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Detuning effect corrections using octupoles in
diffraction-limited storage ring
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Abstract: The next generation of synchrotron radiation light sources features extremely low emittance, enabling
the generation of synchrotron radiation with significantly higher brilliance, which facilitates the exploration of matter
at smaller scales. However, the extremely low emittance results in stronger sextupole magnet strengths, leading to high
natural chromaticity. This necessitates the use of sextupole magnets to correct the natural chromaticity. For the
Shanghai Synchrotron Radiation Facility Upgrade (SSRF-U), a lattice was designed for the storage ring that can
achieve an ultra-low natural emittance of 72.2 pm-rad at the beam energy of 3.5 GeV. However, the significant
detuning effects, driven by high second-order resonant driving terms due to strong sextupoles, will degrade the
performance of the facility. To resolve this issue, installation of octupoles in the SSRF-U storage ring has been
planned. This paper presents the study results on configuration selection and optimization method for the octupoles.
An optimal solution for the SSRF-U storage ring was obtained to effectively mitigate the amplitude-dependent tune
shift and the second-order chromaticity, consequently leading to an increased dynamic aperture (DA), momentum
acceptance (MA), and reduced sensitivity to magnetic field errors.
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Next generation synchrotron radiation light sources'*! utilize multi-bend achromatic (MBA) lattices to significantly reduce
beam emittance through strong focusing in storage ring. The necessarily strong sextupoles for chromaticity corrections generate
highly irregular aberrations in particle motion that dramatically reduce dynamic aperture (DA) and momentum acceptance
(MA)™1. According to the perturbation theory in a dynamic system!®, this kind of aberration is decomposed into driving terms

of different orders, comprehensively affecting the performance of the storage ring!™

. The higher-order driving terms
independent of phase advance and the higher order chromaticity specifically induce tune shifts with oscillation amplitude and
energy deviations, respectively, which we call detuning effects of the particle motion. Compared to the third-generation light
sources that often adopt DBA and TBA lattices, MBA-based diffraction-limited storage rings exhibit more severe detuning
effects. This makes is difficult for the particles with large oscillations or energy deviations to maintain the delicate cancellation
of driving terms by setting linear phase advance between the sextupoles™. Control of the detuning effects has become a major
challenge for weakening the sensitivity to magnetic field errors and optimizing DA and MA in diffraction-limited storage rings.
Octupoles are widely applied to increase detuning and thus enhance Landau damping in the storage rings of the light
sources and the colliders"*'?. However, in the diffraction-limited storage rings, the detuning effect induces a frequency shift of
particles, causing them to approach the resonance line, which can result in particle loss. By reducing the detuning effect, the

frequency shift of particles can be controlled, thereby improving the DA and MA". The detuning has become so severe, which

seriously affects the optimization of DA and MA. In this case, octupoles aim to reduce the detuning, which is different from the
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previous applications!”. The NSLS-II team presented a proposal for an octupole triplet to effectively control the detuning.
Given that the variables to be controlled are three groups, the values of the octupole triplet in the calculated detuning term are
fully determined. This part can be employed to increase the size of the DA. However, for MA, there are not too many terms to
control. To control MA, additional grouped variables must be introduced. Their study results showed that both the DA and MA
were sufficiently increased by adjusting the positions and strengths of two octupole triplets in the lattice!*.

A multi-objective optimization algorithm was applied in the nonlinear optimization, resulting in favorable outcomes for
both DA and MA in the SSRF-U storage ring!'*'”. Particle Swarm Optimization (PSO)!"*'! is an evolutionary technique that
simulates social behavior based on swarm intelligence. Due to its unique search mechanism, excellent convergence
performance, and convenient computer implementation, PSO has found widespread applications in optimization. Multi-
objective particle swarm optimization (MOPSO) algorithms have been applied to various optimization domains. In the design
of the lattice for the next-generation synchrotron radiation source, efforts are directed towards minimizing the emittance while
simultaneously ensuring that the DA remains within acceptable parameters. The application of optimization algorithms
facilitates the generation of enhanced lattices, ensuring maximal reduction in emittance while preserving a satisfactory DA. We
employ a MOPSO algorithm to optimize both the DA and MA.

