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Abstract

The SuperKEKB electron/positron asymmetric collider,
currently under construction, is designed to elucidate new
physics beyond the standard model of elementary particle
physics. This goal will only be achieved by precise mea-
surements with a luminosity that is 40 times as high as that
of the KEKB. The injector linac is to be upgraded to en-
able a beam size of 50 nm at the collision point, which is
20 times smaller than that of the KEKB, and a doubling of
the stored beam current with a short lifetime of 10 min. At
the same time, two light-source rings, the PF and PF-AR,
will be filled in top-up injection mode. To this end, the linac
will need to be operated with precise beam controls. Dual-
layer controls with EPICS and MRF event systems are be-
ing enhanced to support precise pulse-to-pulse beam mod-
ulation (PPM) at 50 Hz. A virtual accelerator (VA) concept
is introduced here to enable a single linac to be modeled
as four VAs switched by PPM, where each VA corresponds
to one of the four top-up injections into the storage rings.
Each VA is associated with independent beam orbit and en-
ergy feedback loops to maintain the required beam quali-
ties. The requirements of the SuperKEKB HER and LER
for the beam emittance, energy spread, and charge are es-
pecially challenging.

INTRODUCTION

During a decade of successful operation, the data ob-
tained from the KEKB asymmetric electron/positron col-
lider has provided important insight into the flavor struc-
ture of elementary particles [[]. The KEKB for B-physics
is being upgraded towards SuperKEKB to achieve a target
luminosity of 8 x 103° cm~2s7! that is 40 times higher
than the current luminosity in an effort to elucidate new
physics beyond the standard model of elementary particle
physics. The injector linac will be upgraded to enable a
beam size of 50 nm at the collision point and a doubling
of the stored beam currents of the 3.6-A positrons in the 4-
GeV low-energy ring (LER) and the 2.6-A electrons in the
7-GeV high-energy ring (HER), both with short expected
lifetimes of 10 min [B]. The linac will require full-energy
injection with an energy spread of 0.1%, beam emittances
of 20 and 10 mm-mrad at the end of the linac, and elec-
tron and positron bunch charges of 5 and 4 nC, respec-
tively. Two bunches in a pulse are expected at a pulse rate
of 50 Hz.

Low-emittance, high-current electrons will be delivered
by employing a photocathode RF gun, and high-current
positrons will be generated using a flux concentrator (FC)
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and large-aperture accelerating structures, before being
damped to a low emittance through a damping ring (DR).
The injector will inject electrons into two light-source
rings: the Photon Factory (PF) and the PF Advanced Ring
(PF-AR). All four storage rings of the SuperKEKB (the
HER, LER, PF and PF-AR) will be filled in top-up injec-
tion mode (Fig. M) using pulse-to-pulse modulation (PPM)
at 50 Hz, effectively allowing the injector to perform virtu-
ally simultaneous injections [B].

A number of beam orbit and energy feedback loops were
installed to maintain the beam stability for KEKB injec-
tions, particularly when the stability of the machine was
not well understood [H]. For SuperKEKB injections, these
feedback systems will need to be improved to meet the
additional requirements of low-emittance, high-intensity
beams and virtually simultaneous top-up injections into the
four rings. We describe an upgrade plan for these feedback
systems here by introducing the concept of virtual acceler-
ators (VAs).

PULSE-TO-PULSE MODULATION
CONTROL

The control system at KEKB is based on the Experimen-
tal Physics and Industrial Control System (EPICS) [H] and
scripting languages. EPICS realizes the abstraction of the
accelerator equipment layer, and the scripting languages,
including SADscript [B], successfully achieve the integra-
tion of innovative ideas into the accelerator operation [0].
Following advances and developments in hardware devices
and EPICS, the “channel access (CA) everywhere” concept
was adopted to enable new subsystem deployment.

Later in the KEKB project, for a higher experimental
performance and light sources that share the same injector,
it became favorable to inject beams in top-up mode into all
the storage rings. In the PF, a stable stored beam current
is necessary for precise experimental results, and for the
KEKB, stability was also desired for sensitive beam colli-
sion tuning to increase the luminosity. To that end, simul-
taneous top-up injection was established for three storage
rings (HER, LER, and PF) in 2009.
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Figure 1: Layout of the SuperKEKB injector linac and
beam delivery system to the four storage rings of the ex-
perimental facilities.
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Figure 2: Overall configuration of the event-based control
system at the injector linac. A total of 18 event-receiver
stations are spread across the 1-km-diameter facility.

Global and fast controls were then established for pulse-
to-pulse beam modulation (PPM), or virtual accelerators
(VAs) [B]. The control system, based on 10-year-old hard-
ware and conventional EPICS software, was inadequate for
controlling the beam within 20 ms, and so a new control
system with an event notification mechanism that was capa-
ble of regulating ~150 parameters at 50 Hz was installed.
This event-based control system managed the low-level RF,
high-power RF, pulsed magnets, electron gun, injection
systems, and beam instrumentation, that were spread over
a distance of 1 km. While the event-based control system
was supervised by EPICS software, it had a dedicated com-
munication link for fast, global, and robust control [H].

