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Abstract

Transverse and longitudinal digital feedback systems are
& useful tools for most storage ring for suppression of beam
'1 instabilities and for fast damping of oscillations excited at
vbeam injection. In this report, we summarize the concept
—c of feedback systems and its recent advances, focusing on
ﬁ bunch-by-bunch feedback systems for electron beams with
£ hundreds MHz bunch rate.
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INTRODUCTION

Transverse feedback for horizontal or vertical betatron
m oscillations, and longitudinal feedback for synchrotron os-
£ cillation, for beams in storage rings [1-3] are widely used
g as powerful tools for suppression of beam instabilities, for
£ fast damping of beam oscillations driven by perturbations
: like injection, and for the diagnostics and handling of the
bam bunch-by-bunch base.

ttribution to t

DIGITAL FEEDBACK SYSTEM

The concept of a digital feedback system is shown in Fig.
£ 1. Bunches of hundreds MHz rate are circulating in a stor-
£ age ring. Horizontal or vertical position or longitudinal
‘g timing position, of each bunch is measured by a beam po-
& sition monitor (BPM) by turn-by-turn base. The signal
& from the BPM is converted by a front-end circuit to a posi-
ition signal for a feedback processor. The processor is com-
% posed of an ADC, a DAC and, an FPGA: a digital pro-
S cessing unit between them. The ADC digitizes the position
) signal and send the digitized data to the FPGA. The FPGA
8 calculates the required kick for feedback with an FIR filter
& and the result is converted to an analog signal by the DAC
Sto drive a kicker. Angle kickers and energy kickers for
5 transverse and for longitudinal, respectively, are mostly
A used.
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Figure 1: Concept of digital feedback.
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BEAM POSITION MONITOR AND
FRONT-END

A BPM for transverse or longitudinal feedback is com-
posed of several electrodes surrounding a beam as BPMs
for slow orbit motion. The output signal of i-th electrode
should have the form of

Vi = (14 kiCx + xcoa)) W (£) + AV (£))
with |k;x| « 1 and |AV;(t)] < |V, ()| where x and x4
are the transverse position shift to the electrode by the os-

cillation and by closed orbit distortion, respectively, k; is a
constant, and AV; (t) is the difference of the signal shapes
of electrodes by shape error, or mismatch at a feedthrough
or at cable connections. To get the position signal, the dif-
ference of the signals of the electrodes with k; ~ — k; :

Viy =V, =V = 2kxVo(£) + AV,(6) — AV, (1)
is produced with a 180-degree hybrid: the subtraction cir-
cuit of RF signals, with the adjustment of timing and level
of V; and V; with variable delay and attenuator. For skewed
position electrodes, the same sort of the difference signal is
obtained with a matrix of 180-deg. hybrids.

In usual cases, the signal level of AV;;(t) = AV;(t) —
AV;(t) is much larger than that of 2k;xV;(t) and is corre-
sponding to the beam position shift of several hundred mi-
cro meters. The shape of V;, (t) is the derivative of the lon-
gitudinal charge distribution of a bunch, therefore is bipo-
lar, and 2k;xV,(t) is also bipolar and the peak voltage of
the signal is proportional to the position.

The signal level of V;; is much smaller than those of V;
and V;, therefore, can be amplified with high gain to a sig-
nal, GVU, with useful signal level. In SPring-8 case, the
peak voltage of the bipolar signal GV;; is directly sampled
with a wide analog bandwidth ADC [4], which eliminates
widely used down-conversion stage (Fig. 2). The signal V;;
is bipolar therefore its signal level is higher at higher fre-
quency. However, with direct sampling, the frequency
band of GV;; is limited to 250M-750MHz, which is several
times lower than that of the front-end with down-conver-
sion and we may lose the signal level. On the other hand,
the lower frequency band has wider acceptance of bunch
timing shift that is discussed about later.

For longitudinal feedback systems, the timing signal is
usually extracted from the sum signal of electrodes, V, (t),
and its frequency band 1.5-2 GHz where the signal level
and sensitivity of the timing is higher than lower fre-
quency, are down-converted to the timing information sig-
nal.
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Figure 2: Font-end with RF direct sampling (top) and
down-conversion to baseband (bottom).

