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Abstract. In the low energy ring (LER) for positrons in the SuperKEKB, a vertical beam size 
blow-up was observed when the bunch current was approximately 1 mA. If a beam size blow-
up occurs, the design luminosity cannot be achieved. Therefore, beam size blow-ups must be 
pre-vented. According to calculations, the bunch current threshold of the transverse mode 
coupling instability (TMCI) is 2 mA or more, and the observed value is 50% or smaller. Ordinary 
TMCI cannot explain this vertical beam size blow-up. This paper shows that the cause of the 
vertical beam size blow-up can be determined by analyzing factors such as beam oscillation. The 
study results showed that the vertical beam size blow-up in the LER was caused by a -1 mode 
instability. 

1.   Introduction 
SuperKEKB is a high-luminosity electron-positron collider with asymmetric energies of 7 GeV 
(electron, high energy ring: HER) and 4 GeV (positron, low energy ring: LER) [1]. SuperKEKB adopts 
a nanobeam scheme in which the vertical beta function (𝛽௬∗) at the collision point is squeezed to the 
limit. The design value of 𝛽௬∗ in the LER is 0.27 mm [2]. The minimum value of 𝛽௬∗= 0.8 mm was 
achieved in 2022. 

In the 2020c run (October 19, 2020–December 18, 2020), a vertical beam size blow-up was observed 
when the bunch current was increased. The vertical beam size blow-up subsided when the vertical 
collimator gap was widened, even under the same bunch current conditions [3]. This observation 
established that the instability causing the vertical beam size blow-up is related to the wake generated 
by the vertical collimator. The impedance of the collimator was calculated using GdfidL [4], assuming 
a bunch length of 6 mm. The following measurements were performed at  𝛽௬∗=1 mm in both the LER 
and HER, under the condition that the sum of the vertical beta function at the collimator location 
multiplied by the kick factor of the vertical collimator in the LER is approximately 31 × 1015 V/C, with 
fewer bunches (30 - 393) than the number of bunches under normal physics experiments (about 1600) 
to reduce the effect of multi-bunch instability and the synchrotron tune (ν௦) in the LER is 0.0227. 

2.   Vertical beam size blow-up in the LER during single beam condition 
The beam sizes were measured using an X-ray beam size monitor [5]. Figure 1 shows the bunch current 
on the horizontal axis and vertical emittance on the vertical axis. The orange plots were measured with 
nominal settings of the bunch-by-bunch feedback system (BBF) [6], which are set the same way as in 
normal physics experiments. The setting of the BBF for vertical oscillation during normal physics 



13th International Particle Accelerator Conference (IPAC’22)
Journal of Physics: Conference Series 2420 (2023) 012061

IOP Publishing
doi:10.1088/1742-6596/2420/1/012061

2

 
 
 
 
 
 

experiments is intended to dump the frequency of the 0 mode (vertical betatron tune: ν௬). The points 
circled by the black dashed line in figure 1 indicate that the vertical beam size blow-up occurs when the 
bunch current is about 0.9 mA or higher. The BBF and vertical beam size blow-up relationship will be 
explained later. 
 

 
Figure 1. The LER vertical emittance before and after BBF tuning 
and BBF off versus bunch current. 

 
To measure the tune, a pilot bunch is excited at varying frequencies near the betatron tune. The tune 

shift was calculated using PyHEADTAIL [7] and the fast Fourier transform (FFT) analysis of the 
vertical motion in the LER was conducted using the bunch oscillation recorder (BOR) [8], as shown in 
figure 2. The orange and light blue dashed lines in figure 2 show the frequencies of the 0 mode and -1 
mode (𝜈௬ െ 𝜈௦), respectively, with the bunch current on the horizontal axis. 𝜈௬ at a bunch current of 
0 mA is denoted as 𝜈௬଴. 𝜈௬଴ is 0.5977 during the measurement in figure 2. 

 

 
Figure 2. FFT peaks of the LER vertical oscillation versus the bunch 
current. 

 
The measurement results showed different spectra in the oscillation of the pilot bunch and the non-

pilot bunches. The FFT analysis of the pilot bunch revealed two high peaks. These two peaks, 
corresponding to the 0 mode in red and the -1 mode in blue, are plotted in figure 2. The tune shift of the 
measured value (red line) differs from the calculated value (orange dashed line) by ap-proximately 20 % 
in the slope. This difference may be due to an impedance source not yet included in the calculations. 

The results of the FFT analysis for the non-pilot bunches showed no peaks at a low bunch current 
and only one high peak at a high bunch current. The frequency of the single peak point at the high bunch 
current for the non-pilot bunches is plotted in black in figure 2. This peak was found to have nearly the 
same frequency as that of the -1 mode for the pilot bunch. At low bunch currents, the peak of the -1 
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mode for the pilot bunch cannot be measured. Therefore, in the region of low bunch currents, the 
regression curves of measured values (blue line) do not match simulation results (light blue dashed line). 

The measurements circled by the black dashed lines in figure 1 and figure 2 were taken 
simultaneously. A single peak for the non-pilot bunches in figure 2 was observed around the time when 
the vertical beam size blow-up started. Interestingly, figure 2 shows that transverse mode coupling 
instability (TMCI) theory [9] predicts that the vertical beam size blow-up would occur at a bunch current 
of over 2 mA (the point where the blue and red lines cross), but our experiment showed that it occurred 
at a bunch current of approximately 0.9 mA.  

