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Abstract

SuperKEKB is an electron-positron double ring collider
= at KEK which aims at a peak luminosity of 8 x 10>cm=2s~!
£ by using what is known as the “nano-beam” scheme. A lumi-
§ nosity dither system is employed for collision orbit feedback
§ in the horizontal plane. This paper reports a system layout of
‘S the dither system and algorithm tests during the SuperKEKB
Z Phase 2 commissioning.
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INTRODUCTION

The SuperKEKB collider [1] employs a luminosity dither

system that was used at SLAC for PEP-II [2] [3] for main-
£ taining the horizontal offset of the two beams at the IP and
E maximizing luminosity. For this purpose, a collision orbital
.8 feedback based on the beam-beam deflection was used in
2 both vertical and horizontal planes at KEKB. With the “nano-
g beam” scheme, however, the horizontal beam-beam param-
2> eters are much smaller than those at KEKB, and detecting
< a horizontal orbit offset at IP using the beam-beam deflec-
§ tion is not effective at SuperKEKB. Therefore, a dithering
S method was introduced for SuperKEKB. A good collision
© condition is sought for by dithering the positron beam (LER,
§ Low Energy Ring), and once a good collision condition is
& found, it is maintained by an active orbital feedback, which
S moves the electron beam (HER, High Energy Ring) relative
; to the LER by creating a local bump at the IP. The algorithm
8 of the system is described elsewhere [4]. The dither system
% was tested with colliding beams in the SuperKEKB Phase 2
S commissioning.
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DITHERING SYSTEM

System Layout

The block diagram of the dither system is shown in Fig. 1.
The system consists of fast luminosity monitors, a lock-in am-
plifier, coils for dithering, a programmable amplifier whose
functions are gain and phase adjustments for each power sup-
ply, actuators (a bump system called “iBump system” which
is also used for the fast vertical feedback), a controller for
the iBump system, a dither control system (the actual feed-
, back algorithm will be run in an IOC on a PLC) and power
supplies of the dithering coils. Those devices are distributed
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three different locations, i.e. a beam line in the SuperKEKB
tunnel, Tsukuba B4 control room which is located near the
beam line and Belle 2 Electronics Hut where the Belle 2 data
acquisition electronics are assembled. PLC and the iBump
system are connected through the EPICS control network
and the whole dither system is control by the EPICS system.
The system is also connected to the SuperKEKB center con-
trol room through the network and can be monitored and
controlled therefrom.

Dither Coils

Eight sets of Helmholtz coils for the dithering system
were designed and fabricated and their magnetic properties
were measured at SLAC [5] . The coils were installed in the
SuperKEKB tunnel in June 2015. Each set consists of a pair
of coils to provide a horizontal kick and/or another pair of
coils to provide vertical kick to the positron beam. The coils
are designed to be mounted on the vacuum pipes directly.
The coils are installed at 8 locations in the LER, 4 on the
right side of the IP (ZD1RP, ZD2RP, ZD3RP and ZD4RP)
and another 4 on the left side (ZD1LP, ZD2LP, ZD3LP and
ZDALP), as is shown in Fig. 2. Three types of coils are
needed to be designed as the cross sections of the beam
pipes vary by location. Two types (ZD1L/RP, ZD2L/RP)
are symmetric in shape and have both horizontal and ver-
tical coils while the third type (ZD3L/RP and ZD4L/RP)
is asymmetric as this type is mounted on the vacuum pipe
ante-chamber and have coils for the vertical kick. Field har-
monics were evaluated by a rotating coil system, shown in
Fig. 3. The required field uniformity of 0.1% is achieved
over a range of +10 mm, even with the asymmetric type coil.
The LER beam is kicked sinusoidally by the coils in the
horizontal direction around the IP at a frequency of 79 Hz.
The coils for vertical kick are prepared in order to correct
the x-y coupling in the IP bump region.

Luminosity Monitor

Two types of fast luminosity monitors are used for study-
ing dither. They both detect photons, re-coiled electrons,
or positrons from radiative Bhabha scattering in the very
forward (“zero degree”) direction. One monitoring system
is called zero degree luminosity monitor (ZDLM) and is
based on Cherenkov and scintillation counters [6]. The other
system is developed by LAL, which uses diamond sensors
and is called “LumiBelle2” [7]. Required accuracy of the
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Figure 1: A block diagram of the dither feedback system.

luminosity monitor has been studied by a simulation and
is 1% at 1 kHz. The short latency of 1 ms is required so
that the monitor can detect a luminosity deviation at a high
frequency.

