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New energy-spread-feedback control system using nondestructive energy-spread monitors
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A new energy-spread feedback control system using nondestructive energy-spread monitors has been
developed in order to control and stabilize the energy spreads of single-bunch electron and positron beams
in the KEKB injector linac. A well-controlled feedback system has been successfully working in daily
operation not only for keeping the injection rate higher along with the beam-orbit and energy-feedback
control system, but also for reducing the background level to the KEKB collider experiment. The energy
spreads of the injection beams have been well stabilized within 0.33 = 0.01% and 0.50 £ 0.02% (0.55 *
0.06%) for the electron beam and the first (second) bunch of the high-current primary electron beam for
positron production at the 180° arc, respectively, and within 0.39 £ 0.01% (0.36 = 0.03%) for the first
(second) bunch of the positron beam at the end of the injector linac through the energy-spread feedback
control system under the nominal operation condition. In this report we describe in detail the energy-
spread feedback control system using nondestructive energy-spread monitors with multi—strip-line
electrodes and their performance in KEKB operation.
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I. INTRODUCTION

It is of fundamental importance to control and stabilize
the acceleration and transport of bunched beams without
any instabilities in high-energy accelerators in order to
increase the luminosity in a collider experiment. It is
strongly required for so-called factory colliding machines
to attain not only higher peak luminosities, but also higher
integrated luminosities in order to reduce the statistical
errors to be as small as possible in physics analysis. For
this purpose, well-controlled accelerator operation should
be accomplished by utilizing a dedicated beam-feedback
control system along with a sophisticated beam diagnostic
and monitoring system, which can make precise measure-
ments of the dynamical beam parameters.

The KEK B-Factory (KEKB) project [1] is in progress
for testing CP violation in the decay of B mesons. KEKB is
an asymmetric electron-positron collider comprising
3.5 GeV positron and 8 GeV electron rings. The KEKB
injector linac [2] injects single-bunch positron and electron
beams directly into the KEKB storage rings. The beam
charges are designed to be 0.64 and 1.3 nC/bunch for the
positron and electron beam, respectively. A high-current
primary electron beam ( ~ 10 nC/bunch) is required in
order to generate sufficient positrons. Since the KEKB is
a factory machine, well-controlled operation of the injector
linac is strongly required for keeping the injection rate as
high as possible and for maintaining the stability of beam
collisions.

For this purpose, several beam-feedback control systems
using dedicated beam diagnostic and monitoring tools
are stably working in daily operation of the injector linac.
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The beam-orbit feedback control system [3] with strip-
line—type beam-position monitors (BPMs) [4] controls to
keep the transverse beam orbits stable; in particular, the
transverse beam orbits of the high-current primary electron
beam for positron production must be controlled in order to
suppress any transverse wakefields. On the other hand, the
beam-energy-feedback control system stabilizes the beam
energies using BPMs installed at a large energy-dispersion
section; in particular, the beam-energy feedback makes
quick beam stabilization possible for a different beam-
mode switch. These two kinds of feedback control systems
have successfully stabilized the simultaneous acceleration
and injection of two bunches separated by 96 ns in a rf
pulse [5] for the positron beam. The two-bunch injection
scheme has enabled us to boost the injection rate of the
positron beam by a factor of 2.

While these feedback control systems contribute to keep
stable operation of the injector linac, it is also important to
stabilize the energy spread in order not only to keep the
injection rate higher, but also to reduce the background
level to the detector and the radiation damage of the
accelerator components. Off-energy particles in a bunch
with a large energy spread cause the detector background;
in particular, the longitudinal energy tail in a bunch not
only reduces the injection rate, but also deteriorates the
vacuum pressure at the injection point. Furthermore, the
harder radiation damages the vacuum components around
the injection point. The dedicated energy-spread feedback
control system with nondestructive energy-spread moni-
tors (ESMs) helps to cure the energy spread of the beams;
in particular, this system is also expected to control stable
acceleration and transport of the high-current primary
electron beam in order to produce a higher amount of
positrons.
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II. NONDESTRUCTIVE ENERGY-SPREAD
MONITOR SYSTEM