On reading reference [10], we thought if there was a relationship between the vertical beam size 
blow-up and BBF. The BBF parameters (number of taps and phases) were changed during our study, 
and measurements were performed. 

Figure 1 also plots the beam size when the BBF is tuned to not enhance the oscillation of the -1 mode 
as much as possible (hereafter referred to as "BBF tuning") and when the BBF is turned off (BBF off). 
The bunch current threshold of the vertical beam size blow-up was found to be higher with BBF off 
(black) or after BBF tuning (red) than before BBF tuning (orange). By the way, the number of bunches 
cannot be increased due to multi-bunch instability with BBF off. 

Next, the growth rate of the dipole oscillation was measured with the BBF off. Figure 3 shows the 
results of the FFT analysis of the vertical motion in the LER for the pilot bunch (lower plot of figure 3) 
and the non-pilot bunches (upper plot of figure 3) when the growth rate was measured. We found that 
even with the BBF off, there was a high peak corresponding to the -1 mode. ν௬଴ is 0.5900 during the 
measurements in figure 3. 

 

 
Figure 3. Results of the FFT analysis of the vertical motion in the 
LER. 

 
Figure 4 shows three bunches each with time on the horizontal axis and vertical amplitudes on the 

vertical axis. There are bunches with small and large amplitudes. The independent oscillation of other 
bunches indicates that it is a single-bunch instability. It can also be seen that some bunches grow and 
then dampen after the oscillations have grown. 

During normal physics experiments in the SuperKEKB LER, the accelerator is operated at a 
chromaticity of about 1.5 units in both planes. Figure 5 shows the growth rate of head-tail instability by 
chromaticity as a dashed orange line. The growth rate is obtained by calculating the eigenvalues and 
eigenmodes of a single-bunch oscillation [11]. The black circles in figure 5 represent the measurement 
points. Figure 5 shows that the measured and simulated results exhibit similar trends. 



13th International Particle Accelerator Conference (IPAC’22)
Journal of Physics: Conference Series 2420 (2023) 012061

IOP Publishing
doi:10.1088/1742-6596/2420/1/012061

4

 
 
 
 
 
 

 
Figure 4. Vertical oscillations in the LER at a bunch current of 
(a) 1.33 mA and (b) 1.46 mA during growth rate measurement. 

 
Figure 5. Measured and simulated results of growth rate. 

 

3.   Vertical beam size blow-up in the LER during collision condition  
We wondered whether the beam-beam effect might mitigate the vertical oscillation in the LER during 
the collision condition. The following measurements were performed after the BBF tuning. 

The lower plot of figure 6(a) and (b) shows the results of the FFT analysis of the vertical motion in 
the LER for the non-pilot bunches during the collision and single-beam conditions. The maximum bunch 
current is 1.43 mA in the LER and 0.97 mA in the HER for this study. The results of the FFT analysis 
of the vertical motion in the HER are also plotted in the upper plot of figure 6(a) under the collision 
condition. The HER data are included in figure 6(a) because the vertical tune in the HER (dashed black 
line) affects the results of the FFT analysis of the vertical motion in the LER in the collision condition 
(the lower plot of figure 6(a)). 

In the upper plot of figure 6(b), the results of the FFT analysis of the vertical motion for the pilot 
bunch in the LER are plotted together for the 0 and -1 modes oscillations and can be distinguished. The 
frequency of the -1 mode for the non-pilot bunches are the same as the frequency of the -1 mode for the 
pilot bunches. Comparing the blue circles in the lower plots of figure 6(a) and (b), the signal peaks for 
the single-beam condition are higher than any other peak in the collision condition. The blue circle is 
the point where the tune shifted due to high bunch current (about 1.4 mA). From these measurements, 
it can be inferred that the beam-beam effect mitigates the oscillation in the vertical motion in the LER. ν௬଴ is 0.5890 during the measurement in figure 6. 
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Figure 6. Results of the FFT analysis of the vertical motion during (a) the collision and (b) the 
single-beam conditions. 

 
Figure 7 shows (a) the specific luminosity and (b) the vertical emittance during the high bunch 

current collision. Figure 7(b) shows that after BBF tuning, vertical emittance blow-up in the LER is less 
likely to occur even under high bunch current conditions. For this reason, after BBF tuning, it was 
possible to perform the collision study at a higher bunch current, which was not possible before BBF 
tuning, as shown in figure 7(a). 

 

 
Figure 7. (a) Specific luminosity (b) vertical emittance before and after BBF tuning during 
high bunch current collision study. 

 

4.   Conclusion and future work 
The conclusions of the main measurements are as follows: 

 The vertical beam size blow-up in the LER during the single-beam condition occurred when the 
bunch current was higher than approximately 0.9 mA and was attributed to oscillations caused 
by the -1 mode. 

 It was found that the threshold of the beam size blow-up could be increased by BBF tuning such 
that the oscillation of the -1 mode is not enhanced, as much as possible. After BBF tuning, the 
collision could be performed at the designed bunch current for the first time. 

 From the collision and single-beam condition measurements, it could be inferred that the beam-
beam effect mitigates the vertical oscillation in the LER caused by the -1 mode. 

Future studies will determine why the oscillation caused by the -1 mode is larger than that caused by 
the 0 mode when the bunch current increases. 
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