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Abstract

Genetic Algorithm is successfully applied to optimize
dynamic aperture of ALS storage ring lattices for future up-
grades. It is demonstrated that the optimization using total
diffusion rate as objective has a better performance than the
one using dynamic aperture area. The linear and non-linear
properties of the lattice are optimized simultaneously, and
trade-offs are found among the small emittance, low-beta
function and large dynamic aperture. These trade-offs can
provide us a guideline to choose a candidate lattice for ALS
future upgrades.

INTRODUCTION

Optimization of dynamic aperture is a challenging aspect
of storage ring lattice design. A large dynamic aperture
is favorable for efficient injection and long beam lifetime.
Several methods have been successfully applied by lattice
designers to enlarge the dynamic aperture of storage ring.
These methods include the resonance driving term mini-
mization [1], brute force sextupole scan [2], and genetic
optimization [3].

In this work, we will apply the gentic algorithms to op-
timize the dynamic aperture of ALS storage ring lattice for
future upgrades. The genetic optimization is a method to
find optimal solutions by mimicking the process of natu-
ral evolution, such as inheritance, mutation, selection and
crossover. We demonstrate that the optimization using total
diffusion rate as objective has a better performance than the
one using dynamic aperture area. The linear and non-linear
properties of the lattice are optimized simultaneously, and
trade-offs are found among the small emittance, low beta
function and large dynamic aperture. These trade-offs can
provide us a guideline to choose a candidate lattice for ALS
future upgrades.

OPTIMIZATION OBJECTIVES

To optimize the dynamic aperture of a storage ring lat-
tice using Genetic Algorithms (GA), first we need to prop-
erly choose quality factors, i.e., the optimization objectives.
The most commonly used objective by ring designers is
the dynamic aperture area. It is generally believed that the
larger the aperture area the better the dynamic properties of
the lattice is. However, the dynamic aperture area cannot
give the detailed nonlinear behavior of particles, and the

∗Work supported by the Director Office of Science of the U.S. Depart-
ment of Energy under Contract No. DE-AC02-05CH11231

† ccsun@lbl.gov

resonance structures of the ring lattice can not be identi-
fied.

Frequency Map Analysis (FMA) can address these lim-
itations. This technique has been introduced to study
dynamics of particle accelerator for more than 15 years.
Briefly speaking, FMA constructs a map between x-y con-
figuration space and νx-νy tune space by tracking particles
with different initial coordinates for a period time (for ex-
ample, 2N turns). For each test particle, the discrete tra-
jectories are recorded at an observation location. Using the
Numerical Analysis of Fundamental Frequencies (NAFF)
algorithm [5], we can precisely calculate the tunes of this
particle. As a stability index, the diffusion rate of particle
trajectory is defined as follows

d = log

(√
(νx,1 − νx,2)2 + (νy,1 − νy,2)2

N

)
, (1)

where νx,1 and νy,1 represent the horizontal and vertical
tunes calculated for the first N turns tracking data; νx,2 and
νy,2 represent the horizontal and vertical tunes calculated
for the following N turns. Due to the logarithmic scale, the
diffusion rate defined in Eq. (1) is always negative. A large
negative number indicates that the diffusion is small and the
particle trajectory is stable, while a small negative number
indicates the diffusion is large and the particle motion is
irregular.

Incorporating the diffusion rate to the dynamic aperture
evaluation, we can obtain a powerful tool to study the non-
linear dynamic performance of a storage ring. For each test
particle in x-y configuration space, not only its survival sta-
tus is recorded, but also its diffusion rate is calculated. The
total diffusion rate is then given by the summation of all
the particle diffusion rates. Using total diffusion rate as an
objective to optimize dynamic aperture of a lattice was first
proposed in [6]. Instead of maximizing dynamic aperture
area, if it is possible to minimize the total diffusion rate, the
optimized lattice will have excellent dynamic performance.

NONLINEAR OPTIMIZATION

In this section, we will apply the Non-dominated Sorting
Genetic Algorithm II (NSGA-II) to optimize the dynamic
aperture of the low-emittance lattices shown in Fig. 1 for
ALS potential future upgrades. The details of this algo-
rithm can be referred to [4]. The optimization parameters
are sextupole strengths. At the current stage, the ALS stor-
age ring lattice has two chromatic sextupole families (“SF”
and “SD”) in arcs. However, after the baseline upgrade
is finished, additional four harmonic sextupoles (“SHF”,
“SHD”, “SHF1” and “SHD1”) will be installed in straight
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Figure 1: Layout of one sector of ALS ultimate upgrade
lattice and its associated optics functions.

sections of each sector [7]. The arrangement of these chro-
matic and harmonic sextupole are shown in Fig. 1. The
strengths of chromatic sextupoles are determined by the
chromaticity fitting. Thus, in this optimization problem,
there are four free parameters, i.e., the strengths of the har-
monic sextupoles.