For the Shanghai Synchrotron Radiation Facility Upgrade (SSRF-U) storage ring, a new space-saving scheme using an
octupole quadruplet for control was proposed in this paper. The octupole quadruplet was symmetrically installed in the lattice.
The octupole quadruplet comprises three octupoles for calculating the DA and an additional octupole for controlling the MA.
This method introduces a novel variable that enables the control of the MA size relative to a group of octupole triplet forms,
thereby reducing the space compared to the use of two groups of octupole triplet forms. The additional octuepoles enable the
integration of theoretical calculations with optimization algorithms.

SSRF-U considers the influence of octupoles on DA and MA, and incorporates four octupoles inside to control DA and
MA simultaneously. This scheme combines optimization algorithms with the theoretical design of octupoles. The
aforementioned scheme does not necessitate the octupoles into straight sections, which impacts the efficiency of straight
sections. It offers a basis for the enhancement of SSRF-U.

This paper introduces the design of the SSRF-U lattice and compares the effects before and after the addition of the
octupole quadruplet. All tracking calculations were performed using the AT toolbox™, lifetime calculations were performed

using the elegant program™".

1 Lattice design and nonlinear effect of the SSRF-U storage ring

The SSREF lattice was designed with twenty double-bend achromat (DBA) cells, organized into four super-periods. This
layout encompassed sixteen 6.5-m-long straight sections and four 12-m-long straight sections, culminating in a circumference
of 432 m. Two of the 12-m-long sections were designated for the injection system and the superconducting RF cavities’
installation. The modification of the light source storage ring must maintain the existing layout, including the beamlines
conforming to the current wall structure and aperture positions. The beamline layout should be kept as simple as possible, and
this design should be retained for the SSRF-U.
1.1 Lattice design of the SSRF-U

The SSRF-U storage ring, designed for a beam energy of 3.5

GeV and with a natural emittance of 72.2 pm-rad, has successfully
reached the diffraction limit for soft X-rays”?>1. The beam optics
and lattice layout for one super-period are shown in Fig.1. Each cell

in the lattice, known as the 7BA cell, comprises seven dipoles, ten

quadrupoles, and six sextupoles. The quadrupoles have a maximum

0 10 20 30 40 50 60 70 80 90 100

gradient of 85 T/m, while the sextupoles have a maximum gradient

position/m
) . . .
of 5100 T/m’. For chromaticity correction, six sextupoles are Fig. 1 Lincar optical functions and magnet layout
positioned on the high B and dispersion functions region. The of the SSRF-U storage ring
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raised horizontal beta functions at both ends are beneficial for increasing the DA. To further reduce the beam emittance of the
lattice, the longitudinal gradient bend (LGB), in combination with anti-bend, is implemented. Similar structures can be observed
in ESRF?4, HEPS™, and APS-UP?,

The primary parameters of SSRF-U are summarized in Table 1. To avoid harmful nonlinear resonances, the betatron tunes
for the new lattice were carefully chosen as 51.17 and 16.22 in the horizontal and vertical planes, respectively. The £ functions
were determined as follows: 15.29 m for the horizontal § function and 5.67 m for the vertical § function at the centers of long
straight sections, and 5 m for the horizontal § function and 3 m for the vertical § function at the centers of standard straight
sections. The natural chromaticity is —98.6/—68.1, but negative chromaticity may lead to strong head-tail instability. To mitigate
this instability, sextupoles were used to correct the chromaticity to 3/3. However, the corrected chromaticity will lead to

significant nonlinear effects, which are challenging for operation.

Table 1 Main parameters of the SSRF-U storage ring

energy/GeV  current/mA  circumference/m tune natural emittance/(pm-rad)  natural chromaticity  corrected chromaticity

35 500 432 51.17/16.22 72.2 —98.6/—68.1 3/3

1.2 Nonlinear effect of the SSRF-U

The design of SSRF-U combines nonlinear optimization with linear beam optics design, aiming to minimize emittance
while maximizing DA. The MA only records the value at the injection point, and solutions outside the range of +2% are
considered invalid. However, the small DA remains a challenge for SSRF-U, as it hinders safe injection, and the low MA
affects beam lifetime. The requirement for linear optics remains unchanged, therefore it will not be altered during the nonlinear
optimization of SSRF-U.