Other Hardwares

A lock-in amplifier AMETEK ADVANCED MEASURE-
MENT TECHNOLOGY model 7230) is used to generate
a sine wave at a dither frequency. We chose 79 Hz as the
dither frequency to avoid interference from the 50-Hz power
line and injection frequencies of 1, 2, 5, 12.5, and 25 Hz.
The sine wave is used as an input to the power supplies
via a programmable amplifier. The luminosity signals are
input to the lock-in amplifier, which mixes them with the
reference dither signal and then low-pass filtering to pro-
vide an output voltage proportional to the dither frequency
component of the luminosity together with a phase relation
between the dither sine wave and the luminosity modulation
signal. The dither feedback acts so that the output of the
lock-in amplifier becomes minimum. The programmable
amplifier was also designed and fabricated by SLAC [5].
The time delay was adjusted through the programmable am-
plifier by using the phase-shifter. The fudge factors of each
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coil were obtained by analyzing the actual beam orbit. They
were used to improve closure of the bump orbit during beam
commissioning.

BEAM TEST AND COMMISSIONING

This section summarizes the results from the dithering
study with colliding beams. The luminosity signals from
ZDLM and LumiBelle2 were used as input to the lock-in
amplifier.

Response of Lock-in Amplifier to Luminosity Mod-
ulation

We checked the response of the lock-in amplifier twice,
i.e. on May 5th and July 14th. Figure 4 and 5 show results
on May 5th. In the measurement the vertical beta function at
the IP was 8mm for both rings and the luminosity was less
than 1032cm™2s~!. The dither amplitude at the IP was 40um.
The output voltage from the lock-in amplifier (magnitude)
and the phase are plotted as a function of the horizontal
offset at the IP for ZDLM and LumiBelle2. The lock-in
amplifier accepts two inputs; Input A for ZDLM and Input B
for LumiBelle2 and the polarity of Input B is inverted in the
lock-in amplifier. That is why the sign of the phases for the
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m two inputs is opposite in Fig. 4. The horizontal offset at the
8 IP was created by making horizontal bump orbits at the IP in
2 HER. In this measurement, the dependence of the luminosity
% on the horizontal offset was not clear in the scan range in
g the figures, since the IP vertical beta function was not so

& small and the luminosity was not very high. Nevertheless,

the phase jump at around the zero offset was clearly seen in
the scan. This shows superiority of this dither method using
5 the lock-in amplifier. In Fig. 5, the product of the magnitude
?vg and the sign of the phase using the same data as in Fig. 4
5 is plotted as a function of the horizontal offset at IP. In the
g, luminosity feedback routine, the quantity shown in Fig. 5
£ is used as an input value. The feedback acts so as to find
% the zero cross point of the input and keep it by using the PI

Q
g
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z algorithm.

g The second measurement was done on July 14th. In the
£ measurement the vertical beta function at the IP was 3mm
= for both rings and the luminosity was around 10*3cm=2s7!.
% The dither amplitude at the IP was 20um. Four data sets
S WEXBA04

)

214

Figure 3: Ante-chamber type dithering coil is being mea-
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Figure 2: Locations of the dithering coils. Three different types of coils are indicated by three different colors.
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Figure 5: Magnitude times Sgn[phase] is plotted against
the horizontal offset at IP for ZDLM (left) and LumiBelle2
(right). The same data as Fig. 4 are used.

were taken using LumiBelle2 and ZDLM alternatively as
input to the lock-in amplifier, with varying HER horizontal
orbit bump height at the IP, as was done on May 5th. Ta-
ble 1 summarizes the procedure of the scans. The output
voltage (magnitude) from the lock-in amplifier is plotted
as a function of the horizontal beam position at QCILE in
Fig. 6 for scans 3 and 4, where the ZDLM signal was used as
input to the lock-in amplifier. Here, QC1LE is a final focus
quadrupole magnet for the electron ring on the left side of
the IP and the beam position is measured value at the BPM
attached on the IP side of the magnet. The output voltage
becomes zero and the phase jump takes place at x = -0.95
mm in both scans, which are consistent with the position
of the luminosity peak as is shown below. The plots of the
magnitude and the phase for scans 1 and 2 are shown in
Fig. 7, where LumiBelle2 was used as input to the lock-in
amplifier. When the magnitude is zero, or close to zero,
phase jump occurs. However, the beam position is not at
x = -0.95 mm but at x = -1.05 mm. This does not match
the beam position where luminosity peaks as is show below.
The magnitude curve is not symmetric with respect to its
minimum either, which is not the case with scans 3 and 4.
The cause of this mismatch and asymmetric behavior will
be investigated during Phase 3 that is scheduled to start in
the spring of 2019. Also in this measurement on July 14th,
two inputs of the lock-in amplifier are used for ZDLM and
LumiBelle2. However, the sign of the phase for the two
inputs is same as seen in Figs. 6 and 7, since we set phase
offsets properly.
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Table 1: Summary of Horizontal Scan (July 14th)

Input to lock-in  Scan range (um)
amplifier
Scanl LumiBelle2 -250 — +250
Scan2 LumiBelle2 +250 — -250
Scan3 ZDLM -150 — +150
Scan4 ZDLM +150 — -150
o Scan 3 : Input ZDLM (-150->+150 micron @IP) e o Scan 4: Input ZDLM (+150->-150 micron @IP) o
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Figure 6: Magnitude (blue) and phase (red) are plotted
against the HER beam position x for scans 3 (left) and 4
(right).