A. Detection principle

Nondestructive ESMs using multi—strip-line electrodes
have been newly installed in order to measure the energy
spreads of 8-GeV single-bunch electron and 3.5-GeV posi-
tron beams delivered from the injector linac. The authors
demonstrated that conventional strip-line—type monitors
could nondestructively measure the spatial beam sizes of
a single-bunch electron beam in the transverse directions
with good accuracy [6]. The ESM is one of the applications
for the beam-size measuring instrumentation, because the
energy spread of a bunched beam is transformed to the
transverse spatial spread at an energy-dispersion section.
The detection principle and its performance have been
reported in detail previously [7]. We provide a brief review
here.

When a relativistic charged particle beam passes
through a conducting vacuum pipe, induced image charges
are simultaneously carried on the inner surface of the
vacuum pipe along with the beam. A multipole-moment
analysis [7] derives the second-order moment of the rela-
tivistic charged particle beam (termed ‘“‘quadrupole mo-
ment”) based on an analysis of the image-charge
distribution along the azimuthal direction of the ESM,
depending on the transverse beam positions and beam
sizes. The quadrupole moment (J,) of the charged beam
is simply formulated by

Jy= @D = 0D+ 2= 0P, ()

where R is the pipe radius of the ESM, (x) and (y) are the
charge center of gravity of the beam, and (x*) and (y?) are
the horizontal and vertical mean square half sizes of the
beam, respectively. As shown from this formula, the quad-
rupole moment gives transverse beam-size information
along with the transverse beam positions at the least orders.
The quadrupole moment is also represented by using the
pickup voltages [V; (i = 1-N)] from multi—strip-line elec-
trodes,
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Here, normalization by summing the N-pickup-signal volt-
ages needs to cancel out the beam-charge fluctuation due to
any beam measurement jitter. Since the transverse beam
sizes are related to the detected pickup voltages through the
quadrupole moment of the beam, they can be derived using
these formula [Egs. (1) and (2)] after correcting the trans-
verse beam positions.

Assuming that the vertical energy dispersion (7,) is zero
at the ESM, the energy spread (AE/E) of the beam can be
estimated from the transverse beam sizes along with the
optics parameters (8 functions and horizontal dispersion

J 2

7,) and the transverse emittances (€, and €,), as follows:
() = () = e + (N AE/E) — Bye, +g, ()

where E is the beam energy and g is the offset parameter,
depending on the gain imbalance of the detection system
and the alignment errors of the ESM. The offset parameter
should be corrected based on a beam-based calibration.
Thus, the ESM can measure nondestructively the energy
spread through the quadrupole moment of the beam at an
energy-dispersion section.

B. Hardware design

Figure 1 shows a schematic cross-sectional drawing of
the ESM. The detailed mechanical design of the structure
has been reported previously [7], and here, it is briefly
summarized. The ESM is a conventional strip-line—type
monitor with eight electrodes fabricated from stainless
steel (SUS304) with 77/4 rotational symmetry. The strip-
line length (L = 1750 mm) was determined to be as long
as could possibly be installed into the limited spaces in the
beam line so as to increase the signal-to-noise ratio. The
pipe radius (R = 23.4 mm) and the angular width (a =
15°) of the electrode were chosen so as to comprise a
50-Q-transmission line. Eight pickups with a relatively
narrow angular width are mounted with a tilt of 7/8 radian
at the symmetrical polar coordinates in order to avoid any
direct impinging of synchrotron radiation and off-energy
electrons to the electrode surfaces in a large energy-
dispersion section. A 50-{)-vacuum feedthrough is con-
nected to the upstream side of each electrode, while the
downstream end is short-circuited to a vacuum duct in
order to simplify the mechanical manufacturing process.

