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Abstract:

To combat electron beam instabilities, a digital bunch-by-bunch transverse feedback (TFB) system

has been developed for the Duke storage ring. While it is capable of suppressing transverse beam instabilities for
multibunch operation, the TFB system has not been needed for typical operation of the Duke storage ring. To explore

the great potential of this system, we have developed beam diagnostic techniques using the TFB, in particular, the

TFB based tune measurement techniques. The tune measurement technique allows us to conduct fast chromaticity

measurements, compared with the existing chromaticity measurement system using a network analyzer. This new

tune measurement system also enables us to measure the bunch tune for multibunch operation of the Duke storage
ring. With the TFB based tune measurement system, we have studied the tune stability of the electron beam in the

Duke storage ring. This tune system has also been used to calibrate the tune knob for the Duke storage ring.
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1 Introduction

The light sources at the Duke accelerator facili-
ty include the storage ring based free-electron lasers
(FELs) [1] and the High Intensity Gamma-ray Source
(HIGS) [2]. The accelerator facility is composed of
three subsystems: a 180 MeV linac pre-injector, a 0.18—
1.2 GeV top-off booster injector, and a 0.25-1.2 GeV
electron storage ring [3]. The betatron tunes, both ver-
tically and horizontally, are the key parameters of an
electron beam in the storage ring. Therefore, the mea-
surement system for the betatron oscillations (betatron
tunes) is one of the most important beam diagnostics.
The basic approach to measure the betatron tune is to
excite the electron beam and measure its response. At
the Duke FEL lab, the tune measurement systems de-
veloped for both the storage ring and the booster syn-
chrotron employ a network analyzer and an optical detec-
tor [4, 5]. This kind of optical tune measurement system
works in the following way: a network analyzer generates
an RF drive signal which is amplified and sent to a di-
agnostic stripline to excite the electron beam; the beam
motion is detected using synchrotron radiation from a
dipole magnet; and finally, the detected beam signal is
compared with the drive signal to determine the betatron
tunes.

Received 9 August 2012
* Supported by US DOE (DE-FG02-97ER41033)
1) E-mail: wxu@ustc.edu.cn
2) E-mail: wu@fel.duke.edu

DOI: 10.1088/1674-1137/37/7/077006

The measurement of betatron tunes can also be reali-
zed using a bunch-by-bunch transverse feedback (TFB)
system. In this paper we report our work on the develop-
ment of a new tune measurement technique based on the
TFB system for the Duke storage ring. We first introduce
the TFB system for the Duke storage ring. Next we de-
scribe the development of the TFB based electron beam
diagnostics, in particular, the TFB based tune measure-
ment system. Using this new tune measurement system,
vertical betatron tunes of a multibunch beam in the stor-
age ring have been measured and studied. And finally
we present additional applications of the TFB tune mea-
surement system, including the study of tune stability
and the calibration of the tune knob for the Duke stor-
age ring.

2 Transverse feedback system at Duke
storage ring

In order to realize high performance of a storage ring
based light source, bunch-by-bunch feedback systems are
employed to sustain a stable, high-current multi-bunch
electron beam in the storage ring. A longitudinal feed-
back (LFB) system and a TFB system have been devel-
oped for the Duke storage ring. By suppressing longitu-
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Fig. 1. The layout of the digital bunch-by-bunch transverse feedback system for the Duke storage ring. The beam

signal is picked up through a button-type beam position monitor (BPM). The front-end signal processor system
can detect and process both horizontal and vertical position signals of the electron beam. The TFB kicker consists
of two pairs of striplines which can be used to drive the beam horizontally and vertically, respectively. Since we
only have one digital processor system (iGp from Dimtel. Inc.) it is connected as a vertical feedback system to
combat vertical beam instabilities which limit the maximum beam current in the Duke storage ring.