The nonlinear effects in the SSRF-U can be analyzed through resonance driving terms (RDTs). These RDTs can be
categorized into two types: geometric resonance driving terms and linear frequency shift terms.

Geometric resonance driving terms are phase-related and can be mitigated by adjusting the phase advance between the
sextupoles. They generally induce resonances and reflect the strength of the resonant base. The geometric resonance driving
terms can induce third-order resonances such as v,, 3v,,vx —2v,, and v, +2v,. These terms can lead to particle losses near these
resonance lines. To minimize these effects, the phase advance between the sextupoles is usually considered to be adjusted to
odd multiples of . This ensures that the geometric terms of the sextupoles can cancel each other out.

The first-order geometric resonance driving term is phase-dependent. The first-order geometric resonance caused by

sextupoles are calculated by Equation (1)
B21000) = A (12000 = 2 ™ porpZer
(21000) = A* (12000) = —§2i=1b3,-L,BX,.e
— h* — 1 N % i3y
h(30000) = /* (03000) = —ﬂzizlb_g,L 2e
IR L 1
h(10110) = h* (01110) = —szbym;em (1)

1 WV L
h(10020) = h* (01200) = gZizlb;,»Lﬂfiﬁy,«e'(V"‘z"")

1w~ I
h(10200) = h* (01020) = gzizlb;,-Lﬁ_flﬂ).,-e“V"”V")

The FMAs were computed with tracking particles for 2000 turns. The diffusion rate was determined by analyzing the
differences in frequencies calculated based on Fourier transformations of the data from the first 1000 turns and the last 1000
) - (v% vf) Equation (2) represents the diffusion rate™”,

1,1
turns (VX, vy

2
D=1g \/(V;—vz)2+(v;, -v2) (2)
The color bar in Fig.2 represents their diffusion rate, with red indicating a higher rate and therefore less stability, while
blue indicating a lower rate and better stability. On the other hand, if the particle’s motion is far from resonance, its
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SSRF-U Lattice
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Fig.2 Frequency map analysis (FMA) of SSRF-U
fundamental frequency vector can be accurately identified with minimal diffusion, indicating stable motion. If a particle’s
motion occurs within the random layer or on the resonance, its calculated frequency vector exhibits significant diffusion,
indicating unstable motion.

The phase of sextupoles in SSRF-U is strategically positioned at near & and 3w, which effectively minimizes the geometric
resonant driving terms. Table 2 provides a summary of the values for the linear geometric driving terms of SSRF-U. The DA
and frequency maps (FMAs) are depicted in Fig.2, on-momentum DA (left) and, frequency footprint (right) in the long straight
section of the SSRF-U storage ring. The red area in Fig.2 represents the detuned region where particles are more susceptible to
magnetic errors, while the blue area represents the stable region. The DA without energy deviation exceeds +2.0 mm

in both the horizontal and vertical directions.

Table 2 Values of the geometric driving terms of SSRF-U

h(21000) h(30000) h(10110) h(10020) h(10200)
18.4249+9.9991i 3.4214+46.6197i 35.8782+19.5071i 123.11~105.61i —0.2746+2.6100i

The FMA shows that particles will not be lost near the resonant lines corresponding to 3v,,, the tunes for the SSRF-U have
been selected with integer parts set to 51 for the horizontal tune and 16 for the vertical tune. Consequently, the ring closure of
v, +2v, results in an overall tune of 84, which is a multiple of 4 due to the SSRF-U’s four super-periods design. The particles
captured in this line will experience resonance, and this factor dramatically increases the error sensitivity.

Although the tune of the SSRF-U has been carefully selected, the severe detuning causes large-amplitude particles
oscillation frequency close to or across dangerous structural resonances. To mitigate the risks associated with these dangerous
resonances, it is crucial to minimize the magnitude of tune shifts. Hence, the oscillation frequency can be kept as far as possible

from these kinds of structural resonances. The tunes with amplitude can be expressed using Equation (3).