FIG. 1. Schematic cross-sectional drawing of the energy-
spread monitor.
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C. Data-acquisition system

Figure 2 shows a block diagram of the data acquisition
system (DAQ). It comprises a signal-digitizing system
comprising an oscilloscope with a sampling rate of
8 GS/s and a bandwidth of 1 GHz, which is controlled
by a PC/Linux-based computer with a Pentium IV micro-
processor at 2.2 GHz. The eight signals of the monitor are
divided by two signal groups alternately (2 X 4 signals).
The four signals of each signal group are sent directly to a
signal combiner through coaxial cables with suitable delay
lines, which are required to avoid a superposition of the
analog signals. The two combined signals out of the signal
combiners are directly connected to the digital oscillo-
scope. Trigger pulses synchronized with the beam are
provided to the oscilloscope at a maximum rate of 50 Hz.
This rate is applicable for communication between the
computer and the oscilloscope through an Ethernet. The
computer receives digitized data from the oscilloscope,
extracts eight pickup voltages, and calculates the beam
positions, the beam charge, and the multipole-moment
pulse-by-pulse. It is even possible to observe two bunches
separated by 96 ns in an rf pulse for the simultaneous
acceleration of the positron beam. The analyzed data are
displayed on any X terminals through an application pro-
gram and they are stored in a hard disk.

III. FEEDBACK CONTROL SYSTEM

A. Software structure of the data acquisition

Control software is one of the most important parts for
extracting a higher performance from the DAQ system. It
must work fast and stably during long-term operation. It is

C++/ (Oscilloscope, 4
Data processing) ::

oo L]nux/OS ..............

| :| — ,
— i Oscilloscope

Combiner

DAQ System

Energy Spread Monitor

FIG. 2. (Color) Data-acquisition system of the energy-spread
monitor.

very beneficial to use C + + and python languages for
developing such a control software algorithm. The low-
level layer should deal with the analysis of a signal wave-
form coming from the monitor electrodes and with the data
processing. One cycle of the data acquisition should be
completed in less than several milliseconds in order to
sufficiently satisfy the acquisition speed of 50 Hz at maxi-
mum. A C + + compiler language was used for low-level
layer development because of its powerful feature with a
higher execution speed and a wealth template library for
easy development.

The low-level layer transfers the waveform data from the
digital oscilloscope to a memory field on a PC via an
Ethernet. The peak-to-peak amplitude of the bipolar signal
propagated from each electrode is obtained using the mea-
sured waveform profile. Then, the PC calculates the beam-
energy spread, the beam positions, and the beam charge
using calibration coefficients stored in a data file. The data-
processing algorithm averages 50 successive data, which
are written in a local file together with their corresponding
one-standard deviations.

To develop the graphical-user-interface (GUI) part, the
Python interpreter language was used. The use of the
interpreter language instead of compiler languages can
accelerate GUI development because the GUI part does
not need a higher execution speed very much. The GUI
shows time-trace plots of the horizontal and vertical beam
positions, the beam-energy spreads, and the beam charges
measured by the ESMs in real time during the linac
operation.

B. Feedback control algorithm

The energy-spread feedback control system is indispens-
able in order to control a beam with higher quality. The
main purpose of this feedback control is to suppress the
fluctuation of the energy spread caused by the drift of the rf
phase of a sub-booster klystron. The drift of the rf phase is
mainly originated from the variations of facility environ-
mental parameters (room temperature and cooling-water
temperature, etc.) with a relatively long-term period in the
klystron gallery. In our feedback control system, the mea-
sured energy spread is used as a feedback control value. Its
reference target value should be set not at a minimum
achievable energy spread but close to it. Since the depen-
dence of the energy spread to the rf phase is described by
following a quadratic function [7], it is required to clarify
the directional sign of an incremental step of the rf phase in
the feedback control algorithm. A simple PID (for propor-
tional, integral, and derivative) control [8] has been
adapted to the algorithm for the energy-spread feedback
control system. The rf phase of a sub-booster klystron is a
feedback actuator in this algorithm. A block diagram of the
energy-spread feedback loop is shown in Fig. 3. First of all,
the measured energy spread is made a comparison with the
reference target value through the feedback algorithm. For
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FIG. 3. Block diagram of the energy-spread feedback loop
based on a PID algorithm.