FEEDBACK PROCESSOR

In early days of digital bunch-by-bunch feedback sys-
tems, a farm of DSPs [5,6] or a custom LSI [7] were used
for the signal processing unit, and now FPGAs (Field Pro-
grammable Gate Array) are widely used for it [8-12] be-
cause an FPGA is a logic hardware; faster processing speed
than CPU or DSP, however, its logic is programmable by
users. ADCs with the sampling rate S00MHz, the 12-bit
resolution, and the analog bandwidth more than 750MHz
are easily available in the market. For the resolution of the
ADC, the vertical beam size of in low emittance storage
rings is tens of micro meters, therefore, we need the step
size of micro meters resolution. However, because the sig-
nal level of the residual offset signal, AV;;(t), is several
hundred micro meters and, if we need the acceptance of
order of Imm by the external excitation like injection, 12-
bit resolution should be necessary.

FIR FILTERS
Most of the feedback systems use an FIR filter for digital

signal processing and it has simple structure as
N

Yn = Z A Xn—k

D
k=0

For the feedback, x,,_; is the beam position at (n-k)-th
turn, y,, is a required feedback kick at n-th turn, and a; are
coefficients and constant. As in Fig. 3, the FIR filter adds
the gain and phase shift to the position signal to produce
the feedback kick and eliminates the DC offset.
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Figure 3: Position history and feedback kick.
The position data x,, and the kick y,, are both are sinus-
oidal and can be expressed in complex form as
X = Fel2mkv (2)
Ve = G()e¥ My, = G(v)xelmv®)  (3)
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where G (v) and {(v) are the gain and phase shift added to
the position data for tune v. Using those expressions, the

tune response of the FIR filter is
N

N
G(V)eii(v) — Z ake—izmkv — Z ake—izmkAv

k=0 k=0
where Av is the fractional part of v.
In a naive frequency domain method, we define the re-
sponse of the FIR filter by setting the gain G; and phase

C)

shift {; for M+1 tunes: v; =0, v, V5, Vg, ...,V as
N
Geli = G(vy)el0d = Z a e~ i2mkvi (5)
k=0

With setting G, = 0 to eliminate the offset that produced
by the voltage AV;;(t). The number of the conditions here
is 2M+1, therefore, as the solutions of Eq. (5), we have
2M+1 coefficients for ay, fori =1,23,..,2M + 1, by
setting a;, = 0 otherwise. However, we usually need a po-
sition data at k ~ N, = 1/(Av;) for the oldest position to
obtain a FIR filter with “good” response: smaller gain not
at target tunes v;. And if 2M+1 <N,,, we have more data
than 2M +1 in the processor. To use those data, we impose

the minimization of
N
1

sz G(v)?dv =21rz a?
0

(6)
k=0

to the coefficients and we obtain the coefficients up to the
number of data points N, + 1. This condition is the mini-
mization of the noise power passing through the FIR filter
and smaller gain not at target tunes is expected.
For some cases, we impose a condition for FIR filter as
i) N
M = —iZTEZ a ke ?™vi=0  (7)
av e

to flatten the tune response of the filter in the vicinity of v;.
This condition is equivalent to

G(v; + 8)e¥itd) = G(v; — 6)el¥i=® = Geli  (8)
for small § < 1 and is included to Eq. (5).

We proposed and are using a TDLSF method [8,13] to ob-
tain the coefficients of FIR filters more than 2M+1 and we
verified that the TDLSF method and the minimization of P
is equivalent.

V=Vi
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Figure 4: FIR filter for target tune 0.15 with 2M+1 data
(5tap) and Np=9 data (9tap) with minimization of P. Gain
in range 0.3 — 0.5 is smaller for 9tap as expected.

KICKERS

For transverse feedback, strip-line type kickers [14-16]
in Fig. 5 are widely used to add transverse angle kick on
the beam. A stripline kicker has the time constant T, =
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3
82X (kicker length)/(speed of light) and usually 74 is
5 set to the bunch spacing for compromise of the smaller
= cross talk of the kick between bunches and larger kick ef-
2 2 ficiency, and for minimum beam signal from bunch trains.
2 For SuperKEKB, the study for the improvement against
£ beam heating of electrodes are under way [17].

