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Introduction

Table 1: UVX parameters

Parameter description Symbol Value
Nominal RF frequency frE 476 MHz
Harmonic number h 148
Momentum compaction « 8.3 x 1073
Beam energy at injection Ey 500 MeV
Beam energy in operation Ey 1.37 GeV
Radiation damping time, longitudinal Trad 3.7 ms

1 Introduction

During the week of April 3-7, 2012, bunch-by-bunch feedback system from
Dimtel, Inc. [I] was demonstrated in the longitudinal plane of the LNLS
UVX storage ring. This brief note summarizes the results of the coupled-
bunch instability studies performed in the course of this demonstration.

The main goal of these experiments has been to characterize longitudinal
coupled-bunch instabilities in LNLS UVX and to collect sufficient data for
defining the parameters of the future permanent feedback installation.

Main parameters of LNLS UVX ring during our studies are listed in
Table 1.

1.1 Feedback Hardware Configuration

Bunch-by-bunch feedback signal processing and diagnostics were provided by
iGp12 baseband processor [1]. BPM sum signal was processed by a custom
low-noise prototype unit, operating at the third harmonic of the ring RF
frequency (1428 MHz).

LNLS UVX storage ring is not equipped with a longitudinal feedback
kicker at this point. Our plan was to use transverse feedback striplines driven
common mode as a weak longitudinal kicker. Our initial setup used a single
stripline driven by a baseband amplifier (Amplifier Research 75A250AM?2).
Initial attempts were quite discouraging — applications of various excitation
signals generated no discernible response from the beam.

After some discussion it has been determined that the striplines in ques-
tion are 15 cm long. Longitudinal shunt impedance of striplines has frequency
dependence of the form sin(wl/c)? with periodic peaks at (2n + 1)c/4l. For

2 of 24



Results

[ = 0.15 m, the first peak is at 500 MHz. Baseband kick signal has the
majority of power in the DC-238 MHz band, where the shunt impedance is
very low.

In order to increase the kick voltage, an improvised back-end was set up as
shown in Fig. 1. Baseband output of the iGp12 was upconverted to 476 MHz
using a double-balanced mixer. A remotely adjustable delay line provided
carrier phase adjustment. Mixer output was amplified to provides sufficient
signal level for driving a power splitter and two power amplifiers: E&I 525LA*
and Kalmus®. To control differential phasing of the striplines two adjustable
delay lines were used. Given that the carrier phase is adjustable, only one
line was necessary, but a symmetric setup helped provide matched envelope
timing in the two paths.

Kalmus amplifier

/l To the top stripline

/ 476 MHz @ 6.5 dBm

ZFL-1000

% ZX10-2-12-S+

6dB ENI 525LA

4 To the bottom stripline

Figure 1: Back-end setup.

2 Results

The main focus of our measurements was on quantifying the longitudinal
coupled-bunch instabilities in LNLS UVX. In addition, we have explored
bunch cleaning functionality in the vertical plane. In this section the mea-
surements are described in detail and the results are summarized.

125 W in 1-500 MHz band
2Model unknown, similar to 550FC, 50 W in 230-520 MHz band
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2.1 Front-end calibration

IGPF.TEST:SRAM:MEAN

0 500 1000 1500 2000 2500 3000
IGPF:TEST:AD5644:V:CHO

Figure 2: Single-bunch front-end phase shifter sweep at 1.3 mA.

2.1 Front-end calibration

In order to convert the detected beam signal from ADC counts to physical
units we performed a front-end calibration. After timing the front end in
a single bunch fill configuration, we swept the front-end carrier phase and
recorded bunch average signal. With the mixer in the linear regime, the ADC
input is given by

SADC = GIb sm(3A¢) (1)

where [, is the bunch current, A¢ is the phase difference between the local
oscillator and the beam signal, and G is the sensitivity in ADC counts per
milliampere. By sweeping A¢ through 360 degrees we extract the full-scale
amplitude GI,. Since bunch current is known, we can calculate the small-
signal gain in the phase detector mode — basically the slope at the zero
crossing point. Figure 2 shows the phase shifter sweep plot. Calibration
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2.2 Back-end timing

constant is calculated to be 25.2 counts/mA /deg”.

