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Abstract 

The Taiwan Photon Source (TPS) is capable of operating 
in multi-bunch and single-bunch mode. To operate in a hy-
brid mode as requested by users, we developed a lattice 
with chromaticities of 0.8/2 (x/y) to provide higher single 
bunch currents. Beam dynamics simulations and lattice 
characterizations including dynamic aperture, frequency 
map analysis, tune shift with energy, tune shift with ampli-
tude, and betatron coupling will be discussed in this report. 

INTRODUCTION 
The Taiwan Photon Source (TPS) [1] is a 3rd generation 

3 GeV synchrotron light source. It delivers photon beams 
to users since Sep. 2016. The lattice for user operation is a 
double mini-betay lattice [2], different from the lattice used 
for TPS commissioning [1]. Figure 1 shows the Twiss 
functions for the TPS double mini-betay lattice. 
 

 
Figure 1: Twiss functions for the double mini-betay lat-
tice in the TPS storage ring. 
 

The TPS can operate in multi-bunch and single-bunch 
mode. The normal operating mode is the multi-bunch mode 
with lattice chromaticities of 0.7/0.8 (x/y). Recently, us-
ers requested operation in a hybrid mode by fall of 2019. 
Hence, a lattice with chromaticities of 0.8/2 (x/y) was de-
veloped than can provide higher single-bunch currents. 
The betatron tunes for these two lattices with chromatici-
ties of 0.7/0.8 and 0.8/2 are the same at 26.14/14.24 (x/y). 

The simulation codes MAD8 [3] and OPA [4] are used 
to optimize the linear and nonlinear lattice and Tracy-2 [5] 
is used to perform beam dynamics simulations. The injec-
tion efficiency is optimized up to 95%, and the beam life-
time is longer than 10 hours. Dynamic aperture (DA), fre-
quency map analysis (FMA) [6-8], tune shift with energy, 

tune shift with amplitude, and betatron coupling of the dou-
ble mini-betay lattice with chromaticities of 0.8/2 are pre-
sented in the following sections. Linear lattice calibrations 
[9] for the double mini-betay lattice is performed every 
month with LOCO. 

FREQUENCY MAP ANALYSIS (FMA) 
 Experimental Conditions 

The storage ring lattice with chromaticities of 0.8/2 is 
filled with a train of 36 electron bunches, as shown in Fig. 
2. The time duration of the bunch train is about 72 ns and 
the total beam current is about 10 mA. A pair of horizontal 
and vertical pinger magnets with a pulse width of about 3 
s is installed between the 3rd and 4th injection kicker mag-
nets in the storage ring. The revolution time of the electron 
beam is about 1.732 s. The bunch train is aligned to the 
peak of the output waveform of the pinger magnet such that 
the bunch train sees the kick from the pinger magnet only 
once and only at the first turn. This guarantees that the elec-
tron bunch trains see only a single-turn kick from the 
pinger magnet. 
 

 
Figure 2: (a) Filling patterns for 36 electron bunches in the 
TPS storage ring. (b) Pinger output waveform. 
 
Data Collection 

A MATLAB script was developed to collect BPM data 
automatically. Two ‘for loops‘ are used to increase kick 
strength of the horizontal and vertical pinger magnets until 
the beam is completely lost, independently kicking elec-
tron beam and exciting betatron oscillations. In order to get 
a regular frequency map, the increments for the pinger 
magnet kick strengths were chosen such that the square of 
pinger strengths are evenly spaced [8]. At each kick by the 
pinger magnets, the 172 BPMs, working in turn-by-turn 
(TbT) mode, store up to 7000 turns and were synchronized 
with the pinger magnets to record electron beam positions. 
Data Processing 

We chose first and second 510 turns (a multiple of 6, re-
quired by NAFF (Numerical Analysis of Fundamental Fre-
quencies) [6]) of  TbT data of the BPMs, located at the in-
jection section, to calculate the betatron tunes of the first 
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and second 510 turns by a MATLAB script ‘calcnaff’, pro-
vided by L. S. Nadolski. The inputs for ‘calcnaff’ are X and 
X’ for the calculation of horizontal tune, Y and Y’ for the 
calculation of vertical tune. X’ and Y’ are calculated by the 
following equation [10], where 𝜑 = 𝜑 − 𝜑 is the phase 
difference between BPM2 and BPM1, 𝛽  and 𝛽  are the 
beta functions at BPM1 and BPM2, respectively, and 𝛼 =−𝛽′ /2 is taken at BPM1. 

