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Abstract
For the Rapid Cycling Synchrotron (RCS) of the China

Spallation Neutron Source (CSNS), the 16 newly installed
trim quadrupoles (QT) caused fringe field interference with
adjacent main quadrupoles, distorting optics functions and
increasing beam loss. Using a combination of OPERA,
MAD-X and PyORBIT for simulation and analysis, it was
found that the QT reduced the integrated field of the main
quadrupole by 0.77%, leading to significant tune shifts and
beta-beat exceeding 10%, with beam transmission dropping
from 99.76% to 82.74%. The beam test confirmed a 0.7%
reduction in the integrated field of the main quadrupole,
matching simulation results. Finally, a compensation scheme
was applied and successfully reduced beam loss.

INTRODUCTION
As the performance requirements of modern accelerators

continue to increase, magnet layouts are becoming increas-
ingly compact. Constrained by physical design consider-
ations and tunnel space limitations, the distance between
adjacent magnets is continuously reduced, causing the iron
cores of magnets to inevitably extend into each other’s fringe
field regions. This alteration of fringe field distribution due
to the presence of adjacent iron cores, along with its corre-
sponding impact on beam dynamics, is referred to as the
fringe field interference effect. This effect induces variations
in the integrated magnetic field [1], subsequently leading to
issues such as tune shifts and optical parameter distortion.
In high-intensity accelerators, it may even cause catastrophic
beam loss, severely limiting performance enhancement.

Multiple laboratories worldwide have conducted system-
atic research on fringe field interference effects. For in-
stance, the Beijing Electron-Positron Collider II (BEPC-II)
pioneered the use of 3D multipole expansion techniques to in-
vestigate such fringe field interference effects in quadrupole-
sextupole combined magnets, achieving an excellent agree-
ment between simulations and experimental results [2]. At
the Spallation Neutron Source (SNS) storage ring in the
United States, closely packed large-aperture quadrupole
magnets in the straight sections were found to exhibit an
integrated gradient reduction of more than 1% due to fringe
field interference [3]. For the CSNS RCS, the compact
layout between large-aperture quadrupoles and adjacent sex-
tupoles has been shown to cause a 2.3% reduction in the
integrated gradient of the quadrupoles, leading to signifi-
cant tune shifts and optical distortions [4]. However, the
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interference effect between the newly added trim quadrupole
magnets, installed for subsequent beam power upgrades, and
the main quadrupole magnets has not yet been systemati-
cally evaluated. Building upon previous work [4], this paper
focuses on investigating the interference effect between the
additionally installed trim quadrupoles and the adjacent main
quadrupoles in CSNS RCS.

CSNS OVERVIEW
The CSNS RCS [5] has a circumference of 227.92 m and

adopts a four-fold symmetric lattice based on triplet focus-
ing structures. A total of 48 main quadrupole magnets are
installed in the RCS, which are divided into five families
with each powered by a common resonant power supply. To
address challenges including optical parameter correction
and space charge compensation for high-intensity beams,
24 positions for trim quadrupole magnets were reserved in
the initial design of the CSNS RCS [6]. Operational expe-
rience has shown that when the beam power exceeds 100
kW, relying solely on the main quadrupoles is insufficient to
meet the requirements for optical parameter adjustment [7].
Consequently, 16 programmable trim quadrupoles were ad-
ditionally installed in the RCS.

Figure 1 shows the actual installation layout of a QT
magnet in the tunnel. As shown, the QT is installed at one
end of a main quadrupole (QD), with both magnets sharing a
ceramic vacuum chamber with an inner diameter of 272 mm.
Constrained by the tunnel installation space, the available
installation length is less than 280 mm. Through optimized
design, the final iron core length of the QT is 150 mm, and
the iron-to-iron distance between the two quads is only 200
mm. In this extremely compact configuration, the magnetic
fields of the QD and QT inevitably extend into each other’s
fringe field regions, resulting in a significant fringe field
interference effect.

3D ELECTROMAGNETIC SIMULATION
To quantitatively evaluate the fringe field interference

effect between the QT and QD magnets, a high-precision
magnetic field model was first established via the 3D electro-
magnetic field simulation software OPERA/TOSCA [8] for
the systematic analysis of their mutual magnetic influence.
Figure 2 shows the 3D simulation model constructed in
OPERA/TOSCA, which strictly follows the actual dimen-
sions and end-chamfering angles of the QD and QT magnets.
For the accurate simulation of magnetic field distribution,
mesh refinement was implemented in the magnet gap and
fringe field regions, with a minimum mesh size of 2 mm to



Figure 1: The main quadrupole (QD) with a trim quadrupole
(QT) in the tunnel.

ensure analytical accuracy in these regions. The boundary
conditions were set as parallel magnetic flux boundaries,
with a calculation region of 1.5 m × 1.5 m × 2.0 m, ensuring
that the fringe field decays to a negligible level.

Figure 2: 3D simulation model for fringe field interference.

First, the fringe field interference effect of the QT on the
QD was simulated and analyzed (Fig. 2(a)). Compared to
the iron core, the contribution of the excitation current to
the integrated field of adjacent magnet is negligible [2, 9].
Therefore, in this simulation, the QD was excited at its max-
imum DC design current, while the QT was switched off.
The simulation results show that, compared to the ideal state
without the QT, the presence of the QT causes a 0.77% re-
duction in the integrated field strength of the QD. Second,
the reverse interference effect was simulated (Fig. 2(b)), i.e.,
the QD was switched off while the QT was excited at its max-
imum DC design current. Compared to an ideal reference
model without the QD, the simulation results indicate that
the presence of the QD iron core increases the integrated
field strength of the QT by 1.9%.

