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Abstract

A low-latency, intra-train feedback system employing cav-
g ity beam position monitors (BPMs) has been developed and
g tested at the Accelerator Test Facility (ATF2) at KEK. The
§ feedback system can be operated with either position infor-
£ mation from a single BPM to provide local beam stabilisa-
; tion, or by using position information from two BPMs to
£ stabilise the beam at an intermediate location. The correction
é is implemented using a stripline kicker and a custom power
Z amplifier, with the feedback calculations being performed
E on a digital board built around a Field Programmable Gate
E 5 Array (FPGA). The addition of indium sealing to the BPMs

~ to increase the cavities’ Q-values has led to improvements
-‘: to the BPM system resolution, with current measurements
° of the resolution of order 20 nm. The feedback performance
g Was tested with beam trains of two bunches, separated by
—D 280 ns and with a charge of ~1 nC. For single- (two-)BPM
Zz feedback stabilisation of the beam has been demonstrated
zto below 50 nm (41 nm). Ongoing work to improve the
< feedback performance further will be discussed.
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INTRODUCTION

The ATF2 [1] at KEK, Japan, consists of a 1.3 GeV elec-
g tron accelerator with a prototype final focus system designed
= to demonstrate the beam size and nanometre-level beam
« stabilisation required for the International Linear Collider
m (ILC) [2]. The low-emittance beam is focussed to a virtual
8 Interaction Point (IP), at which the Feedback On Nanosec-
£ ond Timescales (FONT) IP feedback system acts to stabilise
G the beam waist, with the goal of demonstrating nm-level
£ beam stabilisation. The feedback system contains three C-
%band cavity BPMs (IPA, IPB and IPC) which are used to
< measure the beam orbit. They are mounted on piezo-mover
g systems to facilitate the horizontal and vertical alignment
:» of the BPMs with the beam, as well as the adjustment of
2 the BPM pitch. The feedback calculation is performed on
o a ‘FONTSA’ digital board [3] and the correction is imple-
=mented using a stripline kicker, IPK (Fig. 1).
The FONT project has developed prototype feedback sys-
S tems suitable for future single-pass colliders and demon-
= strated their performance with beam at the ATF2. An up-
= stream FONT feedback system which utilises stripline BPMs,
£ and meets the stabilisation and latency requirements for the
2 ILC is described in [4]. Stabilisation to 74 nm [5] has been
g 2 achieved with the FONT IP feedback system, using a sin-

© WEPAL025
of
2212

ence (© 2018).

work may be us

m

le2)
e

i
H\k QDOFE QFIFF

.
o

M Quadrupole [l Sextupole [l Dipole

Skew Quadrupole Corrector

« Beam dircction

e

Damping Ring

Figure 1: Schematic of the layout of the ATF2 extraction
line and final focus [1], with the FONT IP region enlarged.

gle cavity BPM to drive local feedback correction. Initial
work towards stabilisation using two BPMs to drive the feed-
back correction is described in [6], for which 83 nm beam
stabilisation has been demonstrated.

FONT IP FEEDBACK SYSTEM

ATF?2 Accelerator Setup

The layout of the ATF2 extraction line and final focus
is given in Fig. 1. The ATF2 is configured such that two
bunches per train are extracted from the damping ring at
3 Hz, with a bunch separation of 280 ns. This separation has
been found to provide a high degree of correlation between
the vertical positions of the two bunches. This is essential for
intra-train feedback operation as the system acts to stabilise
the second bunch based on position measurements of the first
bunch. The latency of the feedback system must then be less
than the limit set by the bunch spacing and, for the system
described here, a latency of 235 ns has been demonstrated.

IP Feedback System

The FONT feedback system contains one reference cavity
BPM, for which the dominant mode of excitation is the
monopole mode [3], and three dipole cavity BPMs, for which
the monopole mode is filtered and the most strongly extracted
mode is the dipole mode. The addition of indium sealing
to the dipole cavity BPMs has increased the decay time of
the cavity signals, which means a longer period of the BPM
waveform at an optimum signal level and, consequently, an
improved resolution [8]; this is discussed further in [7].

