uses
a split electrode beam position monitor (BPM) as a pickup
and a ferrite loaded kicker as a damper. This kicker is ordi-
narily used to excite the beam with a fast rise time pulse for
tune measurements. This paper describes the utilization of
this device within a fast feedback system, using the continu-
ous waveform provided by a split electrode BPM, which is
processed by an FPGA board.

INTRODUCTION
The ISIS Synchrotron

The ISIS synchrotron accelerates two proton bunches,
with a total of 3 x 103 protons, from 70 MeV to 800 MeV
at a repetition rate of 50 Hz, delivering a mean beam power
of 0.2 MW to two tungsten targets. Protons are accelerated
over 10 ms by first and second harmonic RF cavities, with a
fundamental frequency sweep of 1.3 MHz to 3.1 MHz.

Instabilities at ISIS

A coherent instability has been observed at ISIS, causing
vertical emittance growth around 2 ms into the 10 ms accel-
eration cycle. BPM measurements taken over a number of
turns have previously identified vertical oscillations along
each bunch [1]; see Fig. 1. The sum signal in this figure
shows the longitudinal profile of the bunch, while the differ-
ence signal provides an indication of the vertical position
along the bunch. The oscillations shown in the difference
signal are characteristic of a transverse m = 1 head-tail
instability [2].

Operationally the head-tail instability is suppressed by
ramping the vertical tune over the appropriate time interval.
While this technique is effective, it is limited by losses as
the vertical tune approaches the half-integer resonance [3].

The Feedback System

A broadband, fast feedback system based on a stripline
pickup & kicker has been designed to actively damp the
effects of transverse instabilities and is currently being man-
ufactured. Progress has been made on the feedback system
itself by making use of the existing equipment in the ISIS

* alex.pertica@stfc.ac.uk

3 BPMs and Beam Stability

0.14

0.12---- == Sum Signal

1) | | == Difference Signal _|

0.08
0.06

0.04

Volts

0.02

0 BT way L rasnme

-0.02

Y] e——

i i
300 400
Time (ns)

-0.06 I I
0 500 600 700
Figure 1: Sum and difference signals from a vertical BPM

showing oscillations along a bunch [3].

synchrotron, specifically a split-plate BPM and a ferrite
loaded kicker, the betatron exciter. The general set-up of the
existing system is shown in Fig. 2.

Figure 2: Set-up of the existing ISIS feedback system.

The Betatron Exciters

The ISIS betatron exciters; or "Q-Kickers", are window
frame ferrite loaded kickers in the synchrotron which are
ordinarily used for measurements of beam tune; there is one
such kicker for each transverse plane. They are formed of two
high-voltage plates opposite to one another and surrounded
by ferrite yokes. The plates are both terminated with a high-
power 10 Q load resistor. The layout of the Q-kicker is shown
schematically in Fig. 3.

The Q-kickers are normally excited with 4 kV pulses of
opposite polarity sent to each plate. The resulting electric
and magnetic fields kick the beam for only a single turn.
This kick produces betatron oscillations which are observed
on BPMs around the ring.

TUPWC04
287

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



6th International Beam Instrumentation Conference
= ISBN: 978-3-95450-192-2

470 pF 1nF 1nF 1nF 1nF 1nF 470 pF
=

AnindcdciciE:
N @ @ N m @ q] -- Beam Direction
- ””””f R EE T ¥ & Pulse Direction
WNENENIRNVINEN ﬂ] N Ferrite
(= F = F = =

470 pF 1nF 1unF 1nF 1nF 1nF 470 pF

Flgure 3: Internal layout of a Q-kicker, the direction of the
two applied pulses is indicated as well as the beam direction.

The Betatron Exciter as a Damper

As the Q-Kicker is typically used for tune measurements,
it is often available during normal machine operation. For
° this reason it was decided to use it within a feedback system
D as a kicker to damp existing beam instabilities on the vertical
“ plane This has been achieved by driving the device with a
£ linear power amplifier system at the end of a feedback chain,
£ instead of a high voltage pulse generator.
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THE FAST FEEDBACK SYSTEM
Kicker

In order to match the characteristic impedance of the Q-
kicker, each of the two excitation plates are fed by a set of
five 50 Q URMG67 coaxial cables from the electronics racks
located 150 m away. As the Q-kickers are still needed as
-'§ a betatron exciter no modifications have been made to the
& kicker itself. This allows the Q-kicker to be a damper or a
5 betatron exciter by switching the inputs.

of this work must ma
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% Pick-up
g A split-electrode BPM is used as a pick-up for the vertical
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lane. These monitors have a bandwidth that ranges from a
& few tens of kHz up to more than 50 MHz. The BPM located
2 at the position with optimal betatron phase advance [4] (for
S amean vertical tune of 3.8 around 2 ms) is used by another
> system. The next available BPM with the smallest phase ad-
m .