the nth feedback operation, the rf phase difference (A¢,)
between the present phase (¢,) and the previous phase
(¢h,,—1) set value can be written as

A¢n = Kp(en - en—l) + Kie, + Kd{(en - en—l)
“4)

where ¢, means the feedback deviation between the mea-
sured and reference energy spreads in the nth feedback
operation; the gains of the proportional, the integral and the
derivative terms are denoted by K, K;, and K, respec-
tively. The value set to the actuator is represented by

¢n = ¢n71 + A¢n (5)

The feedback control starts to change the rf phase in order
to reduce the energy spread towards the reference target
value when the feedback deviation increases beyond a
threshold energy spread. A beam test was performed in

- (en—l - en—Z)}’

Ener gy-Spread Feedback (ESM)  Orhit Feedback (BPMs)
I{ ;
fﬁ Ener gy-Spread Meas. (WS) //'
[/ '

/ /‘ Optics Matching Section (WSs) //

order to adjust the three gains and the threshold energy
spread. Constant parameters for the gains K, and K; were
set in the feedback algorithm. They were empirically ad-
justed so as to stabilize the variations of the energy spread
with a suitable convergency. The ratio between the gains
K, and K; was obtained to be 2.5. The gain K; was set to
zero during the feedback operation, since it was sufficient
for the present feedback performance. The threshold en-
ergy spread was set to 16% of the reference target value
which corresponded to about twice the measurement error.
In our feedback algorithm the sign of the feedback gain K,
can be automatically changed when the feedback deviation
increases after the next successive three steps so as to avoid
any unstable divergence. The upper (lower) limit for a
relative increment (decrement) of the rf phase was also
set so as to avoid abnormal operation of the feedback
control.

IV. BEAM TEST

A. Beam line

Figure 4 shows a schematic layout of the beam line of
the injector linac and the locations of the beam-feedback
control systems. The injector linac delivers four different
kinds of beams: single-bunch electron and positron beams
to the KEKB storage rings, and a 1-ns pulsed electron
beam to two different photon factory storage rings [9],
PF and PF-AR, with injection energies of 2.5 and 3 GeV,
respectively. They are switched in the beam switch yard at
the end of the linac. Here, the beam acceleration and the
beam-feedback control scheme for the KEKB operation
are briefly described. A single-bunch electron beam can be
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FIG. 4. (Color) Layout of the KEKB electron/positron injector linac and the location of the beam-feedback control systems.
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generated by a new preinjector [10], which comprises two
subharmonic bunchers (114 and 571 MHz), a prebuncher
and a buncher. The electron gun (A-Gun) can generate a
beam charge of about 20 nC/pulse with a maximum repe-
tition rate of 50 Hz. For positron production, a single-
bunch electron beam greater than 10 nC/bunch can be
stably accelerated from the end of the buncher up to a
positron-production target installed in sector 2, where the
energy of the primary electron beam is 3.7 GeV. The
generated positron beam is directly accelerated from the
target up to 3.5 GeV at the end of the linac. On the other
hand, a single-bunch electron beam is directly accelerated
up to 8 GeV at the end of the linac. The nominal beam
energy is 1.7 GeV at the 180° arc, which reverses the beam
direction while keeping the achromatic and isochronous
conditions for the electron beams in order to preserve the
transverse emittances and the time structure of the bunch
during its passage through the arc.