2.2 Back-end timing

Back-end timing was extremely challenging in this configuration due to sev-
eral factors. Firstly, the hardware setup generates fairly low kick voltages
due to the low shunt impedance and limited amplifier power. Secondly, single
bunch beam in LNLS UVX exhibits significant oscillation at the synchrotron
frequency driven by the RF systems and exacerbated by the relatively long
radiation damping times. As a result, the standard approach of exciting the
beam at the synchrotron frequency was unusable — we could not observe
the small feedback system excitation on top of the large natural oscillation.

A different approach was then utilized. Rough timing and phasing was
performed by observing excitation kick and beam signals at the upstream
ports of the striplines using a high-speed oscilloscope. Next, the feedback
system was configured with two filters, with phase shift of £90 degrees at
the synchrotron frequency®. EPICS filter set selection control was toggled
back and forth once every 20 seconds. We then observed the magnitude of a
spectral marker placed at the synchrotron frequency on a stripchart. Periodic
switching between negative and positive feedback produced a modulation of
the marker magnitude. Next, we adjusted timing and phasing parameters
in order to amplify the modulation amplitude. Initially we observed an ef-
fect on the order of 1-2 dB. At the end of the procedure, toggling between
negative and positive feedback resulted in a 16 dB change in synchrotron
oscillation amplitude. Figure 3 shows the feedback action as observed on
the stripchart. Initially the feedback loop is open. At around 15:52, negative
feedback is turned on, producing a 6-8 dB reduction in oscillation amplitude.
Next, at 15:53:30, feedback sign is changed from negative to positive. As a
result, we see 10-12 dB oscillation increase. The plot clearly demonstrates
why the stripchart modulation technique is necessary. Over time, observed
amplitude of externally driven synchrotron motion varies significantly due
to the changes in overall excitation amplitude and the beating between the
short data acquisition snapshot and the time-varying envelope of oscillation.
For example, at the end of the stripchart plot the amplitude drops by 4 dB

3Later during experimental measurements we have replaced a 20 dB attenuator before
the front end by a 10 dB one, thus increasing the front-end gain by v/10.

4In the longitudinal plane, due to small phase advance per turn the required controller
phase shift is very close to the theoretical 90 degrees
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2.3 Measurements near the instability threshold
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Figure 3: A stripchart plot showing the effect of negative and positive feed-
back on synchrotron oscillation amplitude.

without any changes in system configuration. Observing small changes in the
feedback effectiveness due to timing and phasing adjustments is only feasible
with synchronous detection.

2.3 Measurements near the instability threshold

Initial studies were performed at 1.37 GeV at beam currents very close to the
instability threshold of 12.5 mA. Below the threshold with the beam stable
we performed what is known as drive/damp measurements. The feedback is
positive in the first part of the transient and then the loop is open in the sec-
ond part. From that second part we can extract the open-loop damping rate.
Above the threshold, traditional grow/damp measurements were performed

]

Figure 4 presents the measured open-loop growth and damping rates.
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2.4 High current measurements

LNLS: Mode 121 growth rates vs. beam current @ 1.37 GeV
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Figure 4: Measurements of eigenmode 121 open-loop growth and damping
rates in the vicinity of the instability threshold.

From the linear fit to the measurements we estimate zero-current damping
of 2.26 ms. The value is smaller than the expected radiation damping time
of 3.7 ms [3]. The discrepancy is most likely due to the fact that we have
measured coherent damping times. During the damping transients some
energy is transferred into intrabunch motion, not observed by the dipole
oscillation detector. As a result, dipole motion seems to damp faster.

2.4 High current measurements

At the start of the next experimental period on April 5%, 2012 the machine
was already filled with 40 mA. We attempted to stabilize the beam — and
succeeded. With the low kick voltage available from the improvised back-end
setup we could not expect to capture large amplitude oscillations directly.
Instead, we used phase modulation of the RF voltage at the quadrupole fre-
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2.4 High current measurements

quency (slightly below the second harmonic of the synchrotron frequency) to
excite quadrupole intrabunch motion and damp the dipole oscillations [, 5].
Once dipole oscillation amplitude comes into the linear range of the bunch-
by-bunch feedback channel, the feedback damps it to the noise floor. Next,
we turn off the phase modulation, leaving the accelerator in a longitudinally
stabilized state. At this point, grow/damp measurements can be performed
to quantify the instability growth rates and feedback-induced damping.