For vertical bunch position measurements, the signals
from the BPMs are processed using a two-stage system
(Fig. 2). The monopole and y-port dipole modes, both of
6.4 GHz, are frequency down-mixed to 714 MHz using a
common 5.7 GHz Local Oscillator (LO) signal, thus retain-
ing their relative phases [8]. For each of the BPMs, the
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Figure 2: Simplified schematic of the FONT processing
electronics [3].

monopole mode is then limited, split and mixed both in-
phase and in-quadrature with the dipole signal, producing
orthogonally-phased baseband I and Q signals [3]. These
are digitised at 357 MHz by Analogue-to-Digital Converters
(ADCs) on the FONTS5A board.
Determination of the bunch position, y, is performed on
the FPGA using the I, Q and charge, g, signals,
y = %(2 cosbro + % sin6;¢), (1)
where k refers to the position calibration constant and 6;¢ to
the /Q phase angle [3]. Each BPM is calibrated by vertically
scanning the beam through a known range and measuring the
corresponding response of the BPM. The beam is steered ver-
tically by moving the final quadrupole, QDOFF (Fig. 1) [9].
The signal sent to the kicker, V, is converted from the
position offset, y (um), by using calibration constant M
(um/DAC):

g
V—GM, 2

where the feedback gain, G, is set to 1 for a beam with 100%
bunch-to-bunch correlation. If the bunch positions are not
fully correlated, the gain should be scaled accordingly.

We have recently improved the firmware so that multiple
samples of the / and Q waveforms can be integrated during
the feedback calculation (within the latency constraint) so as
to improve the signal-to-noise ratio and, thus, the resolution.
A resolution of 20 nm has been achieved by integrating 12
samples [7].

The expected level of stabilisation for a given beam setup
can be computed from the bunch jitter and the incoming
bunch-to-bunch correlation. The corrected bunch-2 posi-
tion, ¥,, in terms of the uncorrected bunch-1 and bunch-2
positions, y; and yy, is

3)

where c is a constant offset which may be applied in order to
shift arbitrarily the mean position of the stabilised bunches.
Taking the variance of Eq. 3 gives

L=y-y+c

2 _ 2 2
Oy, = Oy, + 9y,

“4)

where pi; is the bunch-to-bunch correlation and oy, , oy,
and o, represent the jitters on positions Y>, y; and y, re-
spectively. The best performance is achieved with p1y = 1

= 203,012,
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Figure 3: Diagrams of feedback loops with cavity BPMs
(IPA, IPB and IPC) and a stripline kicker (IPK) for (a) single-
BPM feedback with beam stabilisation at IPC and (b) two-
BPM feedback, with position measurements at IPA and IPC,
for beam stabilisation at an intermediate location.

and o, = 0,,, and when these conditions are fulfilled, the
limit to stablisation depends on the BPM resolution, oyes.:

Oy, = \/E(Tres.- 5

For two-BPM feedback, bunch position measurements at
IPA and IPC are interpolated so the beam can be stabilised
at an intermediate location. If the beam is stabilised at IPB
then the feedback BPMs, IPA and IPC, contribute in a ratio
32:68, as determined from their distances from IPB. The
resolution of the interpolated measurement is then

Ores. int. = \/0.322036& +0.68202;. = 0.750%s..  (6)

Feedback is performed in an interleaved mode, whereby
consecutive bunch trains alternate feedback off and on, al-
lowing for a comparison between the two batches of data.

RESULTS

Single-BPM IP Feedback

The latest results from operating single-BPM feedback at
IPC are shown in Fig. 4 and Table 1, and were achieved with
integration over 10 samples. The data were collected with
the beam waist close to IPC, where the longitudinal position
of the beam waist can be shifted by varying the strengths of
QDOFF and QF1FF (Fig. 1) [9].

Table1: The Position Jitters of the Bunches with Feedback
Off and On, for Single-BPM Feedback

Feedback Position jitter (nm) Correlation (%)

Bunch-1 Bunch-2
Off 109+11 11912 84.0*2-3
On 11812  50+5 -26.0"9%

To account for the imperfect incoming bunch-to-bunch
correlation, the feedback gain, G (Eq. 2), was set to 0.95,
which was optimised empirically. Bunch-2 was stabilised
to 50 nm, and from Eq. 4, given the jitter and correlation
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£ Figure 4: Distribution of bunch positions measured at IPC,
2 with single-BPM feedback off (green) and feedback on (pur-
& ple). The position jitters are given in Table 1.