The fringe field interference effect on higher-order field
components is not calculated here, as (i) the higher-order
field components are very small, and (ii) the fringe field
interference does not significantly affect them [2,3].

IMPACT ON BEAM DYNAMICS
To systematically evaluate the impact of the interference

effect between the QT and QD magnets on lattice parameters

and beam dynamics, theoretical calculations of the global
tune and beta-function distortion were first performed using
the MAD-X program. Since the QT is a trim quadrupole
magnet, small variations in its integrated field exert a rela-
tively minor perturbation on the overall lattice; therefore, the
study focuses primarily on the effect induced by the 0.77%
decrease in the integrated field of the main quadrupole QD.

Table 1 shows the tune shifts resulting from the fringe
field interference. The results indicate that a 0.77% decrease
in the QD’s integrated field induces significant shifts in
both typical operating points: for the design operating point
(4.86, 4.80), the horizontal tune increases to 4.89, while the
vertical tune decreases to 4.68; for the alternative operating
point (4.80, 4.86), the horizontal tune increases to 4.828,
while the vertical tune decreases to 4.746. It is particularly
noteworthy that the vertical tune of the design operating
point drops from 4.80 to 4.68, bringing it closer to the half-
integer resonance line (𝑄𝑦 = 4.5). It can be predicted that
without tune correction, the combined effects of space charge
and the half-integer resonance would severely degrade the
quality of high-power beams.

Table 1: Impact Of Fringe Field Interference On The Tunes

Betatron Tune (𝑄𝑥 , 𝑄𝑦)
Original Tunes (4.86, 4.80) & (4.80, 4.86)
Tunes with interference (4.89, 4.68) & (4.828, 4.746)

Figure 3 shows the beta-function distortion (beta-beat)
caused by the fringe field interference. The simulation re-
sults indicate that the horizontal beta-function variation is
negligible, while the vertical beta-function distortion ex-
ceeds 10%. Based on previous operational experience, a
beta-beat of this magnitude induces additional beam loss
during beam injection and acceleration, which necessitates
compensation via optical parameter correction.
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Figure 3: Beta-beat caused by fringe field interference.



To further evaluate the impact of the fringe field interfer-
ence on high-power beams, numerical simulations were con-
ducted using the multi-particle tracking code PyORBIT [10],
which is based on the Particle-in-Cell (PIC) algorithm. This
code can simulate space charge effects and the beam in-
jection process, and has successfully reproduced several
experimental results of the CSNS RCS, such as beam loss
and bunching factor [11]. In the simulations, the actual
lattice structure and aperture constraints were adopted.

Figure 4 shows a comparison of the particle survival rates
in the ring with and without fringe field interference. Figure
4(a) and 4(b) correspond to the design operating point and
the actual operating point (injection: (4.80, 4.86), extraction:
(4.77, 4.77)). The simulation results demonstrate that fringe
field interference leads to a significant increase in beam loss.
At the design operating point, this interference effect causes
particle losses exceeding 50% within 200 turns. At the actual
operating point, the beam transmission rate drops sharply
from 99.76% to 82.74%.
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Figure 4: Simulation results of particle loss caused by fringe
field interference.

MEASUREMENT AND COMPENSATION
To quantitatively evaluate the fringe field interference

effect between the QT and QD magnets, an accelerator optics
diagnostic method based on the orbit response matrix was
employed in this study.

The experiment was conducted in DC mode (80 MeV)
with the operating point set to (4.86, 4.80). To avoid beam
loss caused by orbit variations under high power operation,
the beam power was controlled below 10 kW. To ensure that
the response matrix reflected only the focusing characteris-
tics of the QD magnets, the QT power supplies were turned
off during the measurement process.

After completing the orbit response matrix measurement,
the obtained data were analyzed using the LOCO (Linear
Optics from Closed Orbits) program [12] developed at SLAC.
The analysis results show that the fudge factor for the QD

magnets is 0.993 (i.e., the ratio of actual to theoretical field
strength), indicating that the actual magnetic field strength
is approximately 0.7% lower than the theoretical design
value. This measurement result is in excellent agreement
with the 0.77% reduction predicted by the earlier OPERA 3D
electromagnetic field simulations, which strongly validates
the reliability of the simulation model.

Based on these experimental results, a current compensa-
tion scheme for the QD magnets was implemented in subse-
quent beam commissioning, i.e., the actual operating current
was adjusted to 1.007 (1/0.993) times the theoretical value
to restore their equivalent focusing strength. To verify the
effectiveness of the compensation scheme, comparative ex-
periments were conducted at a beam power of 100 kW, with
the operating point set to the actual operational mode. Figure
5 shows the variations in beam loss within the ring before
and after compensation. The results demonstrate that beam
loss was significantly reduced after the implementation of
the compensation scheme. It is particularly noteworthy that
the beam loss trend observed experimentally (Fig. 5) is in
excellent agreement with the PyORBIT simulation results
(Fig. 4 (b)), which confirms the effectiveness of the com-
pensation scheme and further validates the accuracy of the
multi-particle tracking simulation program.
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Figure 5: Comparison results of beam loss before and after
fringe field interference compensation.

CONCLUSION
This study comprehensively reveals the fringe field inter-

ference effect between the newly added trim quadrupoles
and main quadrupoles in the compact magnet layout of the
CSNS RCS. The current compensation scheme has been
successfully applied in actual beam commissioning of the
CSNS RCS, which effectively reduces beam loss in high-
power operation. These results not only provide critical
technical support for the 500 kW beam power upgrade of
the CSNS, but also provide important design references for
the compact magnet layout of other high-intensity proton
accelerators.
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