LNLS: mode 121 growth rates vs. beam current, 1.37 GeV

5 I I T T T
O Drive/open loop
+ G/D 2012-04-04
# G/D 2012-04-05, ID closed
4H G/D 2012-04-05, ID open =

Growth rate (ms'l)

-1 I I I I I
0 50 100 150 200 250 300

Beam current (mA)

Figure 5: Measurements of eigenmode 121 open-loop growth rates.

Using phase modulation capture mechanism we were able to make mea-
surements at currents up to 250 mA. Measured growth rates are shown in
Fig. 5. It is immediately obvious that growth rate dependence on beam cur-
rent is non-linear. That can indicate that the driving impedance is changing
with beam current or that additional damping mechanisms are in play. Two
sets of measurements at 40 mA show the growth rates measured with inser-
tion device gaps open and closed. With ID gaps closed the growth rates are
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2.4 High current measurements

slower, consistent with the expected increase in radiation damping.

2.4.1 Unstable modes and instability sources

Longitudinal instabilities in LNLS UVX are dominated by eigenmode 121.
At the very highest current of 250 mA mode 43 was also observed. Figure 6
shows a grow/damp measurement with both modes active. The two observed
modes are in rough agreement with the HOMs presented in [1]. Eigenmode
43 is likely to be driven by L9 mode at 2040.125 MHz. Mode L3 is a good
candidate for the eigenmode 121 impedance. However there is a significant
frequency disagreement: 1356.89 MHz in the reference and 1341.19 MHz in
our measurements.

There is a significant difference in the damping rates generated by the
feedback system for the two modes. Mode 43 eigenvalue shift is 5316 —
3388 s7! and mode 121 — 9294 + 46717 s—1. Absolute values of these shifts
differ by a factor of 0.61. Stripline kicker impedance ratio at w,s — 43wyey =
337.7 MHz and 121wy = wif — 2Twrey = 389.2 MHz is 0.86. That explains
only part of the difference. The rest is probably due to the gain and phase
non-linearity of the two power amplifiers.

Next we have decided to investigate the sensitivity of the longitudinal
instability growth rates on cavity operating points, specifically: tuner plunger
positions and cavity temperatures.

2.4.2 Tuner position

Figure 7 shows the results of tuner position scans on cavities A and B at
48.6 mA. Each data point presents mean and standard deviation for a set
of 7-11 growth rate measurements. The data is consistent with no or small
dependence of growth rates on tuner positions.

2.4.3 Cavity temperatures

Measurements of eigenmode 121 growth rates as a function of cavity tem-
peratures are shown in Fig. 8. Over the range of temperatures explored in
the scan, the growth rates are constant or weakly dependent on tempera-
ture. Considering temperature dependence plots shown in [1], that is to be
expected, since temperature sensitivity of longitudinal HOMs is relatively
low. All 111 data sets were also checked for appearance of eigenmodes other
than 121 — none found.
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2.4 High current measurements

a) Osc. Envelopes in Time Domain b) Evolution of Modes

Bunch No. 00 Time (ms) Mode No. 00 Time (ms)
c) Oscillation fregs (pre-brkpt) d) Growth Rates (pre-brkpt)
255 : © :
. . : : : ‘ ®
. . . . 4 Tl ol
] : ' ‘ ‘
T . : . : G
> T . £%®
%24-5 S =
S . g2
L 1 S S S =
w24 | S P SR
@
235 : : : : 0 : : ‘ ‘
40 80 80 100 120 140 40 60 80 100 120 140
Mode No. Mode No.
e) Oscillation freqs (post-brkpt) f) Growth Rates (post-brkpt)
25 i i i T 0 T T T T
248
g - B2
= S O SO SO S g’
22 s [
5 1 z 5 5 °
g 24l g 4l
£ : : : T
Tosgler »
o4 : ; Bl T S L
40 60 80 100 120 140 40 60 80 100 120 140
Mode No. Mode No.