£ of the uncorrected bunches, the feedback was predicted to
£ stabilise the beam to 65 nm. The actual performance exceeds
£ the predicted level of stabilisation, suggesting the measured
Z incoming bunch-to-bunch correlation is considerably lower
E than the true correlation, possibly as a result of the resolu-
§ tion introducing an uncorrelated component to the position
» measurements. Demonstration of stabilisation to 50 nm is
f significantly better than the best result collected with single-
o sample single-BPM feedback of 74 nm [5].
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E Two-BPM IP Feedback

Zz

2z The firmware was also upgraded so as to allow two-BPM

< feedback with multiple-sample operation. This was tested
< for IPB using optics with a 85 which was 1000 times the
& nominal value. This reduces the position jitters at IPA and
%IPC, making it possible to align the beam within the dynamic
%ranges of all three BPMs simultaneously. Feedback was
.2 performed with integration over 5 samples as this empirically
< optimised the resolution; the best single-sample resolution
z achieved was ~41 nm, which was improved to ~31 nm by
v integrating 5 samples. The feedback results achieved in this
configuration are shown in Fig. 5 and Table 2. Given the
= incoming bunch jitter and bunch-to-bunch correlation, the
» predicted stabilisation (from Eq. 4) was 40 nm, in excellent
5 agreement with the measurement.

ms of the C

The mean position (Fig. 5) of the stabilised bunches is
5 an arbitrary location which is determined by the relative
gpositions of the feedback BPMs with respect to IPB; this
< can be removed by using the constant offset, ¢ (Eq. 3).
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"> Table 2: The Position Jitters of the Bunches with Feedback
8 Off and On, for Two-BPM Feedback

<
£ Feedback Position jitter (nm)  Correlation (%)
g Bunch-1 Bunch-2
£ Off 106 £11 96 £ 10 91.6*19
£ On 10611  41+4 41.379
2 :
S
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Figure 5: Distribution of bunch positions measured at IPB,

with two-BPM feedback off (green) and feedback on (purple).
The position jitters are given in Table 2.

The feedback was operated with a gain, G, of 0.8, for
which the bunch-to-bunch correlation has not been fully
removed (Table 2). This suggests that the gain was not fully
optimised and that, with a higher gain value, the feedback
performance could be improved further.

CONCLUSION

Modifications were made to the feedback firmware to al-
low for the use of integration over multiple samples of the
BPM waveforms. This has been shown to improve the BPM
system resolution [7] and, consequently, the feedback perfor-
mance, where stabilisation to 50 nm was demonstrated with
single-BPM feedback and 41 nm with two-BPM feedback.

OUTLOOK

Further work towards improving the system resolution
will include the effect of minimising the pitch of the beam
with respect to the BPM. Previous studies have suggested
the pitch might degrade the resolution by coupling jitter on
010 into the position measurement [3].

ACKNOWLEDGEMENTS

We would like to thank KEK for providing beam time for
these experiments, and the ATF2 staff and our collaborators
for their support and guidance. Supported by the UK Science
and Technology Facilities Council, CERN, and the European
Commission’s Horizon 2020 Programme through the Marie
S.-Curie RISE project E-Jade, Contract No. 645479.

REFERENCES

[1] G. White etal., Phys. Rev. ST Accel. Beams, vol. 112, p.
034802, 2014.

[2] P. Bambade et al.,
042801, 2010.

[3] N. Blaskovic Kraljevic, PhD. Thesis, University of Oxford.
(2015).

[4] N. Blaskovic Kraljevic et al., in Proc. IPAC’16, paper
THPORO34, pp. 3859-3861.

Phys. Rev. ST Accel. Beams, vol. 13, p.

06 Beam Instrumentation, Controls, Feedback, and Operational Aspects

TO0S Beam Feedback Systems



9th International Particle Accelerator Conference
ISBN: 978-3-95450-184-7

[5] N. Blaskovic Kraljevic et al., in Proc. IPAC’16, paper
THPORO35, pp. 3862-3864.

[6] T. Bromwich et al., in Proc. IPAC’17, paper TUPIK112, pp.
1986-1988.

IPAC2018, Vancouver, BC, Canada JACoW Publishing
doi:10.18429/JACoW-IPAC2018-WEPALO25

[7]1 T. Bromwich et al., in Proc. IPAC’18, paper TUZGBDS.

[8] Y. Inoue etal., Phys. Rev.ST Accel. Beams, vol. 11, p.
062801, 2008.

[9] S. Liu, Ph.D. Thesis, Université Paris-Sud (2015).

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.

06 Beam Instrumentation, Controls, Feedback, and Operational Aspects WEPALO025

TO05 Beam Feedback Systems

@

2215 @