Flgure 5: Example of transverse stripline kicker. 1/4 part
£ and its cross-sectional view is shown.

For energy kicker of longitudinal feedback, DA®NE
type overdamped low Q cavities [18,19] are widely used.
For the SPring-8 at 6GeV, a longitudinal feedback was re-
quired. Though the beam energy and the size of the ring are
large, available space for kickers is limited. Therefore, we
developed a high efficiency and short low Q cavity kicker
[20 21] in Fig. 6. The shunt impedance of the SPring-8
: kicker is more than 1 kQ; comparable to the DA®NE type
[14,15,22] for 500MHz bunch rate, and its length is a half
9 of that. And, by setting the kicker frequency to (3+1/4) fxF,
_o we can use three wave drive for each bunch with small loss
Z (-3%) of the kick voltage compared with full wave drive

T with (3+1/4) waves, therefore, we eliminated rather com-

Z plicated QPSK modulator [23] required to drive the kicker
,«'With fractional number of waves.
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Figure 6: Longitudinal energy kickers: DA®NE type
(left) and SPring-8 type (right). 1/4 part is shown.

SINGLE-LOOP TWO-DIMENSIONAL
FEEDBACK

Several storage rings employed the single-loop two-di-
— mensional feedback [24-26] in Fig. 7. For such feedback,
z the pair of BPM electrodes and kicker electrode(s) should
_g be placed at skewed positions to detect the horizontal and
g vertical position and to kick horizontally and vertically.
E Also, the tunes for horizontal and vertical should be well
8 separated for an FIR filter to control the gain and phase
= individually for those tunes as shown in Fig. 8.
< Another example of two tunes control is the longitudinal
g feedback at DA®NE. The dipole oscillation of the tune v
= = and the quadrupole oscillation of tune ~2v, are simulta-
£ neously controlled by changing the response of an FIR
O
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filter at v; and 2v, and add dipole and quadrupole kick by
kick timing shift [27].
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Figure 7: Single-loop two-dimensional feedback. In prin-
ciple, just solid line signal is enough. To increase the kick
with four stripline electrodes, another FIR filter (FIR 2) is
required as the old and new SPring-8 processor.
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Figure 8: FIR filters for PLS-II case [26]. FIR 1 is with 12
turns data and FIR 2 is with 9 turns data. For v,, the sign
of the kick is flipped between FIR 1 and FIR 2.

NOISE IN BPM SIGNAL

The random noise in a position signal kicks a beam and
excites the oscillation. The analysis of the effect [28] shows
the relation of the effective beam size driven by noise, o,
the feedback damping time 75, the total damping time
Trrotqr INCluding radiation damping, the revolution period
T, and the resolution of the BPM op,,, has the relation of

Oy = (,/TFBT/TtOmZ)JBPM ;this result is the same as the
case of analog feedback in Ref [29].

For SPring-8 case, the vertical beam size is ten micro
meters and to keep the beam size increase by noise much
smaller than this beam size, a high resolution shorted
stripline type BPM was newly installed for the feedback
[16].

HYBRID FILLING

“Hybrid filling” is a filling mode with singlet bunch(es)
of high bunch current, and bunch train(s) with low bunch
current, and is operated at light sources by request of users.
In this filling, a transverse feedback system need to sup-
press the single bunch instabilities of singlets and the
multi-bunch instabilities of trains simultaneously.

However, the level of BPM signal V;; is proportional to
bunch current and a single RF amplifier in a front-end can-
not handle simultaneously high level signals of singlet(s)
and low level signals of train(s) without the saturations for
singlet and with enough feedback damping and resolution
of an ADC data for low bunch current.
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For SPring-8 with various hybrid filling modes, the
bunch current sensitive fast attenuator system [30,31] was
first developed, and later a new feedback processor [32,33]
(Fig. 9) was developed and is in operation. The new pro-
cessor has multiple ADCs; each connected a font-end opti-
mized to some range of bunch current and the processor
measures the bunch current of each bunch and chooses data
of an ADC that has a front-end matched to the bunch cur-

rent to cover the all bunch current of hybrid filling modes.
To FIR

IPAC2018, Vancouver, BC, Canada
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Figure 9: New SPring-8 processor for hybrid filling.