Figure 6: A grow/damp measurement at 250 mA showing growth and damp-
ing of modes 43 and 121.

2.4.4 Residual motion

With a bunch-by-bunch feedback system in operation, the dipole beam mo-
tion settles at a finite level. In the longitudinal plane that level is typically
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2.4 High current measurements
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Figure 7: Mode 121 growth rates vs. tuner positions.

defined by the external excitation of the beam in the vicinity of the RF
frequency. Such excitation is due to the amplitude and phase noise in the
cavity drive signal, both from the low-level electronics and the RF amplifier
(klystron, IOT, solid-state) power supply. These spectral components ex-
cite beam motion near the lowest synchrotron frequency resonance — eigen-
mode 0.

While the feedback can have a dramatic effect on the amplitudes of the
unstable modes, externally driven motion is only reduced by a factor linearly
related to the loop gain. Steady-state residual motion is one of three factors
driving the power amplifier and kicker requirements’.

Figure 9 shows the measurements of the residual motion as a function of
beam current. Residual oscillation decreases significantly at high currents.
An inverse linear fit closely follows the data, but the dependence cannot

5The other two factors are the open-loop growth rates and the transient excitation
amplitudes, e.g. injection
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2.4 High current measurements
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Figure 8: Mode 121 growth rates vs. cavity temperatures.

be explained by the increasing bunch-by-bunch feedback gain. If we are to
assume the external excitation is constant, feedback must reach loop gains
larger than 30 at 250 mA to achieve this dependence. As we find in Section 3
using grow/damp measurements, peak loop gains at 250 mA are around 1.9.
Therefore we must conclude that the reduction in the residual motion with
beam current is due to the decrease in the external excitation.

2.4.5 Feedback gain estimates

Grow/damp measurements allow us to estimate the feedback gain and the
peak kick voltage. To estimate feedback gain one can use the standard feed-
back relationship [0]:

- f}%Fae
A = 2Eoh O™ (2)

where Ag, is the magnitude of the eigenvalue shift due to the feedback action.
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2.4 High current measurements
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Figure 9: Residual mode 0 longitudinal motion versus beam current.

Feedback-induced shift of mode 121 eigenvalue for the measurement pre-
sented in Fig. 6 is 9294 + 46714 s~!, corresponding to a gain of 57 kV /rad.
We can use the estimated gain to compute the peak kick voltage. Overall
feedback gain is given by

o Vmax
2047
where Hg, is the FIR filter transfer function, i, is the bunch current and
Gfe is the front-end calibration in counts/rad/A. Using these parameters we
estimate V.« = 23.6 V.

Feedback loop gain and peak kick voltage are further studied in Section 3,
where we use grow/damp measurements to calibrate several mathematical
models of the beam and the feedback system.

G,

|Hﬁr(ws)’ibee (3)
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2.5 Transverse measurements

2.5 Transverse measurements

In the transverse plane we have explored the technique of bunch cleaning.
In iGp12, bunch cleaning procedure is implemented as follows. For each RF
bucket one can enable or disable feedback and excitation signals. Feedback
is enabled for the bunches to be preserved and turned off for the ones to
clean. Drive signal is enabled only for the bunches we want to eliminate.
Drive generator is a swept sinewave NCO, programmed to sweep through
the betatron tune range and excite the beam to large transverse oscillation
amplitudes, leading to scraping and current loss.

To document the cleaning process we have used a streak camera, swept
at 119 MHz — a quarter of the RF frequency. The measurement process
presents integrated bunch profiles from groups of bunches spaced by 4 RF
buckets. In Figure 10(a), streak camera image is shown for bunch groups 1
and 3° while groups 2 and 4 are shown in Fig. 10(b). Both of these were
taken after full ring injection to 145 mA. Next, we applied bunch cleaning to
group 1, getting rid of bunches 1,5,9,13,.... Beam current was reduced to
104 mA and the resulting streak camera image for groups 1 and 3 is shown
in Fig. 10(c). In the last step we cleaned group 2 — streak camera result for
groups 2/4 at 62 mA is presented in Fig. 10(d).