The event generator sent timing signals and control
data to 18 event-receiver stations arranged in a star-like
topology (Fig. D). Each link between the event genera-
tor and a receiver consisted of a single optical fiber and
provided both synchronized timing signals (with a pre-
cision of approximately 10 ps) and synchronized control
through a realtime software mechanism (with a precision
of about 10 us). Recent technological advances in field-
programmable gate arrays (FPGAs) and small form-factor
pluggable (SFP) transceivers have enabled reliable control
in this configuration.

VME-based event control modules in the generator
(EVG230) and the receiver (EVR230RF) from MRF [[d]
were utilized in the system. The event generator provides
several events per pulse depending on the injection ring,
and device controls are synchronized to the linac RF clock.

The same “dual-tier” control system with the conven-
tional EPICS and event-based control, depicted in Fig. B,
will also be essential for the SuperKEKB. Simultaneous
injection will be maintained, as the beam lifetime will be
more limited at the SuperKEKB HER and LER. Several
more event-receiver stations will be installed to cover addi-
tional pulsed accelerator equipment and beam instrumenta-
tion. Event generators and receivers from SINAP are also
being evaluated, especially for the DR integration [[]. A
number of other parameters will have to be managed pre-
cisely in a pulse-to-pulse manner to realize lower emittance
beams for a higher luminosity [[].

The event-based control tier manages global and fast

Figure 3: Dual-tier controls with EPICS CA at the top and
fast event synchronized control at the bottom.

controls over a pico- to microsecond range, while the
EPICS control tier covers slower parameter controls for the
event-based controls, as well as existing conventional con-
trols. The EPICS tier arbitrates operation requests of aver-
age beam-repetition rates from the three rings, and sched-
ules different beams pulse by pulse.! Such requests occur
every several seconds, and the beam mode schedule is re-
programmed at the event-control tier through the EPICS
CA upon each request. This dual-tier control system is
also an optimal configuration for next-generation acceler-
ator systems.

EMITTANCE PRESERVATION

Low-emittance, high-current electron and positron
beams will be generated by upgrading the linac with fa-
cilities such as an RF gun, an FC, and a DR. If the acceler-
ator equipment is aligned perfectly and the machine is sta-
ble, then beams are injected to the rings without emittance
degradation. Based on beam dynamics simulations with an
advanced bunch compressor, it is found that the local and
global alignment tolerances are 0.1 and 0.3 mm, respec-
tively, depending on the bunch length. However, alignment
of the 600-m linac itself is a challenge, and furthermore, the
Great East Japan Earthquake in 2011 disturbed the align-
ment by several millimeters.

If the machine is not aligned well, then the beam is
kicked transversely by the focusing magnets and passes
through the accelerating structures at an off-center posi-
tion, inducing a transverse wakefield. This wakefield then
kicks the tail of the beam bunch causing it to form a banana
shape, which generates projected emittance blow-up [[3].
If the distortion is small and non-linear effects are ignored,
then we should be able to determine an initial beam orbit
that will cancel the distortions in both the horizontal and
vertical planes [[4].

It is important to adopt this emittance preservation mech-
anism along the linac, and we must also be prepared to han-
dle beam orbit and other instabilities by employing feed-
back loops.

1Under typical operating conditions, the average injection rates with
KEKB were 25 Hz for the LER, 12.5 Hz for the HER, and 0.5 Hz for the
PF, which were frequently changed to maintain the stored beam current
automatically.
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VIRTUAL ACCELERATOR MODELS

There are two types of VAs that are both important to
this project. The first is a VA constructed virtually within a
computer simulation to represent a real accelerator. This
“simulation VA” is often utilized to improve the perfor-
mance by comparing beams between virtual and real ac-
celerators or to design the accelerator before construction
is completed [[3]. As EPICS has a switch to change pro-
cess variables to simulation mode, several institutes employ
such a mechanism.

The second VA type is one that corresponds to PPM
beam modes. Each of the “PPM VAs” maintains indepen-
dent variable parameters, and machine operators treat those
PPM VAs as separate machines that exist in a single real
machine. For the injector linac, we may need to consider a
group of PPM VAs consisting of (Fig. H)

e a7-GeV electron injector for the SuperKEKB HER,
e a4-GeV positron injector for the SuperKEKB LER,
e a 2.5-GeV electron injector for the PF, and
e a 6.5-GeV electron injector for the PF-AR.

Positrons are kept in the DR for more than 40 ms to re-
duce the beam emittance, and the same beam spans a tem-
poral distance of more than two pulses. Most of the beam
characteristics are lost in the DR, but the beam charge and
timing against MR are maintained. Furthermore, a single
pulse may contain dual bunches separated by 96 ns, and
these two bunches should be handled separately because
the second bunch is affected by the wakefield of the first
bunch.