L vance error is located at 266° beta phase-advance upstream
% of the Q-kicker. Both electrode signals are amplified and
sent through coaxial cables into the feedback electronics.

c
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Power Amplifiers

the terms of th

Each set of five coaxial cables is powered by a custom
5 made Eltac Ltd RA994 amplifier providing five 50 € outputs.
g Both amplifiers are driven in anti-phase by the low level radio
2 frequency (LLRF) stage. The amplifiers specifications are

2]

S given in Table 1.

Table 1: Power Amplifier Specifications

Value

50kHz - 20 MHz
10° max variation

Property

Frequency range
Phase linearity

Gain 51.5dB nominal (+1 dB)
Rated Output Power 20 W per output
TUPWC04
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Feedback Electronics

Figure 4 shows the block diagram for the feedback elec-
tronics. The LLRF stage receives the two electrode signals
from the vertical BPM. One of these signals is feed through
a programmable step attenuator, so the closed orbit offset
can be subtracted from the differential signal at the 180°
combiner. The resulting signal is then fed into the FPGA
stage ADC. After being processed, it is fed back from the
FPGA stage DAC into a programmable gain amplifier, a gat-
ing amplifier and a 180° splitter that provides the anti-phase
signals for both power amplifiers.
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Figure 4: Block diagram of the feedback electronics.

The FPGA stage consists of a National Instruments NI-
5781, 100 MS/s transceiver Flex-Rio front end module [5],
backed by a PXIe-7962R Flex-Rio FPGA card. The first
one samples the BPM differential signal to be processed by
the FPGA and provides an analogue output for the LLRF
stages. Both, the clock for the ADC/DAQ module and the
FPGA processing stage are driven by a frequency synthe-
siser that multiplies the RF fundamental frequency by 30,
tracking the bunch revolution frequency in order to simplify
the filter implementation and delays adjustments. This block
contains a comb filter to remove the revolution frequency
and subsequent harmonics as well as the DC component.

Another stage produces a fixed delay for a calculated num-
ber of turns to apply the optimal kick (including the electron-
ics and cable delays) and a dynamic delay that decreases as
the revolution frequency ramps up. This stage also provides
gating for the feedback signal — in order to apply the cor-
rections only at a chosen time during the acceleration cycle.
The gating and the look-up table managing block are driven
by a 100 MHz clock in order to simplify the acceleration
cycle synchronisation.

INITIAL RESULTS

The initial tests aimed to check the suitability of the
damping system for the existing head-tail motion in the syn-
chrotron, around 2 ms after injection. First, measurements
were taken with the feedback system disabled to record the
existing instability. The system was then switched on with
a gating time of 1.5 ms to 3.5 ms and optimised to produce
the maximum damping. Afterwards, the signal fed to the
power amplifiers was reversed in order to drive the beam and
compare the effects. All graphs correspond to data sampled
at 2.8 ms after injection where the instability effects were
more noticeable. Beam parameters at 2.8 ms are listed in
Table 2.
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Table 2: Beam Parameters 2.8 ms after Injection

Property Value
Mean Vertical Tune 3.7
Revolution Frequency 948 kHz
Kinetic Energy 157 MeV

Figure 5 shows the frequency spectrum with the feedback
system disabled. The beam instability sidebands are evident
around the fundamental RF frequency (1.886 MHz as there
are two bunches in the ring).

Figure 5: Frequency spectrum of the vertical BPM differ-
ence signal with the damping system disabled, showing the
sidebands.

After switching the damping system on, the sidebands are
attenuated by around 10 dB, as can be seen in Fig. 6
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Figure 6: Frequency spectrum of the vertical BPM differ-
ence signal with the feedback system damping, showing the
reduced sidebands.

By reversing the output signal polarity, in order to drive
the beam, the initial sidebands were slightly increased, addi-
tional large sidebands were also observed; see Fig. 7.

Scale: 10.0 dB/div

Figure 7: Frequency spectrum of the vertical BPM difference
signal with the feedback system driving, showing additional
sidebands.

The FFT waterfall graph in Fig. 8 shows the difference
between the three scenarios. Each horizontal line in the
waterfall graph corresponds to a set of FFT data acquired at a
repetition rate of 1.6 Hz. The line at the bottom corresponds
to the latest acquisition.