dinal coupled bunch instabilities (CBIs), the LFB sys-
tem is now playing a critical role in the routine oper-
ation of the HIGS facility at Duke University [6]. The
transverse feedback system was originally designed as a
bunch-by-bunch, single-turn analog feedback system in
collaboration with Lawrence Berkeley National Labora-
tory (LBNL). In order to improve its performance, we
have recently upgraded the TFB system (vertically only)
with an integrated Gigasample processor (iGp) which is
based on a field-programmable gate array (FPGA) [7].
After tuning and optimization, the transverse feedback
system is capable of suppressing the transverse beam
instabilities although it is not needed for typical oper-
ation of the storage ring with either a single-bunch (for
FEL operation) or a two-bunch beam (for HIGS gamma-
ray production). The transverse feedback system of the
Duke storage ring is schemed in Fig. 1.

A typical electron beam feedback system consists of
three subsystems: (1) a signal detection system which
detects the bunch signal, (2) a digital signal processing
system which processes the bunch signal and produces a
correction signal, and (3) an energy or momentum cor-
rection system through which the amplified correction
signal is applied to the electron bunches via a feedback
kicker [8]. With these features, we can develop state-of-
the-art electron beam diagnostics using bunch-by-bunch
feedback systems.

3 Development of TFB based beam di-
agnostics

It is obvious that all processes of the tune measure-

ment system described in Section 1 can be realized using
an active transverse feedback system since it can gen-
erate a signal to drive the beam and detects the cor-
responding beam response. Furthermore, a bunch-by-
bunch transverse feedback system can drive a specific
bunch and pick up its bunch response, which means that
with this system we can measure the bunch tune for
multibunch operation of a storage ring. This capabili-
ty is not possible with the conventional tune measure-
ment system. Using the TFB system, we have developed
two different ways to measure the betatron tunes, a slow
tune measurement technique and a fast tune measure-
ment technique. We have also developed a new chro-
maticity measurement system which is based on the fast
tune measurement technique.

3.1 Slow tune measurement technique

Using a discrete frequency scan method, we have de-
veloped a slow tune measurement technique for the Duke
storage ring using the TFB system. The slow tune mea-
surement method scans the drive frequency in a preset
region while recording the beam response at each fre-
quency. The sweep signal for excitation is generated by
the iGp of the TFB system and applied to the electron
beam after amplification through a transverse feedback
kicker (a stripline). The RF scan signal should cover a
frequency range in which the betatron tune is located. In
order to get an accurate measurement result, the band-
width of the RF drive signal should be reasonably nar-
row. However, a narrower bandwidth means more sweep
steps, leading to a longer measurement time. Typically
we set the RF drive signal bandwidth to 1 kHz. We also
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need to pay attention to the strength of the drive sig-
nal. If the drive signal is too weak, the beam may not
be adequately excited. On the other hand, a very strong
excitation may cause a tune shift due to a large beam
oscillation and even beam loss. For each drive frequency,
the time-domain beam signal is recorded and the fast
Fourier transform (FFT) is performed to find its cor-
responding response in the frequency domain. Finally
the drive signal and its corresponding response are put
together to form a tune response diagram. In this plot,
the betatron tune occurs at the frequency with the maxi-
mum beam response. Fig. 2 shows the measurement of
the vertical tune of a 3.96 mA, 600 MeV single-bunch
beam. Using this slow tune measurement technique, it
typically takes 3 to 4 minutes to measure the tune, which
is somewhat slower than the existing network analyzer
based optical tune measurement system.
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Fig. 2. A vertical tune measurement using the
TFB based slow tune measurement technique.
The frequency span is set to 40 kHz (490-
530 kHz). The bandwidth of the sweep is set to
1 kHz, resulting in 41 sets of the beam signal data.
In the lower plot, the measured beam response
is shown with its peak response corresponding to
the betatron signal. The measured vertical tune
(a fractional tune) is v, =0.1785 (497.97 kHz).

3.2 Fast tune measurement technique

The tune measurement technique described above is
a rather slow process and a faster tune measurement
technique is desirable for user operation and accelera-
tor physics studies. A fast tune measurement system
can be used to measure the betatron tune during the en-
ergy ramping of a booster synchrotron or a storage ring.
In addition, a fast tune measurement system can pro-
vide us with an effective tool to study the performance
of the electron beam in the storage ring with different
bunch patterns and levels of current, and to study beam
instabilities and impedance effects.