Further analysis of the streak camera images is presented in Fig. 11. Pixel
values are integrated horizontally to generate a profile of the bunch group. In
Figure 11(a), bunch groups 1 and 3 are shown before and after the cleaning,
while Fig. 11(b) shows groups 2 and 4.

Based on the streak camera data we can conclude that there was no
detectable light output from the cleaned bunch groups. To fully characterize
the bunch cleaning process, a diagnostic instrument with higher dynamic
range is required.

3 Simulation

In order to define the power amplifier and kicker requirements for the per-
manent feedback system, we need a good mathematical model of the tem-
porary configuration. Once that model is calibrated to the grow/damp and
closed-loop measurements, it can be used to estimate the performance with

5Bunch group 1 includes bunches 1, 5,9, 13, ..., similarly, group 2 is 2, 6, 10, 14, ..., group
3—3,7,11,15, ..., and group 4 — 4,8,12, 16, ...
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3.1 Linear model

) 145 mA ) 145 mA
) 104 mA ) 62 mA

Figure 10: Streak camera record of bunch cleaning. a) Integrated light from
bunch groups 1/3; b) Integrated light from bunch groups 2/4; ¢) Bunch
groups 1/3 after cleaning the pattern 1:4:148; d) Bunch groups 2/4 after
cleaning the pattern 2:4:148.

a dedicated longitudinal kicker and power amplifier.

3.1 Linear model

One method of feedback system modeling is described in [7, chapter 5]. In
this method closed-loop eigenvalues are calculated using a discrete-time state-
space linear model. Since the model is parametrized and the computation
is relatively fast, numeric optimization is used to fit the model to a set of
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3.2 Time-domain model
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Figure 11: Bunch profiles before and after cleaning

grow/damp measurements. Results of such fitting to grow/damp measure-
ments at currents from 90 to 250 mA are shown in the root locus plot, Fig. 12.
The real part of the eigenvalue (growth or damping rate) is plotted on the
horizontal axis and the imaginary part (oscillation frequency) — on the ver-
tical axis. There is reasonable agreement between measured and modeled
eigenvalues. Estimated kicker peak voltage is 17.7 V — similar to a single
data set estimate presented earlier. However, all of these grow/damp mea-
surements were made at a shift gain of 7 (post-FIR gain of 128). At such a
high gain the output of the feedback is strongly saturated, making accurate
model extraction difficult. A search of all grow/damp data sets found three
measurements with a shift gain of 4. These measurements are not in satura-
tion and provide a better modeling base. State-space model fitting comes up
with a peak kicker voltage of 39 V — more than twice the value estimated
in saturation.

3.2 Time-domain model

A time-domain Simulink model shown in Fig. 13 can be used to more carefully
match the physical system, replicating not only loop gains but also the noise
sources and steady-state residual levels.
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3.3 Model
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Figure 12: Root locus of open and closed loop eigenvalues (mode 121)

3.3 Model

The model is configured with the accelerator parameters from Table 1. Un-
stable beam mode is set to the growth rate and the oscillation frequency
extracted from a particular grow/damp measurement. Feedback system pa-
rameters (front-end calibration) are based on the actual beam calibration
measurements.

By adjusting peak kick voltage Vi,.x in the model we match the closed-
loop damping to that measured in the real accelerator. In reality many gain
factors affect the damping rate - front-end calibration, bunch current, kicker
shunt impedance, power amplifier gain, etc. All of the factors that can be
directly measured, are quantified and fixed in the model.
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3.4 Simulated grow/damp

Longitudinal dynamics & feedback
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Figure 13: Simulink model of the beam and bunch-by-bunch feedback.