Luminosity Response

Figure 8 shows the luminosity response when the bump
height at the IP was changed during scan 3, as an example.
The luminosity is normalized to its peak for each luminosity
monitor. The normalized luminosity is fitted by the follow-
ing Gaussian functions:

(x—mz)Q) 0

L() =my + exXp (— 2m2
3

where x is the beam position monitored by the beam posi-
tion monitor (BPM) at QC1LE. The fitted parameters m, and
m3 represent the HER beam position where the luminosity
peaks and exhibits standard deviation, respectively. Table 2
summarizes the fitted parameters. Luminosity peaks when
the HER beam position measured at QC1LE is -0.95 mm
for all scans, indicating that the effects of the bump magnet
hysteresis and drift of the beam orbits are negligible.

In the Eq. (1), the parameter m3 corresponds to X} for
the usual collision scheme. In the "nano-beam scheme",
however, we have to use an effective horizontal beam size
O';Ef ! instead of the actual horizontal beam size oy in the
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Figure 7: Magnitude (blue) and the phase (red) are plotted
against the HER beam position x for scans 1 (left) and 2
(right).
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Figure 8: Luminosity is plotted against the beam position
measured at the QC1LE BPM during scan 3.

Table 2: Summary of Gaussian-fitted parameters

Detector  LumiBelle2 ZDLM
my m3 my m3
(mm) (mm) (mm) (mm)
Scan 1 094 027 -095 0.24
Scan 2 -094 021 -095 0.18
Scan 3 -095 0.17 -095 0.19
Scan 4 -094 020 -095 0.18

calculation of the luminosity or the beam-beam parameters.
The effective horizontal beam size is denoted as follows:

*e .
Oy 17 = 0, sin ¢,

@)

where ¢, and o, are the half crossing angle at the IP (41.5
mrad at SuperKEKB) and the bunch length, respectively.
The bunch length was measured to be 5.5 mm for both LER
and HER when the bunch current is 0.3 mA [8]. Using 41.5

mrad for ¢, and 5.5 mm for o, we obtain ~0.23 mm for *

o2 and =27 is calculated as ~0.33 mm. This is ~60%
larger than m3 in Table 2. Luminosity degraded more than
expected with a horizontal offset. This can be explained by
considering the hourglass effect. When there is a crossing
angle at the IP as is in SuperKEKB, a horizontal offset shift
introduces a collision point shift in the beam direction, as
is indicated in the left side drawing in Fig. 9. The vertical
beta-function (8,) is plotted on the right side. A 100 ym hor-
izontal offset makes S, larger, which degrades luminosity by
approximately 7.2% with 8§ of 3 mm. If a horizontal offset
causes beam blow-up at the IP, an additional degradation in
luminosity may take place.

Dither Feedback

A feedback algorithm using the PI control was first tested
in May 10th. The magnitude from the lock-in amplifier and
the bump height at the IP are plotted in Fig. 10. In this test,
we used LumiBelle2 for the input to the lock-in amplifier.
The feedback algorithm loop runs in the operation computer
system connected through the network in this Phase 2 test.
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Figure 9: Hourglass effect when there is a horizontal offset
at the IP.
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.z The feedback cycle was ~ 8 s, which was mainly determined

z by a data accumulation time in the lock-in amplifier. In
< the test, the luminosity was around 1 x 10*2cm™2s~! and
§ we needed a relative long accumulation time for the lock-in
& amplifier. It determines a proper size and direction of the
© offset at the IP in the HER. These parameters are then sent
§ to the iBump control system via EPICS to create a bump
& in the HER. The feedback loop set a bump in the correct
S direction and made the output from the lock-in amplifier
; smaller, though there were a couple of overshoots initially.
8 After finding a good feedback parameter set, the feedback
% converged smoothly to an optimum value without any over-
S shoot and the magnitude was brought to close to zero. The
E luminosity response was not clear this time, as 3} was rela-
E tively large (8 mm). The luminosity was not very sensitive
‘E to the horizontal beam offset in this test.
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SUMMARY AND FUTURE PROSPECTS

The dither feedback system finds the optimum horizontal

offset between the LER and HER to maximize luminosity
by determining the minimum magnitude of the output of
the lock-in amplifier. In the test on July 14th, the optimum
horizontal offset was found successfully when ZDLM was
used as input to the lock-in amplifier. There was a shift of
approximately 100 um between the luminosity maximum
offset and the magnitude minimum offset when LumiBelle2
was used as input. This will be investigated during the Phase
3 run first. The test of the dither feedback using LumiBelle2
as input on May 10th was successful. The dependence of
luminosity on the horizontal offset agrees with the prediction
estimated from the crossing angle, bunch length, horizontal
beam size at the IP, and hourglass effect. In the beam opera-
tion in Phase 2, the dither feedback was not needed, since
the dependence of the luminosity on the horizontal offset
was weak. In Phase 3, however, the dither feedback would
become indispensable with smaller values of 5.
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