Ve =V + %JX + . J,, +higher-order
oJ, " 0l (3)
v, Ov, .

vy =y + —J, + — J, + higher-order

a1, " 81,

The amplitude-dependent tune shift terms are represented by dv,/dJ.,0v./dJ,, and dv,/dJ,. For the SSRF-U, these three
terms have values of 1.6834x10° —1.0303x10°, and 1.190 6x10° respectively, falling within the range of 10° to 10°. The higher-

order effects become apparent with larger amplitudes, necessitating the use of octupoles to control these effects.

2 Application of octupoles to control tune shifts

The Hamiltonian for the thin octupole can be expanded with small momentum deviations and is expressed as follows
_ b 2\ (.4 2.2, 4
H—Z(1+6+6)(x —6x7y +y) (4)
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The octupole Hamiltonian contains five phase-free terms, which can be expressed as equation”
3 2 72
h22000 = g bﬁxfx
hio = —3bﬁxﬂy]xfy
3
hooazo = 3 bﬁi-/)z- (5)

3
hasoor = Ebﬁxlxnzy

3
hoot12 = —Ebﬁyl‘.nzéz

The J and 27tv are conjugate variables. The variation of tune can be expressed as

1 0H

v

The first three terms of Equation (5), which express amplitude-dependent tune shift (ADTS). These can be calculated using

the following formula®®

oAv, 3
aJ, 8an x
0Av, 3

= —b 2 7
0J, 8n By (7)
OAv, 3

=—b
TR

Equation (7) demonstrates that octupoles can be used to correct the ADTS and presents linear relationship between the
strength of the octupoles and the ADTS. To correct the terms dv,./dJ,, dv./dJ,, and dv,/8J, by octupoles, the octupoles’
strength can be computed by terms which are represented by 3, B.8,, and S;. Therefore, the octupole positions need to be
carefully selected. The determination of the appropriate position can be carried out by calculating the octupole strength matrix
as specified in Equation (8).

1 1
zﬁil E )2(2 5 §3
[ (8)
sn| 2B 3B B
ﬁxlﬁy] ﬁx2ﬁy2 ﬂx3ﬁ)‘3

The octupole strength matrix is calculated from the intensity matrix of the octupoles, based on the magnitudes of the
ADTS in the bare lattice, represented by @ = [0v,/dJ,;0v./dJ];0v,/dJ],]. The octupole strength matrix, denoted as K, can be
calculated by Equation (9)'“

K=U'a (9)
Using octupole triplet enables effective correction of the three ADTS that are closely related to amplitude variations. The
last two terms included in Equation (6), representing the second-order chromaticity terms and can be expressed as follows!”
v, 2
&= %W = ﬁ%(%)u%nzﬁ.x,y (10)
The second-order chromaticity terms are the consequence of the combined influence of quadrupoles and sextupoles in the
dispersion region. These terms are reflected in the resonance driving terms /o002, /20001, and hgoaor. The second-order
chromaticity terms can cause a significant tune shift in relation to energy deviations. Consequently, the oscillation frequency of
particles may approach linear and structural resonances, resulting in a reduction in the DA and MA.
Similarly, the second-order chromaticity terms are influenced by octupoles. Thus, the optimization of linear frequency
shifts heavily relies on the positioning of octupoles placed in the dispersion region. The accurate placement and strength of
octupoles directly change ADTS and MA. By carefully optimizing these factors, specifically the octupole positions and

strengths, we can simultaneously enhance both the DA and MA.
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3 Applications of octupoles in the SSRF-U storage ring

Due to the fact that the octupoles affects the fourth-order resonance term, the position of the octupoles affects DA and MA.
The phase of the octupoles is usually an odd multiple of that of the sextupoles. However, simulations have shown that
weakening these resonance-driven terms does not guarantee an increase in both the DA and MA. For this reason, a suitable
location is required to ensure that weakened octupoles are produced to limit additional effects caused by the octupoles. The ratio
of the octupoles can control the MA.