Table 2: Eigenvalues for the measured and simulated grow/damp transients

Parameter description Measured Simulated
Open-loop growth rate, ms—! 0.75 0.74
Open-loop oscillation frequency, Hz 25768 25765
Closed-loop damping rate, ms~* 0.17 0.17
Closed-loop oscillation frequency, Hz 25848 25838

3.4 Simulated grow/damp

Figure 14 compares measured and simulated grow/damp transients. Kicker
voltage was adjusted to match measured and simulated closed-loop damping
rates. Growth transient amplitude is matched to the measurement by ad-
justing the wideband RF noise excitation level in the model (Band-limited
white noise block). Table 2 summarizes the estimated eigenvalues for the
two transients.

Matching the damping rate in the model to that measured in the physical
system requires V.« = 44.1 V. That is reasonably close to 39 V estimated
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3.5  Extrapolation
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Figure 14: Measured and simulated grow/damp transients at 34.7 mA.

earlier. If we assume that our output stage was producing 75 W of power at
the maximum output, we can estimate the effective shunt impedance of the
striplines as 13 Q.

3.5 Extrapolation

Having calibrated a time-domain model with measurements, we can simu-
late the expected performance of a longitudinal feedback system using pro-
posed kicker and power amplifier parameters. Assuming 700 2 kicker shunt
impedance driven by a 30 W power amplifier we get V,,.x = 205 V. Figure 15
shows a simulated grow/damp measurement at 250 mA. Instability growth
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3.5  Extrapolation

Fs=25.8; gr=5.03; Fcl=26.3; dr=5.79
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Figure 15: Simulated grow/damp transient at 250 mA, kick within the linear
range.

rate was set at 5 ms~! — 25% higher than the measured rates shown in

Fig. 5. In this measurement the feedback gain was set to achieve roughly
the same closed-loop damping rate as the open-loop growth rate. This is a
normally recommended setting for robust system operation. Feedback clo-
sure time was set so that kicker output was just at the edge of saturation.
Thus, the feedback system in this configuration can handle transients of up
to 0.2 degrees without saturation.

Figure 16 shows simulation result with a longer open-loop period. Here
the feedback is pushed deep into saturation — in fact the damping rate
is barely negative when the loop is first closed around 1.4 ms. Therefore,
this configuration will remain stable with input transients under 0.5 degrees.
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3.5 Extrapolation

Fs=25.8; gr=5.01; Fcl=26.0; dr=0.72
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Figure 16: Simulated grow/damp transient at 250 mA, feedback output far
in saturation.

Anything above that level will cause the feedback system to lose control.

Next, a slightly different configuration was investigated. The same kicker
was driven by two 30 W power amplifiers, producing V.. = 290 V. Fig-
ure 17 shows a grow/damp transient in high saturation. Here the maximum
oscillation amplitude is around 0.7 degrees — consistent with the expected
V/2 increase.

Finally, a configuration with a 500 W power amplifier has been simu-
lated, shown in Figure 18. As expected, more than an 8-fold increase in
power produces less than a factor of 3 improvement in maximum acceptable
transient.

Observed steady-state residual motion at 250 mA is around 0.02 degrees.
Both single and dual power amplifier configurations have good headroom be-
fore stability is compromised. Simulation results for various power amplifier
configurations are summarized in Table 3.
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Summary

Fs=25.8; gr=5.00; Fcl=26.0; dr=0.62
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Figure 17: Simulated grow/damp transient at 250 mA with two 30 W power
amplifiers.

Table 3: Amplifier power and acceptable transient amplitude

Output power, W ‘ Maximum transient, deg@QRF

30 0.51
60 0.73
200 2.06

4 Summary

Operation of the iGp12-148F bunch-by-bunch feedback processor and the
FEP-476 front-end has been successfully demonstrated at LNLS UVX. Lon-
gitudinal coupled-bunch instabilities have been characterized both below and
above the instability threshold. Bunch-by-bunch diagnostic data has also
been used to analyze the transverse modal patterns above the respective
instability thresholds.

Measured instability growth rates and closed-loop steady-state spectra
have been used to configure an off-line model of the beam and the feedback
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Figure 18: Simulated grow/damp transient at 250 mA with 500 W power
amplifier.

system. The model has then been used to estimate power amplifier and
kicker requirements for production running of the accelerator under feedback
control.
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