Hybrid filling at SPring-8, the gap between bunch trains
and the filling time of acceleration cavities are comparable,
therefore, the transient beam loading of cavities modulates
the amplitude and phase of the cavity voltage and produces
the timing spread of ~100ps between bunches. To obtain
wide timing acceptance of the feedback, we choose rather
lower frequency range around 500MHz as a target fre-
quency of front-end circuits.

INSTABILITY DRIVEN BY FEEDBACK

For usual feedback system that calculates the feedback
kick from turn-by-turn beam position data, if we set its gain
too high, the feedback excites beam oscillation [34]. The
simulation results with a sample feedback system with tune
0.15 is shown in Fig. 10, in which a BPM and a kicker are
placed at the same location and the betatron phase differ-
ence is zero, therefore, the required phase shift of the FIR
filter for maximum damping is {, = —90 degree. The
gain G is indicated with “expected” feedback damping
time 7pg as 1/G = Ty /T where T'is the revolution period
of the ring. In Fig. 10, a slow oscillation grows up for Tpg
less than 3.87. The FIR filter is the same as 9tap in Fig. 5
and its tune response of the phase and the spectrum of the
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beam response are shown in Fig. 11. The tune of the excited
oscillation is shifted from the original tune to the tune at
the edge of the stable region where the phase shift by the
FIR filter is between -180 to 0 degree ({, £90deg. ).

sim 9tapl1-90 time 20T

= 1/G |— 10T
g N - 7T
£ /
A
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Figure 10: Beam response for kick at turn 0.
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Figure 11: Phase response of FIR filter (top) and spectrum
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100 - 1/G=2.8 T <3.8 T (threshold)

1 100
50

0

Position

S50 . 4\L

-100

Figure 12: Beam motion in a ring and feedback kick for
unstable beam with Tz = 2.8 T (< 3.8T : threshold).

The calculated motion of an unstable beam with high
gain 7z = 2.8T is shown in Fig. 12. The feedback kick is
defocusing, and shifts the tune lower to unstable region.
Therefore, the source of the instability is the loop: the feed-
back calculates kick from the turn-by-turn position data
that is affected by kicks at previous turns. In this case, the
tune shift is negative, however, if the gain at the tune of
higher edge of stable region is high enough, then the tune
may shift to positive and the beam is unstable at higher
tune. Or, in some cases, the half integer resonance might
be excited by this tune shift.

TUZGBD2

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.

@

1201 @



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

FEEDBACK WITH MULTIPLE BPMS

To eliminate this loop, we consider a feedback that calcu-
< lates the kick with the single turn position data at multiple
2]ocations in a ring [33-40] as shown in Fig. 13 and 14. For
& the cases with two BPMs, this scheme is a digital version
of analog feedback.

ublisher, and D

,,,,,,,,,,,,,,,,,,, N
1
A |
1

New SPring-8
Feedback Processor

Figure 13: Feedback with multiple BPMs [33-40].

Here we show a scheme with cascaded two FIR filters
= [34,35], FIR-M and FIR-T(Fig. 14). FIR-M calculates the
£ kick using the beam position data at multiple locations in a
2 ring. In principle, we can eliminate the DC offset in its out-
+ put with more than three BPMs, however, contrary to the
° turn-by-turn history case, the DC offset of each BPM
2 changes independently by the shift of the closed orbit or of
% the amplifier gain and this independent shift break the can-
g celation condition of DC offset by FIR-M. Therefore, we
£ use FIR-T to remove the DC offset in the output of FIR-M.

E £ FIR-T is a FIR filter with turn-by-turn history data of the
= output of FIR-M. We set a sample filter for FIR-M and
>*FIR T as shown in Fig. 15 and Fig. 16 and the simulation
<. result with them is shown in Fig. 17. The beam is stable for
® 7pp = 1.01T and is unstable less than 1T. However, even
& ideal feedback of which kick angle 8 is proportional to the
< instantaneous beam angle x' as 0 = —2Gx' = —-2(T/
8 Tpp)x’ is unstable for 75 < 1T or G > 1.
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