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Abstract 2 gt ol

SuperKEKB is an electron—positron double ring collider x x+ x= 3)
: that aims to achieve a peak luminosity of 8x10*° cm™s™! by
= using what is known as the “nano-beam” scheme. A lumi-
‘2 nosity dither system is employed for collision orbit feed-
§ back in the horizontal plane. This paper reports the dither
2 hardware and algorithm tests during the SuperKEKB Phase
g 1I luminosity run.
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The parameters ¥,a;, o+ <, and o;." represent the dith-
ering amplitude, dithering frequency, effective horizontal
LER, and HER beam size at the IP, respectively. The effec-
tive horizontal beam size is denoted as follows:

*eff _ .
ol =0 _sing @)
where ¢ and o are the half crossing angles of the two

The SuperKEKB collider [1] employs a luminosity  peams at the IP and bunch length, respectively. Figure 1
dither system that is based on the collision feedback system ¢ e 2 conceptual drawing of the colliding beams at

-2 previously used at SLAC for PEP-II [2, 3] for finding the SuperKEKB.
horizontal offset at the interaction point (IP) that maxim-
izes luminosity. The dithering feedback is different from
5 that used for KEKB collision orbital feedback, where
‘E beam—beam deflection was used in both the vertical and
5 horizontal planes. With the “nano-beam” scheme, the hor- XX 2 x>

2 izontal beam-beam parameters are much smaller than L(x)=1L, 1_%0056(& __20052 Wt |exp __02
_. those at KEKB, and the detecting luminosity maximum or- z 22 22
& bit using beam—beam deflection is not as effective as

INTRODUCTION

Expanding Eq. (1) for small offset xo and dither ampli-
tude X, L can be rewritten as follows:

ibu tlon of this work must main

X

8 KEKB. Therefore, a dithering method was introduced for )
e SuperKEKB A good collision condition is sought for by
g ¢ dithering the positron beam (LER), and once a good colli-
g sion condition is found, it is maintained by an active orbital N
o feedback, which moves the electron beam (HER) relative //j;:;ifj;/ \ =
S to the LER by creating a local bump at the IP. The dither - _——— o =i
@ system was tested with colliding beams for SuperKEKB = =
© Phase II commissioning. Figure 1: SuperKEKB colliding beams.
When the beam is dithered around the “center,” where
DITHERING SYSTEM luminosity peaks, luminosity drops on either side of the
Principle peak, giving a modulation at 2. When dithered off center,

there is additional modulation at the fundamental, as indi-

When an LER beam is dithered sinusoidally in the hori- o
cated in Fig. 2.

zontal plane, where the relative offset of the LER and HER
are xg, the variation in luminosity L is described as a func-

A 2 LER beam dithered around center
tion of the relative offset of the two beams x, as follows:

A

( 2
X L
L sity L
L(x)=1L, eka— E) uminosity \ LER beam dithered around
x ( 1 ) \’ off-center
where \\
X=X, + X COS Cl)xt 2)
and Orbital offset x between LER and HER

*Work supported by U.S.-Japan Science and Technology Cooperation Pro- Figure 2: Luminosity dependence on the orbital offset be-
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In the dithering feedback loop, the offset between LER
and HER at the IP is adjusted at each feedback cycle to
minimize the amplitude of the fundamental harmonics in
the luminosity signal. Twelve steering magnets in the
HER, which are dedicated to orbital feedback, create a lo-
cal bump at the IP to adjust the offset.

Luminosity Monitors

Two types of fast luminosity monitors were used for
studying dither in Phase II. They both detect photons, re-
coiled electrons, or positrons from radiative Bhabha scat-
tering in the very forward (“zero degree”) direction. One
monitoring system is called zero degree luminosity moni-
tor (ZDLM) and is based on Cherenkov and scintillation
counters [4]. The other system is developed by LAL, which
uses diamond sensors and is called “LumiBelle2” [5]. The
luminosity signals are input to the lock-in amplifier, which
mixes them with the reference dither signal and then low-
pass filtering to provide an output voltage proportional to
Ly and x; as follows:

V =CL Xyt exp| — %
R, 22, (©)

where C is the output conversion factor of the luminosity
monitor. Vy is proportional to offset xo and becomes zero
when luminosity is maximized.

The feedback loop determines the amount and direction
of offset correction. An algorithm based on Newton’s
method with PI control was used for finding the zero of V..
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Figure 3: Dithering circuit.

A schematic diagram of the dithering system is shown in
Fig. 3. A lock-in amplifier (AMETEK ADVANCED
MEASUREMENT 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-gain amplifier. There are 12
air-core Helmbholtz coils installed in the LER to form a
closed bump at the IP. The programmable-gain amplifier
and coils were designed and fabricated by SLAC [6]. The
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time delay was adjusted through the programmable ampli-
fier by using the phase-shifter. The fudge factors of each
coil were obtained by analyzing the actual beam orbit.
They were used to improve the bump orbit during beam
commissioning. The block diagram of the dither system is
describer elsewhere [7].

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. To maintain stable collision conditions, the col-
lision feedback in the vertical direction (“iBump FB”) and
continuous closed orbit correction (“CCC”), which keeps
the global orbit in the entire ring to the reference orbit, were
kept on. The HER and LER beam currents were kept as
constant as possible by injecting the beam to both rings fre-
quently. The current in the HER was varied from 235 mA
to 250 mA, while it was varied from 285 mA to 300 mA in
the LER. The LER beam was dithered at 79 Hz, with the
dither amplitude being 20 um at the IP.