A much faster tune measurement technique can be
developed by driving the electron beam using a broad-
band signal generated inside the digital processor of the
TFB and subsequently recording the beam response.
The FFT is then applied to the time domain beam sig-
nal to determine the beam response in the frequency
domain. In order to get an accurate measurement, we
need to pay attention to the FFT resolution bandwidth
(RBW) of the recorded beam signal. The FFT resolution
bandwidth refers to the smallest frequency that can be
resolved using FFT. A smaller resolution bandwidth re-
quires a longer acquisition period (total recording time);
for a fixed sampling rate, this leads to a larger number
of samples required in a measurement. Denoting this re-
solution as RBW, the recording time and the number of
the total samples are

1
RBW" (1)

fmeas
= 2
eas RB‘N 7 ( )

ATmeas =

chas = fmcas Ajﬂ’m

where fic.s is the sampling rate of the acquisition sys-
tem. For the Duke TFB system, its Gigasample proces-
sor can record the beam signal from all 64 buckets at
the RF frequency (178 MHz) so that with one measure-
ment, we can measure the frequency response of all 64
individual bunches. For each bunch the sampling rate
is the revolution frequency of the electron beam. The
beam revolution frequency in the Duke storage ring is
about 2.79 MHz which is much higher than the betatron
tune signals (i.e., the fractional tune signals at several
hundred kHz). This ensures that the sequence of data
samples can be used to reconstruct the real tune signal
according to the Nyquist sampling theorem. Typically
for the tune measurement a reasonable bandwidth reso-
lution of 0.1 kHz is used. Therefore the recording time
is about 10 ms. Considering the time for the system
to respond and for downloading and analyzing the data,
the measurement could be completed in a few seconds,
which is much faster than the optical tune measurement
system and the TFB based slow tune measurement tech-
nique. For a recording time of 10 ms and a sampling
rate of 178 MHz (RF frequency), the total number of
data taken is 2x10° (2%'), smaller than the available
data buffer size of 8 MB (22%) of this TFB system.

The drive signal is a modulated wideband signal with
a certain bandwidth which should cover the betatron
tune frequency. The sideband spacing of the modulated
drive signal should be small enough in order to accurately
measure the tune signal. Typically we set the sideband
spacing to 50 Hz, which is smaller than the typical FF'T
resolution of the tune signal (0.1 kHz). Also we need to
carefully set the strength of the drive. The amplitude of
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the drive signal should vary with the electron beam en-
ergy and current. A vertical betatron tune measurement
using the TFB based fast tune measurement technique is
shown in Fig. 3. As the beam signals from all 64 buckets
are acquired, we can analyze them individually to ob-
tain the bunch tune. The beam signal from bunch #1 is
presented in the plot to show its bunch tune. The mea-
sured fractional vertical tune is 0.1789 which corresponds
to the actual vertical tune v, =4.1789 (the integer part
is 4).
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Fig. 3. A vertical tune measurement using the fast

tune measurement technique. A 300 MeV, single-
bunch electron beam is excited by a broadband
drive signal with a bandwidth of 100 kHz (450
550 kHz). The top plot shows the overall beam
signal in the time domain and the bottom plot
shows the same beam signal in the frequency do-
The two plots in the middle show the
power spectrum of the bunch signal from bunch
#1 in the linear and logarithmic scales, respec-
tively. The measured fractional vertical tune is
v, =0.1789.

main.