                    𝑥′ = 𝑥 − 𝑥 ( )                 (1) 

The lattice functions of the storage ring are calibrated by 
LOCO before collecting data. Before starting to calculate 
X’ and Y’, the DC term of X and Y (Here, the DC term 
means closed orbit distortion) must be subtracted. 
   Figure 3 shows the calibration curves for the nonlinear 
BPM response to kick strength due to nonlinear response 
of the capacitive pickups [11]. Hence, a calibration is re-
quired to correct the displacement such that DA and FMA 
can be derived correctly [12-13]. 

 
Figure 3: Calibration curves (blue) of BPM response ver-
sus kick strength of (a) horizontal and (b) vertical pinger. 
 

Figure 4 shows the measured dynamic aperture (DA) 
and frequency map analysis (FMA) of the double mini-be-
tay lattice with chromaticities of 0.8/2 at the injection sec-
tion for a momentum deviation of = 0%, while all 
insertion device gaps are open. 

 

 
Figure 4: (a) Dynamic aperture and (b) frequency map for 
= 0%, measured in the injection section. 
 

Figure 5 shows the calculated dynamic aperture (DA) 
and frequency map analysis (FMA) of the double mini-be-
tay lattice with chromaticities of 0.8/2, calculated in the 
middle of the injection section, considering a momentum 
deviation of =0%, and multipole errors only. The tune 
diffusion is calculated by the formula,  D =𝑙𝑜𝑔 ( Δ𝜈 + Δ𝜈 ), Δν is the tune difference between the 
first and second 510 turns. 
 

 
Figure 5: (a) Dynamic aperture and (b) frequency map for 
 = 0%, calculated for the middle of the injection section. 

Figure 6 shows the calculated frequency map analysis 
(FMA) of the double mini-betay lattice with chromaticities 
of 0.8/2, calculated in the middle of the injection section 
by Tracy-2 [5], considering multipole errors only. 

 
Figure 6: Frequency map analysis (FMA) as a function of 
momentum deviaton, calculated in the middle of the 
injection section. 

TUNE SHIFT WITH ENERGY 
Figure 7 shows the tune shift with energy of the double 

mini-betay lattice with chromaticities of 0.8/2, (a) calcula-
tion, (b) measurement at a beam current of 10 mA. The re-
lations between momentum deviation, RF frequency and 
momentum compaction factor can be expressed as the fol-
lowing equation. α ≈ 𝛼 + 𝛼 𝛿 ≈ − / , δ = − + 1 − 4  (2) 

For the double mini-betay lattice with tunes of 26.14/14.24,  𝛼 = 2.3698 × 10 , 𝛼 = 2.1311 × 10 . 
 

 
Figure 7: Tune shift as a function of the momentum devia-
tion. (a) calculation, and (b) measurement. 

TUNE SHIFT WITH AMPLITUDE 
Figure 8 shows the tune shift with amplitude of the dou-

ble mini-betay lattice with chromaticities of 0.8/2, (a) cal-
culation, (b) measurement at a beam current of 10 mA. 
 

 
Figure 8: Tune shift with horizontal amplitude. (a) calcu-
lation, and (b) measurement. 
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BETATRON COUPLING 
Figure 9 shows the measured betatron normal mode 

tunes versus the current of the quadrupole QS1. Figure 10 
and 11 show the spectrum of the normal modes, turn-by-
turn BPMs, and beam image at the resonance point and 
away from resonance point, respectively. 
 

 
Figure 9: The measured betatron normal mode tunes versus 
the current of the quadrupole QS1. 
 

 
Figure 10: Spectrum of betatron oscillation, turn-by-turn 
BPMs, and beam image from bending magnet at the reso-
nance point. 
 

 
Figure 11: Spectrum of betatron oscillation, turn-by-turn 
BPMs, and beam image from bending magnet away from 
resonance point. 

The normal mode (eigen-mode) tunes can be expanded 
in terms of uncoupled fractional tunes (𝜈  , 𝜈 ) and cou-
pling strength by Eq. (3), where Δ = 𝜈 − 𝜈 , 𝐺 , ,  is the 
minimum separation between normal mode tunes. Here, l 
= 12. At the resonance point, 1 = 0.1869, 2 = 0.1879, 𝐺 , , = 0.001. The emittance coupling ratio is defined 

as κ = , ,, , ∆ = 5 × 10 . 

 

                    𝜈 , =   ± Δ + 𝐺 , ,                 (3) 

SUMMARY 
The TPS can be operated in multi-bunch and single-

bunch mode. To provide a hybrid mode (multi-bunch 
mode plus an extra single-bunch), we developed a lattice 

with chromaticities of 0.8/2 (x/y) to reach higher single-
bunch currents. The beam lifetime is longer 10 hours and 
injection efficiency is up to 95%. Beam dynamics simula-
tions are evaluated, and lattice characterizations including 
dynamic aperture, frequency map analysis, tune shift with 
energy, tune shift with amplitude, and betatron coupling 
are reported. Test runs for the hybrid mode are in progress. 
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