Two scenarios were considered to optimize the nonlinear effects of the SSRF-U: one involving an octupole triplet and the
other involving octupole quadruplet. Equation (7) indicates that the optimal placement of the octupole triplet is near locations
with high values of both S, and B,, as well as locations with same values of S, and S,. Octupoles are divided into three
families, corresponding to Oxx, Oyy, Oxy, which control dv./dJ,, dv,/0J, and dv./dJ,. Additionally, the octupole triplet
should be placed closer to sextupole positions to mitigate second-order resonance driving terms.

In another scenario, an octupole quadruplet was used to improve the DA and MA. The positions of the octupoles in the
quadruplet also had a significant impact. Two of the octupoles were initially set to fix the dv,/dJ,, dv,/8J, The correction
octupole is dv,/dJ, divided into two parts. One corrects dv,/dJ, at lower dispersion, while the other is placed at larger
dispersion to control MA. Thus the octupoles are divided into four families, Oyy1, Oyy2, Oxy, Oxx.

3.1 Optimizing the position and strength of octupoles using MOPSO algorithm

The strength of the octupoles needs to be taken into account. Equation (7) was utilized to calculate the strengths of three
groups among the four octupoles. Due to the presence of higher-order terms, DA does not necessarily increase with full
correction, so an additional variable on the setup ratio is needed.

Multi-Objective Particle Swarm Optimization (MOPSO) is an advanced evolutionary algorithm designed to address
complex optimization problems involving multiple, often conflicting objectives. In MOPSO, each particle adjusts its position
based on its own experience and the experience of neighboring particles, guided by mechanisms such as Pareto dominance,
crowding distance, and external archives to maintain diversity and convergence toward the Pareto optimal front. The solutions
to be found reside within the Pareto optimal front. MOPSO is particularly well-suited for solving multi-objective optimization
problems.

Simulations have shown that the position of the octupole has a significant impact on both MA and DA in the case of
octupole triplets. To achieve the desired values for DA and MA, MOPSO was employed. The variables for the octupole triplets
are divided into four groups: the positions of the octupoles and the ratio of the theoretical values. In the case of octopole triplet
the position needs to be at a larger 8 function in order to exert the greatest possible influence on the three ADTs and the values
are calculated from the ADTS terms of the storage ring, which makes it challenging to simultaneously optimize DA and MA. It
is clear that the triplet scheme is not satisfactory in the SSRF-U storage ring. This section does not display the relevant
optimization results. The octupole quadruplets exhibits one additional octupole variable relative to the octupole triplet, which is
not constrained by the theoretical values. Consequently, the position and strength of the octupole can be optimized through
consideration of this variable. The variables for the octupole quadruplets are divided into six groups: the positions of the four
octupoles, the value of the Oxx2 octupole family, and the ratio of the theoretical values of the other three octupodes. The
objective functions are the DA and MA at the injection point.

The MOPSO algorithm aims to find a set of solutions that represent the Pareto front, providing a trade-off between
conflicting objectives. Fine-tuning of parameters such as inertia weight (w), acceleration coefficients (¢; and ¢,) and the
number of particles may be necessary to improve the performance of the algorithm. These parameters may need to be adjusted
specifically for different problem domains.

Fig.3 shows the optimization results of MOPSO with 90 particles and 200 iterations. Fig.3(a) displays the overall
distribution of particles across multiple generations, while Fig.3(b) presents the optimal results from the final generation. The
selected octupoles are highlighted in green. In this context, DA refers to the area traced by particles over 1000 turns, and EA
represents the maximum acceptable energy deviation at the injection point during tracking. The left side of the figure displays

the evolution of Pareto front of solutions, while the right side shows the final optimal solution set for the last generation. After
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MOPSO results per generation
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Fig.3 The DAs and MAs of MOPSO optimization
optimization, the maximum integral strength of the octupoles is 5000 T/m” (the maximum gradient is 50000 T/m*), which has
no essential difficulty in magnet manufacture. The size of the DA increased from 8.9 mm’ to 14 mm’, and the MA increased
from approximately 2.7% to 5.5%. The optimization process did not continue because of its sufficient effectiveness.
The positions of the octupole triplet and octupole quadruplets are shown in Fig.4 respectively. The upper section

corresponds to the scenario with the octupole triplet, while the lower section depicts the configuration with the octupole

quadruplet.
4 T T T T 4 T T T T
3+ 7ﬂx/ﬂ_y_ — 157 ] 3t *ﬂ\/ﬂ» — 15 |
5 ol « position of octupoles | 5 ot « position of octupoles |
< U < o
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~1 t——— e} Herrenmmes o comdy o e ———— —1 e - o oy ol e

