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Abstract 
Because of the differences of magnetic saturation and 

eddy current effects between different magnets, magnetic 
field tracking errors between different magnets is larger 
than 2.5% at the Rapid Cycling Synchrotron (RCS) of 
Chinese Spallation Neutron Source (CSNS), and the in-
duced tune shift is larger than 0.1. So large tune shift may 
lead the beam to pass through the resonance lines. To 
reduce the magnetic field tracking errors, a method of 
wave form compensation for RCS magnets, which is 
based on transfer function between magnetic field and 
exciting current, was investigated on the magnets of 
CSNS/RCS. By performing wave form compensation, the 
magnetic field ramping function for RCS magnets can be 
accurately controlled to the given wave form, which is not 
limited to sine function. The method of wave form com-
pensation introduced in this paper can be used to reduce 
the magnetic field tracking errors, and can also be used to 
accurately control the betatron tune for RCS. By perform-
ing wave form compensation, the maximum magnetic 
field tracking error was reduced from 2.5 % to 0.08 % at 
CSNS/RCS. The wave form compensation was applied to 
CSNS/RCS commissioning. 

INTRODUCTION 
The Chinese Spallation Neutron Source (CSNS) is an 

accelerator-based science facility. CSNS is designed to 
accelerate proton beam pulses to 1.6 GeV kinetic energy, 
striking a solid metal target to produce spallation neu-
trons. CSNS has two major accelerator systems, a linear 
accelerator (80 MeV Linac) and a rapid cycling synchro-
tron (RCS). The function of the RCS accelerator is to 
accumulate and accelerate protons from the energy of 80 
MeV to the design energy of 1.6 GeV at a repetition rate 
of 25 Hz [1, 2]. The magnetic field tracking is an im-
portant issue for CSNS/RCS. The magnetic field tracking 
errors between the quadrupoles and dipoles can induce 
tune shift. If the tune shift induced by magnetic field 
tracking errors is large enough to pass through the reso-
nance line, emittance growth as well as beam losses will 
occur [3-5]. 

Because of the magnetic saturation and the eddy cur-
rent effects, there may be magnetic field tracking errors 
between different magnets of CSNS/RCS. For the mag-
nets of RCS, which are powered by resonant circuits     
[6, 7], the exciting current and magnetic field is unable to 
be controlled step by step during ramping. For this type of 
magnets, the feed-back system is unable be used to accu-
rately control the magnetic field ramping wave form. The 
accurate magnetic field tracking was achieved by per-
forming harmonic filed correction at J-PARC/RCS [8]. To 

reduce the magnetic field tracking errors for CSNS/RCS, 
a method of wave form compensation for RCS magnets 
was investigated. By performing wave form compensa-
tion, the magnetic field ramping function for RCS mag-
nets can be accurately controlled to the given wave form, 
which is not limited to sine function. 

INTRODUCTION OF THE NEW METHOD 
OF WAVEFORM COMPENSATION 

The new method of waveform compensation is based 
on transfer function between magnetic field and exciting 
current of the magnets of RCS. Higher order time har-
monics of exciting current, which are computed based on 
transfer function, are injected into the magnets to com-
pensate higher order time harmonics of magnetic field, 
and the magnetic field during the exciting current ramp-
ing can be accurately controlled. 

The flow process for the harmonic compensation is 
shown in Fig. 1. For a start, the magnetic field and excit-
ing current at different time during the exciting current 
ramping are measured by using the harmonic coil meas-
urement system [9, 10], and then the fit of the transfer 
function I=FDown(B) and I=FUpward(B) are made to reduce 
the effect of measurement noise. I=FUpward(B) and 
I=FDown(B) are the transfer functions for that the exciting 
current ramping upward and downward respectively. By 
using the transfer function, the exciting current as a func-
tion of time I(t) corresponding to the given magnetic field 
pattern B(t) is derived. Then the DC offset and time har-
monics of the derived current are obtained through FFT to 
I(t). The magnetic field as a function of time can be accu-
rately compensated to the given pattern B(t) by inputting 
the obtained DC offset and time harmonics of the current 
into the resonant power supply.  

 
Figure 1: The flow process diagram for the harmonic 
compensation. 

For the magnet of RCS with serious magnetic satura-
tion and eddy current effects, the magnet field control 
accuracy is not high enough with only once waveform 
compensation, such as 206Q of CSNS/RCS. The method 
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of waveform compensation introduced in this paper can 
be performed repeatedly. 

 
Figure 2: Comparison of the ratio of higher order harmon-
ics and fundamental harmonics with and without wave-
form compensation. 