3.3 Chromaticity measurement system

Chromaticity is an important parameter of a storage
ring which describes the variation of betatron tunes with
beam energy. The chromaticity is defined as (the lowest
order)

dv

&= d(AE/E)’ ®)

where v is the betatron tune and FE is the beam energy.
The definition gives us a direct way to determine the
chromaticity, by measuring the tune shift with beam en-
ergy. The change of the electron beam energy can be
achieved by tuning the operation frequency of the RF
cavity in the storage ring:

AE N A frr

E © frr
where «. is the momentum compaction factor, frp is
the RF frequency and A frr is the change of the RF
frequency. The momentum compaction factor for the
Duke storage ring is 8.6x10~3. For a typical chromaticity
measurement, the range of the (relative) energy change
is chosen as from —0.5% to 0.5%. In order to have a
good linear fit of the measured tunes, at least five tune
measurements are performed. The old chromaticity mea-
surement system for the Duke storage ring employing a
network analyzer is relatively slow. With the newly-built
TFB based tune measurement system, we have deve-
loped a faster chromaticity measurement system. Fig. 4
shows the result of a typical chromaticity measurement
using the TFB based tune measurement method. For
this 3 mA, single-bunch beam at 600 MeV, the measured
vertical chromaticity is &, = 0.171. This measurement
takes about 1 min, which is about a factor of 5 faster
than the measurement using the network analyzer.
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Fig. 4. A measurement of the vertical chromaticity
using the TFB based tune measurement system.
The upper plot shows the measured tunes for the
electron beam at different energies by varying the
RF frequency. The lower plot shows a linear fit
to the measured tunes; the slope of the fitted line
is the measured chromaticity (£,=0.717).
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4 Multibunch tune measurement

Multibunch operation is often adopted for a storage
ring based light source to increase the total beam current,
so as to obtain a high luminosity. The betatron tune of
individual bunches may be different from one another.
Therefore it is of great interest to measure the beta-
tron oscillation frequencies of individual bunches rather
than the overall beam tune. For example, in the pro-
cess of performing bunch cleaning, to remove a particular
bunch, the targeted bunch should be driven at its tune
frequency precisely. This requires first performing accu-
rate measurements of tunes of individual bunches [9].

For a stable single-bunch beam, its betatron tune
can vary with beam current. The tune shift as a func-
tion of the beam current can be measured and expressed
as the tune slope. The current-dependent tune shift is
caused by the wakefields in the storage ring [10]. The
tune shift with current measurement can be used to es-
timate the transverse impedance of the storage rings.
Usually this type of measurement is carried out using a
single-bunch beam to eliminate coupled bunch instabi-
lities [11]. The tune shift can also be caused by the ion
(or electron) clouds with multibunch operation mode in
a storage ring [12]. These effects can be studied using
the multibunch tune measurement system.

To demonstrate the bunch-by-bunch tune measure-
ment capability, a multibunch tune measurement with
a 2-bunch beam using the TFB based tune measure-
ment technique is shown in Fig. 5. The tune separa-
tion of these two bunches (Av, ~0.0038) is mainly due
to the difference of their bunch currents. We have also
measured the multibunch vertical tunes of a train of 60
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bunches stored in the Duke storage ring (4 continuous
buckets were left empty as an ion-cleaning gap), shown
in Fig. 6. The tune was measured shortly after the injec-
tion. The frequency spread of the measured bunch tunes
indicates the uneven fill of electrons in 60 RF buckets.
The FWHM (Lorentzian fit) tune spread of this 60-bunch
beam, AWM =0.00035 (see Fig. 6(b)), is much larger
than the typical tune spread of a single-bunch beam. In
our case, the tune spread of multi-bunch beam can be
attributed to two major factors: (1) the bunch-current
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Fig. 5. A tune measurement with a 2-bunch beam

(bunch #1 and bunch #3). The measured vertical
tune of bunch #1 is 0.1761 with a bunch current
of 5.1 mA. The measured vertical tune of bunch
#3 is 0.1799 with a bunch current of 0.5 mA. The
bunch tunes are measured at the same time with
the same drive signal.
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Fig. 6. A measurement of vertical tunes of 110 mA, 60-bunch electron beam at 600 MeV. (a) Measured vertical
tunes of 60 individual bunches. (b) Overall vertical tune response of the beam when the time-domain beam signal
from all 64 RF buckets is analyzed together. This would be the measured tune response using a tune measurement
system without bunch-by-bunch capabilities. Both Gaussian fitting and Lorentzian fitting are performed. The
Lorentzian curve provides a better fit especially for the foot of the tune response.
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dependent tunes due to an uneven fill of electrons in
various RF buckets (the effect of short-term wakefields);
and (2) the coherent motion of bunches due to long-term
wakefields. For the measured beam in Fig. 6, both ef-
fects are present, but the effect related to bunch-current
dependent tunes is more paramount, as the beam sig-
nals from large bunches tend to have lower frequencies