Four scanned data sets were taken using LumiBelle2 and
ZDLM alternatively as input to the lock-in amplifier, with
varying HER horizontal bump height at the IP, as shown in
the example in Fig. 4. Table 1 summarises the scans.

HER horizontal orbit (difference from the reference orbit)

04 . N .

—

Figure 4: Local bump (0.2 mm as an example) at the IP in
the HER is shown.

Table 1: Summary of Dither Study

Input to lock-in Scan range (um)

amplifier
Scan 1 LumiBelle2 -250 ~+250
Scan 2 LumiBelle2 +250 ~-250
Scan 3 ZDLM -150 ~+150
Scan 4 ZDLM +150 ~-150

Luminosity Scan

Figure 5 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 luminos-
ity monitor. The normalized luminosity Ly is fitted by the
following Gaussian functions:

L =m +exp| ————
o=, pL :
g
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where x is the beam position monitored by the beam posi-
tion monitor (BPM) at a magnet called “QCI1LE” . The fit-
ted parameters m> and m; represent the HER beam position
where the luminosity peaks and exhibits standard deviation,
respectively.

Input ZDLM (-150 pum ->+150 um)
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Figure 5: Luminosity is plotted against the beam position
measured at the QC1LE BPM during scan 3.

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.

Table 2: Summary of Gaussian-fitted Parameters

Detector LumiBelle2 ZDLM
Fit: m; m3 m; m;
Scan 1 -0.94 0.27 -0.95 0.24
Scan 2 -0.94 0.21 -0.95 0.18
Scan 3 -0.95 0.17 -0.95 0.19
Scan 4 -0.94 0.20 -0.95 0.18

Response of Lock-in Amplifier to Luminosity

The output voltage from the lock-in amplifier, V; in
Eq. (6) is plotted as a function of the horizontal beam po-
sition at QCILE in Fig. 6 for scans 3 and 4, where the
ZDLM signal was used as input to the lock-in amplifier.
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.

Scan 3 : Input ZDLM (-150->+150 micron @IP) Scan 4: Input ZDLM (+150->-150 micron @IP)
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Figure 6: V. (blue) and phase (red) are plotted against the
HER beam position x for scans 3 (left) and 4 (right).
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The plots of ¥ 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 V 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. The magnitude curve is not sym-
metric 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 III
that is scheduled to start in the spring of 2019.

Scanl: Input LumiBelle2 Scan2: Input LumiBelle2
(-250->+250 micron @IP) (+250->-250 micron @IP)
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Figure 7: V. (blue) and the phase (red) are plotted against
the HER beam position x for scans 1 (left) and 2 (right).

Dither Feedback

A feedback algorithm based on Newton’s method with
PI control was first tested in May. The luminosity signal,
V%, and the bump height at the IP are plotted in Fig. 8.
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Figure 8: V; (green) and bump height at the IP (blue) are
plotted with luminosity (orange) during the dither feed-
back test.

The feedback algorithm loop runs in the main computer
system. It determines a proper size and direction of the off-
set at the IP in the HER. These parameters are then sent to
the magnet control system via EPICS to create a bump in
the HER. The feedback loop set a bump in the correct di-
rection and made the output from the lock-in amplifier
smaller, though there were a couple of overshoots initially.
After finding a good feedback parameter set, the feedback
converged smoothly to an optimum value without any
overshoot and ¥y was brought to close to zero. The lumi-
nosity response was not clear this time, as the beam size
was large and luminosity was low. Luminosity was not
very sensitive to the horizontal beam offset in May.

8. Feedback and beam stability
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The second feedback test was carried out in July when
the beam size was smaller and luminosity was higher. We
were expecting a clearer luminosity response to dither
feedback but it turned out that it was not the case. This is
probably because we used LumiBelle2 as input to the lock-
in amplifier. Lumibelle2 seemed to have a problem when
used as the input to the lock-in amplifier, as described ear-
lier. Figure 9 shows V; and the bump height that the dither
feedback set. When the bump height was set to -40 um,
the magnets reached the strength limit. An additional
bump was created using different sets of steering magnets.
When the feedback restarted, V, continued to become
smaller, though it did not stay at the minimum. An optimi-
zation of the feedback parameters in the PI control was
needed, as the machine parameters were different. Though
we did not have time to optimize the parameters, it is vali-
dated that the feedback algorithm can find the minimum V;
and the algorithm works in principle.
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Figure 9: V., the bump height at the IP are plotted during
the dither July feedback test.

Response of Luminosity to Offset

Luminosity was fitted by Eq. (7) for the scans in the pre-
vious section. 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 o+ from Eq. (4). This is ~15%
larger than m3 in Table 2, except for scan 1. 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. 10. The vertical beta-function £, is
plotted on the right side. A 100-um horizontal offset
makes £, larger, which degrades luminosity by approxi-
mately 10% if £, at the IP is 3 mm. If a horizontal offset
causes beam blow-up at the IP, an additional degradation
in luminosity will take place.
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Figure 10: Hourglass effect when there is a horizontal off-
set at the IP.

SUMMARY

The dither feedback system finds the optimum horizon-
tal offset between the LER and HER to maximize luminos-
ity by determining the minimum V.. The optimum hori-
zontal offset was found successfully when ZDLM was used
as input to the lock-in amplifier. There was a shift of ap-
proximately 100 um between the luminosity maximum off-
set and V;, minimum offset when LumiBelle2 was used as
input. This will be investigated during the Phase III run.

The dependence of luminosity on offset agrees with the
prediction estimated from the crossing angle, bunch length,
horizontal beam size at the IP, and hourglass effect.
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