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Abstract

We report on the 'Intrinsic Ripples' in synchrotron that we recently discovered. In synchrotrons, it is generally
required that the magnetic field ripples are within the order of 1e-6 in order to realize stable beam accelerations. Even
today, after 70 years of the discovery of the synchrotron principles, the generation mechanism of the magnetic field
ripples are not sufficiently clarified yet. As a first step to clarify the mechanism, we assumed an ideal magnet power
supply with no ripples, and we investigated how the ripples are generated when this ideal acceleration pattern current is
applied to the magnet load systems. As a result, we discovered, first time in the world, that even with the no-ripple
pattern current, the ripples occur in the magnetic field, that we defined as the 'intrinsic ripples' and reported in a journal.
The 'intrinsic ripples' unavoidably occur where the inductance and the capacitance of the magnet load systems constitute
the harmonic oscillator system, and the pattern current is applied as an external vibromotive force. Its amplitude is
obtained with a simple formula, which is defined by the inductance and capacitance of the load, and the current pattern.
At the same time, the parallel damping resistors and the interconnection capacitance are essentially important as largely
influential elements upon the 'intrinsic ripples', and their characteristics are explained based on the realistic example of
the J-PARC Main-ring.
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Table 1: Example of Magnet Families: J-PARC 50 GeV MR
dipoles and quadrupoles. The magnets are connected by
shielded cables, resulting in large total capacitance.

N |Length] L R C | Cable | Total

units [m] | [mH] | [mQ] [nF] | [nF] [nF]
BMI| 16 | 585 [ 103.5| 42.5 50.0| 2920 3720
QFN| 48 | 1.56 | 59.7 | 392 187 2710 3608
QDT| 6 | 1.86 | 677 39.6 223| 490 624
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Figure 1: The schematic circuit model of one magnet family. The N components include both the magnets and the connections. The
current source Io(t) supplies the ideal magnet ramp current with no ripples.
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Figure 2: Simulated current ramp pattern for the QFN magnets. The pattern generally simulates the initially designed
MR ramp pattern in the 30 GeV operations. The 1s repetition pattern is assumed to shrink horizontally by one third.
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Figure 3: The ripple current in the single load circuit. The
assumed parameters are L;=10 mH, C;=10 nF, R;=10mQ.
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Figure 4: Simulation results for the five module circuit.
The three graphs are, from top to bottom, (a) the ramp
pattern of the current source Iy, (b) the currents through
the capacitance C; to Cs, and (c) the current deviations of
the magnets L; to Ls, respectively.
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Table 2: Parameters for the Cable and the Bus-bar

T, I £ € R

[mm] [uH/m] [nF/m] [mQ/m]
Cable | 159 | 13.5 [ 0.034 0.74 0.0296
Bus-bar| 500 20 0.64 | 0.017 | 0.013
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Table 3: Simulated Parameters for the QFN Magnets and
the Cables
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Table 4: Parameters for the QFN Magnets and the Bus-
bars

QFN Family | Amount L C R QFN Family | Amount L C R
magnet 1/2unit | 299 mH 94 nF| 196 mQ magnet 1/2unit | 29.9 mH| 94 nF| 19.6 mQ
magAn,Bn | 1/2 x8| 239 mH| 748 nF 157 mQ magAn,Bn | 1/2 x8| 239 mH 748 nF 157 mQ
Magnet Total| 48 unit | 2868 mH 898 nF 1884 mQ Magnet Total| 48 unit | 2868 mH 898 nF 1884 mQ
cabAl,Bl | 191.6 m| 6.52 uH| 142 nF 5.68 mQ) busAl,Bl | 191.6 m| 127 uH| 3.26 nF| 2.49 mQ
cabA2,B2 | 2032 m| 690 uH| 151 nF 6.02 mQ busA2,B2 | 2032 m| 130 uH| 3.45 nF| 2.64 mQ
cabA3,B3 | 3193 m| 10.86 uH| 237 nF  9.46 mQ busA3,B3 | 3193 m| 204 uH| 543 nF| 4.15 mQ
cabA4,B4 | 2032 m| 690 pH| 151 nF 6.02 mQ busA4,B4 | 2032 m| 130 pH| 345 nF| 2.64 mQ
cabAS5,B5 | 3193 m| 10.86 pH| 237 nF  9.46 mQ busAS5,BS | 3193 m| 204 pH| 543 nF| 4.15 mQ
cabA6,B6 | 2032 m| 690 uH| 151 nF  6.02 mQ) busA6,B6 | 203.2 m| 130 uH| 3.45 nF| 2.64 mQ
Cable Total | 2880 m| 97.88 pH 2138 nF 85.32 mQ) Busbar Total | 2880 m| 1850 uH 48.9 nF 37.42 mQ)
Family Total 2868 mH 3036 nF 1969 mQ Family Total 2870 mH 947 nF 1921 mQ
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Figure 5: Schematic circuit of the J-PARC MR QFN magnets. In the simulation, the 48 magnet units are divided into six

groups. The cables are also grouped into six bunches of loads.
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Figure 6: Simulated results for the J-PARC MR QFN
magnet family with the cable connections.
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Figure 8: QFN magnet simulations with the logarithmic
scales. The deviation rates exceed 1e-3 on the magnets.
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Figure 9: QFN magnet simulations with the 1s repetition
cycle. The deviation rates are increased from the 3s case.
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