(Fig. 6(a)).
5 Applications

5.1 Study of tune stability at Duke storage ring

A stable tune is very important to the high perfor-
mance operation of a storage ring based light source. The
tune stability of a stable electron beam (without beam
instabilities) is a good measure of the overall perfor-
mance of magnet power supplies. For a high-performance
storage ring, the power supply induced tune variations
should not exceed the tune spread caused by the en-
ergy spread of the beam. For nominal operation of the
Duke storage ring, the allowed maximum tune variations
(RMS) are Ay, =0.75x10"2 and Av,=1.5x10"3, respec-
tively [13]. To achieve this goal, magnet power supplies
with excellent stability were used and tuned to meet the
tune variation requirements. The performance of indi-
vidual power supplies was measured to ensure that each
power supply would meet the stability specification [13].

0.1738

S o  measured vertical tune
0.1736 2 slope=(—5.84+0.05)10"4/mA
o after compensation
0.1734 ¢ mean=0.17294, rms=4x10"3
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Fig. 7. The vertical tune stability measurement at

the Duke storage ring. The tune is measured
while a single-bunch beam current decays na-
turally (from 8.4 mA to 5.6 mA) at 600 MeV.
The tune increases while the beam current de-
creases. This leads to a negative tune slope of
—5.84£0.05/mA. After compensation for the ef-
fect of tune shift with current, the tune stability
(RMS) is calculated as 4x107° over the measure-
ment period of 30 min.

The vertical tune variation is investigated using the
TFB based fast tune measurement system. The experi-
ment is carried out with a single-bunch beam. The mea-
surement results are shown in Fig. 7. After correcting
the linear tune shift with current, the vertical tune vari-
ation (RMS) is only 4x1075, which is much smaller than
the requirement (1.5x1073). This level of tune stability
is among the best of modern storage rings, as the result
of a consistent effort to improve magnet power supply
stability.

5.2 Tune knob and chromaticity knob calibra-
tion

The storage ring performance can be optimized by
tuning its operation point, such as tunes, chromaticities
and beam orbits. At the Duke storage ring the tune knob
and the chromaticity knob are important tools for oper-
ation [14]. The tune knob is implemented by adjusting
the strength of a certain group of quadrupole magnets in
one of the straight sections of the storage ring. The chro-
maticity knob is implemented by adjusting the strength
of a certain group of quad-sextupole magnets in the arc
sections of the storage ring. Using the TFB based tune
measurement tool, we performed a calibration for the
tune knob. The tune knob calibration result is shown in
Fig. 8. For a tune change of Ay, <0.08, the vertical tune
knob is quite linear as the measured tune follows the set
value of the tune knob along a straight line with a slope
of 1.01. Beyond this point, the measured tune starts
to deviate from the tune knob set value. The calibra-
tion indicates a finite, but rather adequate linear range
of this tune knob. The chromaticity knob is also cali-
brated using the TFB based chromaticity measurement
system. The chromaticity knob calibration is reported
elsewhere [15].
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Fig. 8. The calibration of the vertical tune knob

for the Duke storage ring.
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6 Conclusion

The development of the TFB based electron beam
diagnostics is presented in this paper. The TFB based
fast tune and chromaticity measurement techniques are
more efficient than the existing optical tune measure-
ment systems using a network analyzer. Furthermore,
the TFB based tune measurement system enables us
to measure the betatron tune for individual bunches in
the multibunch operation. With these new beam diag-
nostic capabilities, we have studied the tune stability
and performed the calibration of the tune knob and
chromaticity knob for the Duke storage ring. The TFB
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