24 26 28 30 32 34 36 38 40 42 44 24 26 28 30 32 34 36 38 40 42 44
S/m S/m

Fig. 4 The positions of the triple octupole and octupole quadruplet, as well as the values of §,/8,

Fig.4 shows the positions optimized by MOPSO. For three of the octupole positions, these solutions are close to the
theoretical positions. At the same time, another octupole position with a lower S./B, ratio position, corrects the dv,/J,. The
octupoles are divided into four families, Oyy1, Oyy2, Oxy, and Oxx. The positions of Oyyl and Oyy2 are in the lower and higher
dispersions respectively. These octupoles together change to increase the MA.

3.2 Comparison of results using octupole triplet and octupole quadruplet in the SSRF-U

The FMA before and after the addition of octupoles are compared in Fig.5. The top part shows the FMA after adding the
octupole triplet, and the bottom part shows the FMA after adding the octupole quadruplet. From Fig.5, it can be observed that
the addition of the octupole triplet increases DA to 5 mm and significantly suppresses tune shift, preventing the tunes from the
third-order resonance lines. When octupole quadruplets are added, the tune shift increases slightly, but the DA also increases to
5 mm. When only considering FMA, the addition of the octupole triplet is more effective. Further comparison is made by
evaluating the MA in both cases.

Fig.6 presents the MA tracking results for three scenarios of the SSRF-U: without octupoles, with octupole triplet, and
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Fig. 5 The FMA after adding octupoles

with octupole quadruplet. The blue line represents the MA with the

. . L . . 8 — with octulpole qﬁadrupllet ' ' '
octupole triplet, the green line signifies the scenario without 6 [ — with octupoles triplet — without octupoles

4F =
octupoles, and the red line indicates the values with the octupole 2
quadruplet. The number of tracking turns was set to 2000, which is 0

close to the 1/5 damping time. al j
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approximately +2.7%. However, when an octupole are is triplet is
added, the MA decreases to 2%. After the addition of the octupole Fig. 6 The momentum acceptance of the SSRF-U in three cases

quadruplet, the MA at the injection point increases from 3% to about 5%. This enhancement in the MA at the injection point has
a positive impact on the dynamic aperture (DA), especially for beams with energy deviations. The DAs for on-momentum and

energy deviations of £1.5% are shown in Fig.7.

3.0 5 0=—1.5% 1 3.0 1
——0=0
_ 0,

a5l ——0=1.5% | 25

20 1 2.0 1
g g

= 15} 1 =15 1
1.0 1 1.0 E
0.5 F 1 0.5 1

04— . 0
-5 5 6

x/mm x/mm
(a) dynamic aperture without octupoles (b) dynamic aperture with octupoles triplet (c) dynamic aperture with octupoles quadruplet

Fig. 7 The comparison between DA with and without octupoles
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Fig.7 shows the DA of SSRF-U for on-momentum and energy deviations of £1.5%. On the left side is the scenario without
octupole magnets. In the middle is the situation with octupole triplet, and on the right side is the scenario with octupole
quadruplet. Particle tracking for 2000 turns was performed.

From Fig.7, it can be observed the octupole triplet increases DA by about 60% compared to the bare lattice without energy
deviation, while the DAs of octupole triplet are significantly reduced for the particles with energy deviations of £1.5%. The
DAs with octupole quadruplet are increased compared to both the bare lattice and the scenario with octupole triplet. The DAs
with £1.5% energy deviations increases to more than about three folds. The increased DAs and MAs contribute to an increase in
Touschek lifetime.