 The magnetic field of 206Q was compensated to sine 
pattern by using twice waveform compensation, and the 
test results are shown in Fig. 2. The higher order harmon-
ics were effectively reduced by using once waveform 
compensation, but the ratio of some higher order harmon-
ics and fundamental harmonic is still high, such as 50Hz 
harmonic, which is larger than 0.1% of fundamental har-
monic. By using the second time waveform compensa-
tion, which is based on the transfer function between 
magnetic field and exciting current after the first time 
harmonic compensation, all the higher order harmonics 
were reduced to lower than 0.02% of fundamental har-
monic. In other words, the magnetic field of 206Q was 
compensated to almost sine pattern by using twice wave-
form compensation. On the same principles, the method 
of waveform compensation can be performed even more 
times to achieve higher magnetic field control accuracy 
for the magnets of RCS with serious magnetic saturation 
and eddy current effects. 

APPLICATION OF THE METHOD OF 
WAVE FORM COMPENSATION TO 

CSNS/RCS 
The method of wave form compensation for magnets 

of RCS was applied to CSNS/RCS to reduce the magnetic 
field tracking errors between different magnets. There are 
one type of dipole named 160B and four types of quadru-
poles, named 272Q, 253Q, 222Q and 206Q respectively 
at CSNS/RCS. Because of the differences of magnetic 
saturation and eddy current effects between these five 
types of magnets, there are magnetic field tracking errors 
between different magnets before wave form compensa-
tion, as shown in Fig. 3. The maximum magnetic field 
tracking error between the dipole and quadrupoles is 
larger than 2.5% over the ramping process, and the in-
duced tune shift is larger than 0.1. So large tune shift may 
lead the beam to pass through the resonance lines. 

 
Figure 3: Magnetic field tracking errors between the di-
pole and four types of quadrupoles over the ramping 
process with no wave form compensation. 

 
Figure 4: Comparison of the ratio of total higher order 
harmonics and fundamental harmonic with and with no 
wave form compensation for different types of magnets of 
CSNS/RCS. 

 

Figure 5: Magnetic field tracking errors between the di-
pole and four types of quadrupoles over the ramping 
process after wave form compensation. 
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To reduce the magnetic field tracking errors between 
different magnets, wave form compensation was per-
formed on all the magnets of CSNS/RCS. The magnetic 
field ramping functions for all the magnets were compen-
sated to sine pattern. As shown in Fig. 4, higher order 
time harmonics of magnetic field for all the types of mag-
nets were reduced to almost zero by performing wave 
form compensation, with only fundamental harmonic 
remained. The maximum magnetic field tracking error 
between the dipole and quadrupoles was reduced from 
2.5% to 0.08%, as shown in Fig. 5, and the maximum 
tune shift over the ramping process was reduced from 0.1 
to 0.004. 

APPLICATION OF THE METHOD 
OF WAVE FORM COMPENSATION 
TO CSNS/RCS COMMISSIONING 

The method of wave form compensation for magnets of 
RCS was applied to CSNS/RCS commissioning. The AC 
mode beam commissioning of CSNS/RCS with the injec-
tion energy of 80 MeV was started on January 18, 2018, 
and 1.6 GeV acceleration was successfully accomplished 
for the first beam shot. The beam transmission rate got 
100% after performing the match of dipole magnetic field 
and RF frequency on the same day, as shown in Fig. 6.  

 
Figure 6: The beam current over one cycling period. 
Beam current increase with the increase of revolution 
frequency. 

 
Figure 7: The tune variation during the acceleration pro-
cess over one cycling period. 

The tunes are measured during the acceleration pro-
cess over one cycling period. The measurement results are 
shown in Fig. 7. The variation of horizontal tune is less 
than 0.02, and the variation of vertical tune is about 0.04. 
The tune variation during the acceleration process is sig-
nificantly smaller than the tune shift induced by the mag-
netic field tracking errors without wave form compensa-

tion, which is 0.1. However, the tune variation during the 
acceleration process is bigger than the tune shift induced 
by the magnetic field tracking errors with wave form 
compensation, which is 0.004. The tune variation during 
the acceleration process can be induced by space charge 
effects, the mismatch between magnetic field and RF 
frequency, and timing errors between different magnet 
power supplies, except for the magnetic field tracking 
errors induce by the differences of higher order harmonics 
between different magnets. 

CONCLUSION 
A method of wave form compensation for the magnets 

of RCS is introduced in this paper. The method of wave 
form compensation can be used to accurately control the 
magnetic field ramping. The method of wave form com-
pensation was applied to CSNS/RCS commissioning. The 
magnetic field tracking errors between different magnets 
are effectively reduced, and the beam commissioning of 
CSNS/RCS went smoothly. 
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