The top third corresponds to the damping system switched
off, showing the sidebands clearly. The middle third corre-
sponds to the damping system on, showing the sidebands
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Figure 8: Waterfall plot demonstrating the effects of damp-
ing and driving with the feedback system.

reduced significantly. The bottom third shows the damp-
ing system driving the beam, with the sidebands slightly
increased and the additional sidebands clearly visible.

Beam loss levels were compared between the three sce-
narios, integrating them during the time window between
1.5ms and 2.5ms. The reduction in beam loss with the
damping system enabled was less than 5% and difficult to
measure as the instability varied significantly between cy-
cles. Further loss reduction may be achieved by tuning other
beam parameters. The increase in loss was more evident
while driving the beam.

SYSTEM MODELLING

Modelling of the Q-Kicker has been performed using CST
Microwave Studio® (MWS) [6]. The general structure of
the model is shown in Fig. 9. The main features of the model
are: the outer conductive casing, the ceramic vacuum vessel
(green), the six ferrite window frames (blue), the plates con-
nected via the feedthroughs, the lumped capacitors (blue,
top and bottom) and the lumped resistors. The ferrite ma-
terial was modelled as Ferroxcube 4M?2 with an electrical
resistivity of 1 x 10° Qm, a constant relative permittivity of
& = 10 and a frequency dependent, complex relative perme-
ability as specified in the material data sheet [7]. The beam
apertures were modelled with open boundary conditions and
the main body was grounded with space added above the
electrical connections. The simulations were performed in
the frequency domain as this allowed the permeability of the
ferrite yokes to be interpolated rather than fit as is required
in MWS time domain simulations.

Plate Coupling

In order to test the validity of the model, initial simulations
were performed which allowed comparison with experimen-
tal measurements. As the Q-kickers have been installed in
the synchrotron only the 10 Q plate input feedthroughs were
available for measurement.

The coupling between the plates was measured with a Ro-
hde & Schwarz ZVL vector network analyser (VNA). A re-
sistive matching network was used to couple the VNA’s 50 Q
ports to the 10 Q feedthroughs, but was not included in the
VNA calibration; the attenuation was added later. This set-
up was simulated by defining both of the 10 Q feedthroughs
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Figure 9: CST model of the Q-kicker with lumped elements
and a two displaced wires.

as waveguide ports. The results of this simulation are shown
in Fig. 10.
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'g Figure 10: Simulated S-parameter magnitude of the coupling
« between opposing plates in the Q-kicker.

%

S The measured results appear to match the simulated ones
£ reasonably well between 6 MHz and 35 MHz. Some varia-
S tion is expected due to mechanical and electrical imperfec-
é tions. Below this frequency range however the simulated
8 results consistently predict a smaller coupling between the
Qo .

< plates than was measured; a difference of close to 7dB at
5 1 MHz. Simulations with increased mesh density will be
5 performed to investigate this observation.

ed

g Q-Kicker Frequency Response

z The frequency response of the Q-kicker was simulated by
E exciting a two wires, vertically displaced from the central
8 axis; see Fig. 9, with opposite polarity using the multi-pin
= port feature of MWS. The two 0.5 mm radius, perfectly elec-
= trically conducting wires were displaced by £1 cm from the
S central axis. The coupling to one plate connector was then
E obtained; see Fig. 11. The simulated response drops off
% significantly for lower frequencies. At 20 MHz the coupling
O
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Figure 11: Simulated scattering parameters between two
excited thin, displaced wires of opposite polarity and a 10 Q
feedthrough on one plate.

is predicted to be —40dB, while at 1 MHz the coupling is
less than —60 dB. Further simulation and beam-based mea-
surements are required to verify whether this response is
representative. Future simulations will excite the two plates
simultaneously with opposite polarities, thus modelling real
operation.

CONCLUSION

Initial tests have shown a reduction of the instabilities
around 2 ms with the feedback system on and in damping
configuration, but was not consistent between pulses. More
work can be done to improve the system by:

¢ Optimizing the parameters setup

* FPGA code improvements

* Power amplifier optimization

* Use a BPM in a more suitable location by duplicating

electrodes signals

A simulation of the coupling between opposing plates in
the Q-kicker has been compared with experimental measure-
ments. The simulated and measured results share common
features, with some appearing to have been shifted in fre-
quency. Further work will be done to improve the model; this
will initially look at improving the feedthrough geometry.

The simulated frequency response of the Q-kicker to two
displaced wires showed a reduced response at lower frequen-
cies, which could be investigated with beam-based measure-
ments. Further simulations will be performed to verify this
result.
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