Touschek lifetime is determined by the Twiss parameters,
500 MHz, 360 bunches, 500 mA

electron density, MA, and beam size. The equilibrium emittance, 4.0 e e
and bunch length, were computed using the IbsEmittance 3.5 -« with OCT ***M**w -
program®”’, 3.0¢ **ﬁ****%

The Touschek lifetime of the SSRF-U storage ring is shown < 257 xx .
in Fig.8. It can be observed that under the conditions of 500 MHz, E 20r f(* **,mmw***”*”**ww
360 buckets, 500 mA, and 10% coupling, the beam lifetime in the TS * *x***
lattice without octupole magnets is less than 1 h. However, the 1o ““x
application of octupoles significantly extends the beam lifetime to 0
nearly three hours, resulting in a threefold increase. Based on 0 0102 03 04 05 0.6 07 08 09 1.0

. . . coupling
these comparisons, the best choice for SSRF-U storage ring would

Fig. 8 The comparison between beam lifetime

be the octupole quadruplet. . .
with and without octupoles

After examining both the octupole triplet and octupole quadruplet situations, it is more advantageous to choose the

octupole quadruplet. This is because both the DA and MA directions are improved with this choice.

4 Error analysis after application of octupoles quadruplet
The magnet’s random errors will have a significant impact on the DA and MA. The octupole quadruplet provides better
control over the detuning effect, which should considerably improve the lattice's error resistance®”. We compared the DA and

MA with and without errors before and after applying the

octupole quadruplet. Fig.9 illustrates the evaluations of the MA in : | :gggoﬁtggﬂgiggadmp let i
one surper perriodicity of the SSRF-U storage ring with random 4 — with error
magnetic errors up to the 10th order, which include normal and +
skew component both equal to 5x107. The red lines represent the § 0
MA in ideal lattice, while the green lines represent the MAs with
errors. For comparison, the ideal MA without octupole is also
shown as black lines in Fig.9.
Fig.9 demonstrates that the addition of errors leads to a rapid
decrease in the MA due to particles crossing severe resonances. Fig. 9 The MA with 20 multipole error seeds of SSRF-U
However, in the injection section, the MA remains above 2% even storage ring with octupoles

in the presence of errors. The MAs are affected by magnetic errors but are mostly better than the case without octupoles.

Fig.10 depicts the DA of the SSRF-U under 50 sets of random errors in two scenarios: before and after application of
octupole quadruplet. Particles were tracked using AT for 2000 turns. The red represents the DA at 1.5% energy deviation, green
represents the DA at —1.5% energy deviation, and blue is the DA under normal conditions. Solid lines represent the scenario
without errors, while dashed lines represent the scenario with errors from 50 sources.

Fig.10 shows that the DAs with 1.5% energy deviation are larger when using octupole quadruplets, compared to the DA
without them. The DA is less affected by the error is due to theoretical calculation of octupole quadruplets by ADTS.

In Error analysis, octupole quadruplets is more advantageous than the octupole triplet for error perturbation. Additionally,
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Fig. 10 Dynamic acceptance with 20 multipole error seeds in three cases
octupole quadruplet can solve the problems in the SSRF-U storage ring caused by small DA and MA, and improve its

performance.

5 Conclusion

This study compares the dynamics performances of both octupole triplet and octupole quadruplet schemes. The octupole
quadruplet can effectively correct the ADTS term, resulting in an enhancement of DA and MA. The MOPSO algorithm was
used to successfully optimize the DA and MA while controlling the strength of the octupole. Initially, the SSRF-U storage ring
faced challenges with a low DA of 9.29 mm? and a MA of £2.7%, impacting its injection efficiency and reducing its lifetime to
under one hour. Octupole quadruplet schemes with the MOPSO algorithm, the DA increased by 46% to 13.58 mm’, and the MA
improved to 5%, thereby significantly increasing the beam lifetime. Additionally, the optimized parameters showed enhanced
resistance to errors, marking a substantial advancement in the stability of the SSRF-U. In order to save space in lattice, future

research will consider using fewer magnets to optimise.
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