Three different kinds of beam-feedback control systems
have been implemented along the beam line in order to
stabilize the transverse beam orbits, the beam energies, and
the energy spreads at different locations. The beam-en-
ergy-feedback controls are installed at five locations in a
180° arc, and the beam switch yard (see Fig. 4). The energy
of the 1.7-GeV electron and primary electron beams is
stabilized at the 180° arc. The energy of the 3.5-GeV
positron beam is controlled at two locations, an energy
compression system (ECS) and the end of the beam switch
yard. The energy of the 8-GeV electron beam is also
controlled at two locations, the first bending section after
the end of the linac and the end of the beam switch yard.
The energy-feedback control system has successfully sta-
bilized the beam energies at different locations without any
interference with the energy-spread feedback control sys-
tem during a daily operation. This is due to the use of a
control scheme which changes the rf phases at two adjacent
high-power klystron stations simultaneously in opposite
directions relative to the phase crests with the help of
transverse beam-position data measured at a large disper-
sion section. This control scheme can suppress the increase
of the energy spread within 1072 of the intrinsic energy
spread. The transverse beam orbits along the linac are
controlled so as to adjust them to the design orbits with
the help of upstream steering magnets through the beam-
orbit feedback control system [5]. The ESMs and the feed-
back control system have been newly installed in order to
further stabilize the injection beams at three locations with
large energy dispersion at the 180° arc and the end of the
beam switch yard. One is for the electron and primary
electron beams at the center of the 180° arc. The others
are for electron and positron beams with the energies of 8
and 3.5 GeV at the end of the beam switch yard, respec-
tively. Three optics matching sections using wire scanners
(WSs) adjust the transverse phase spaces of the beam at
three locations: the end of sector B, the beginning of sector
C, and sector 5.

B. Beam-based calibration

A beam-based calibration for the ESMs was performed
using electron and positron beams under the nominal op-
eration condition in order to calibrate the gain imbalance
between the eight electrodes and the alignment errors
caused in the installation. The calibration corrects the
pickup-signal response and the electrical center positions
of the ESM. It was performed by taking mapping data in
the transverse plane with respect to the beam axis with
upstream horizontal and vertical steering magnets and an
upstream quadrupole magnet installed at different loca-
tions. Figures 5 show a typical example of the beam-based
calibration results obtained for the ESM with the 3.5-GeV
positron beam. Figure 5(a) shows that the variations of the
quadrupole moment as functions of the horizontal (K, ) and
vertical kick angle (K\) of the upstream steering magnets.
The result clearly indicates that the variations of the quad-
rupole moment have a saddlelike shape over the measured
ranges in the transverse plane of the ESM. Figure 5(b)
again shows the variations of the quadrupole moment as a
function of the horizontal (vertical) beam position fixed at
K, =0 (K, = 0) along with quadratic fitting functions
based on the least-squares fitting procedure. It is also
shown that the quadrupole moment depends on the trans-
verse beam positions quadratically in each axis, which
agrees well with Eq. (1). The minimum value of the
quadrupole moment is given at the fitted saddle point. At
this point the difference of the mean squared beam sizes
and the offset parameter contribute to the quadrupole mo-
ment, since the beam-position dependence in terms of
Eq. (1) is cancel out (i.e., {x) = (y)). On the other hand,
a cancellation of the beam-size dependence can be per-
formed by changing the field strength (K) of the upstream
quadrupole magnet. Figure 5(c) shows the result of the
quadrupole scan. The minimum value of the quadrupole
moment is given at the waist point (i.e., {(x?) = (y*)) de-
termined with a quadratic fitting function based on the
least-squares fitting procedure. The offset parameter, fi-
nally contributing to the quadrupole moment, was deter-
mined to be g = 0.21 = 0.1 for this ESM. The other ESMs
were also calibrated based on a similar beam-based
calibration.

V. EXPERIMENTAL RESULTS

A. Performance of the energy-spread measurement

A beam test was carried out to investigate the perform-
ance of the energy-spread measurement using a primary
electron beam for positron production at the 180° arc with
the air conditioner off. It was installed at sector A in the
klystron gallery. Such a condition leads to a large fluctua-
tion of the energy spread because the rf phases of the sub-
booster klystron and high-power klystrons cannot be
entirely controlled due to the variations of a room tem-
perature. Figure 6 shows the results of time traces for the
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measured quadrupole moment and the rf phase of the sub-
booster klystron over five hours. Here, each data point of
the quadrupole moment indicates a 50-times average,
while they were obtained pulse-by-pulse with a repetition
rate of 50 Hz. On the other hand, the rf-phase data were
taken every 1.5 min. A linear-correlation analysis [11] was
performed to investigate the correlation between the quad-
rupole moment and the rf phase. The results show that the
linear-correlation coefficient was calculated to be 0.73
where the number of degrees of freedom was 178. The
results indicate that the ESM detected the synchronous
variations of the energy spread to the rf phase of the sub-
booster klystron with a good sensitivity.