While all the PPM VAs share about 1000 common pa-
rameters, each PPM VA maintains an independent set of
around 200 synchronous parameters. Common parameters
correspond to equipment that does not vary from pulse to
pulse. As the synchronous parameters can change in PPM,
each parameter can have multiple values (currently up to
ten), and one set of these values are associated with one
PPM VA. Both the common and independent parameters
will need to be optimized to achieve the beam properties
of the respective PPM VA. Thus, a simulation VA is re-
quired for each PPM VA. Since our present simulation en-
vironment based on SAD/SADscript is not designed to han-
dle such common parameter optimization between several

VAs, the optimization process will need to be iterated.

Depending on the location in the injector linac, the beam
energies in the PPM VAs are very different, which makes
the iteration optimization somewhat complicated. To sim-
plify the process, we subdivide the linac into several seg-
ments as listed in Table .

Table 1: Possible segment energies (GeV)
Segment HER LER PF PF-AR
Gun to positron target 3.5 35 35 35

Positron target to DR 4.6 1.1 46 4.6
DR to the end of linac 7.0 40 25 6.5

BEAM EMITTANCE CONTROL

Depending on the alignment result and the stability of
the injector, the management strategy of the beam emit-
tance may vary. Initially, we will only be able to monitor
the beam characteristics as much as our resources will al-
low. We are in the process of enhancing the synchronized
beam instrumentation such as the strip-line beam position
monitors (BPMs) [[d], wire scanners for the beam emit-
tance [[[2], and a beam deflector for single-shot sliced emit-
tance [B], as well as equipment monitors [[F].

Simple beam stabilization feedback loops will first be
installed for the beam orbit and energy with a proportional-
integral (PI) control as in KEKB, where monitors are BPMs
and actuators are steering magnets or low-level RF sys-
tem. Pairs of point-to-point orbit stabilizers of 90-degree
apart in the phase space, as well as energy stabilizers with
energy-spread compensation will be employed [[@]. We
have found that these instruments are indispensable in lo-
cating the origin of the instability and for continuing beam
studies under unusual beam conditions.

As noted, a certain beam orbit can be employed to cancel
out the beam bunch distortions introduced by the wakefield.
This orbit can be determined by scanning the initial point
in the beam phase space and applying a specialized opti-
mization feedback algorithm such as the downhill simplex
to maintain the orbit. However, it is only after the beam has
been commissioned that we are able to confirm how the or-
bit may be affected by the ground/girder alignment stability
and equipment stability and what time constants these may
have. We thus may need to apply different feedback tech-
niques for the stabilization.

Each PPM VA will be associated with several feedback
loops that will be applied to a set of process variables that
correspond to the respective PPM VA. The process variable
sets and feedback loops of each PPM VA are independent,
as shown in Fig. B.

If the time constant of the beam drift is sufficiently slow,
then the feedback application programs will continue to
be based on scripting languages, possibly accompanying
a graphical user interface including the SADscript environ-
ment, which can solve linear (and nonlinear) beam optics
online. This scheme is preferable for rapid development.
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Figure 5: Each PPM VA would be associated with several
beam feedback loops independent of the other PPM VAs.
This figure indicates only the minimal beam energy feed-
back locations.

However, we will need to consider alternatives for routine
operations depending on how often the beam optics change.

If the time constant is fast up to (but not including) pulse
to pulse, then we can initially employ the EPICS ePID
record. The beam optics parameters in the associated simu-
lation VA should be calculated by a relevant helper applica-
tion, and the feedback parameters should be tuned through
CA. Eventually, we would need multi-monitor to multi-
actuator loops, and a dedicated custom record may be nec-
essary. A surveillance system of these feedback loops is
also necessary for a routine robust operation.

In parallel to the feedback loop implementation, the as-
sociated simulation VAs would be improved by correct-
ing the beam monitors and actuators. Such improvements
should be shared between processes online.

CONCLUSION AND FUTURE

The advanced SuperKEKB design necessitates demand-
ing requirements for the SuperKEKB injector linac. To
achieve the expected beam parameters, PPM and emittance
preservation controls were discussed. Two types of VAs,
PPM VAs and simulation VAs, were introduced, and an im-
plementation process for beam stabilization feedback loops
were proposed based on these VAs. We note that the sta-
bilization process may be affected by the device stability
and the quality of alignment. The design and performance
of the temporal manipulation of a laser pulse and the beam
bunch compressors will also be important. Thus, we will
need to provide a flexible environment in which to con-
struct the beam operation system, and such an environment
should be adapted to handle multiple VAs.

The commissioning of the injector will start in autumn
2013 at a limited power. While the mechanism that was
tested in the KEKB project will be applied to the new in-

strumentation and equipment [[[Q], we will need to deter-
mine the best direction for implementing the stabilization.

More realistic beam commissioning will be performed in

autumn 2014 and winter 2015 for the injector and ring, re-
spectively.
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