B. Performance of the energy-spread feedback control

The performance of the energy-spread feedback control
was investigated with two kinds of the beams, the electron
beam and the primary electron beam for positron produc-
tion, at the 180° arc under the nominal operation condition
for the KEKB injection. Figure 7(a) shows time traces of
the measured energy spreads for the primary electron beam
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two-bunch acceleration mode, and (b) for the electron beam, measured at the 180° arc under the nominal operation condition with the

feedback control on and off during seven days.

in the two-bunch acceleration mode with the feedback
control on and off over seven days. In this measurement,
the other beam-feedback controls, the energy and orbit
feedbacks, were also working well without any interfer-
ence with the energy-spread feedback control. One data
point indicates a 50-times average. The results clearly
show that the fluctuations of the energy spread were sat-
isfactorily reduced over the time period with the feedback
control on. Figure 8 shows a correlation scatter plot and the
projected energy-spread distributions during the same
days. The solid lines indicate Gaussian fitting functions
for the first and second bunches with the feedback control
on and off. The energy spreads of the two bunches were
stabilized within 0.50 £ 0.02% (0.51 % 0.08%) with the
feedback control on (off) for the first bunch, and within
0.55 = 0.06% (0.62 = 0.08%) with the feedback control
on (off) for the second bunch. Here, the error values
indicate one-sigma standard deviations of the Gaussian
fitting functions. The energy-spread values with the feed-
back control on are very consistent with the designed
energy spread at the 180° arc. It is worth stressing here
that although a same rf phase of the sub-booster klystron
was set by following the feedback control in order to
simultaneously stabilize the two bunches, the stability of
the energy spread for the first bunch was better than that for
the second bunch. A relative timing jitter of a grid pulse to
the electron gun provided by the trigger-pulse distribution
system of the injector linac [12] might generate such an
intrinsic energy spread for the second bunch and, however,
the measured timing jitter was negligibly small. This might
come from the beam-loading effect caused by the first
bunch at the preinjector. Figure 7(b) shows a time trace
of the measured energy spread for the electron beam at the

180° arc with the feedback control on and off during the
same seven days. We could not find any large differences
for the energy spread with the feedback control on and off.
The energy spread was 0.33 = 0.01% during the KEKB
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FIG. 8. (Color) Correlation scatter plot and the projected energy-
spread distributions for the first and second bunches of the
primary electron beam for positron production in the two-bunch
acceleration mode measured at the 180° arc with the feedback
control on and off.
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injection. Thanks to the successful energy spread feedback
control at the 180° arc under the nominal operation con-
dition, the first (second) bunch of the 3.5-GeV positron
beam at the beam switch yard has been satisfactorily
stabilized within 0.39 + 0.01% (0.36 = 0.03%) even with-
out the feedback control.

VI. CONCLUSIONS

An energy spread feedback control system for single-
bunch electron and positron beams, and a high-current
primary electron beam for positron production, using non-
destructive beam-energy—spread monitors with multi—
strip-line electrodes, was newly installed and tested in
the KEKB electron/positron injector linac. The perform-
ance of the energy spread feedback control was investi-
gated and the feedback parameters were tuned in the beam
test under the nominal operation condition for KEKB
injection. The results show that the energy spread was
satisfactorily controlled within 0.50 £ 0.02% (0.55 =
0.06%) for the first (second) bunch of the primary electron
beam for positron production at the 180° arc with the
energy-spread feedback control on. The energy spreads
for the first (second) bunch of the 3.5-GeV positron beam
was stabilized within 0.39 = 0.01% (0.36 = 0.03%) with-
out the energy-spread feedback control. The energy spread
of the electron beam was 0.33 = 0.01% at the 180° arc.
The energy-spread feedback control system has been suc-
cessfully working in daily operation for the KEKB collider
experiment.
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