To compare the optimization performance, both the dy-
namic aperture area and total diffusion rate are used as
optimization objectives. The accelerator modeling codes,
such as Goemon [8] and Elegant [9], can be used for par-
ticle tracking and objective evaluations. Fig. 2 shows solu-
tions at different generations in the objective spaces for the
optimizations using (a) dynamic aperture area as objective
and (b) total diffusion rate as objective. In either case, the
objectives are calculated for both on- and off-momentum
(dp/p = 0.5%) particles. The particles are tracked through
the lattice with quadrupole strength and roll errors. The
magnitude of these errors are 0.03% and 0.5 mrad, respec-
tively. For the dynamic aperture area calculations, the 21-
line search mode [9] is used and particle is tracked for 512
turns; the boundary of the aperture is clipped to avoid is-
land before calculating the aperture area. For the total dif-
fusion rate calculation, the particles are launched over non-
uniform 21 by 21 grids in x-y space and tracked for 512
turns (The non-uniform grids in x-y space lead to an equal
spacing in action space). For the surviving particles, the
diffusion rates are calculated according to Eq. (1). If the
particles are lost, the diffusion rates are assigned to a value
which is slightly larger than the largest diffusion rate for
surviving particles. In this problem, the number -3 is used.
From Fig. 2, we can see that the solutions converge after
100 generations for either case, and a optimal solution front
is obtained.

The Frequency Maps of example lattices from the solu-
tion fronts are shown in Fig. (3) for (a) optimization using
aperture area as objective and (b) optimization using total
diffusion rate as objective. In the figure, the diffusion rates
of particle motions are represented by color. The blue color
indicates that the particle orbit is stable, while the red color
indicates the particle motion is chaotic. We can see that
these two optimal lattices have almost the same aperture
size. However, the lattice optimized using total diffusion
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Figure 2: Solutions in the objective spaces at different gen-
erations for the lattice optimized using (a) dynamic aper-
ture area as objective and (b) total diffusion rate as objec-
tive.

rate as objectives has a better dynamic performance than
the lattice optimized using the aperture area, because in
Fig. 3(b) there are less red color and some resonance struc-
tures also disappear. This demonstrates that the dynamic
aperture optimization using total diffusion rate as objec-
tives has a better performance than the optimization using
dynamic aperture area as objectives.

LINEAR AND NONLINEAR LATTICE
OPTIMIZATION

In this section, we explore to optimize the linear and
nonlinear properties of lattice simultaneously using NSGA-
II. The lattice we are going to optimize is the same as the
one used in previous Section. It has 12 superperiods with
three quadrupole (“QF”, “QD” and “QFA”), two chromatic
sextupole (“SF” and “SD”), and four harmonic sextupole
(“SHF”, “SHD”, “SHF1” and “SHD1”) families. The three
quadrupole strengths are used as parameters for the linear
property optimizations, and four harmonic sextupoles are
used for nonlinear property optimizations, and two chro-
matic sextupoles are used for chromaticity fittings. The ob-
jectives we want to optimize are two linear properties (hor-
izontal beta function βx at the center of straight and hor-
izontal natural emittance εx), and one nonlinear property
(the dynamic aperture area). The constraints are to ensure
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Figure 3: Dynamic aperture of lattice optimized using (a)
dynamic aperture area as objective and (b) total diffusion
rate as objectives. The diffusion rate of particle motions are
color coded in the plot. The blue color represent particle is
very stable, and red color present very chaotic.

the stability of the lattice, positive damping, and reason-
able maximum Twiss and dispersion functions, and vertical
phase advance.

The optimal solutions in the objective spaces are shown
in Fig. 4. For this optimization problem, 20000 popula-
tions and 400 generations are used, and it take about 70
hours with 64 CPUs to reach these solution front using
Lawrencium cluster at Lawrence Berkeley National Lab-
oratory [10]. In the figure, we can clearly see that there
are trade-offs between small emittance (εx), large dynamic
aperture and small horizontal beta function (βx). In previ-
ous section, the emittance of the lattice we try optimize is
about 1.6 nm-rad. Fig. 4. shows that the dynamic aperture
we can achieve for this lattice is about 2 × 10−5 m2. If we
give up the emittance to 2.5 nm-rad, the dynamic aperture
is almost doubled. These optimal solution fronts provide
us guidance to choose a candidate lattice for ALS future
upgrade.

CONCLUSIONS

In this work, we have successfully applied Genetic Al-
gorithms to optimize dynamic aperture of ALS upgrade lat-
tices. It is demonstrated that the optimization using total

Figure 4: Linear and nonlinear optimizations of ALS lat-
tice using NSGA-II. The lattice solutions are shown in the
objective space, the horizontal emittance εx, dynamic aper-
ture area, and horizontal beta function βx which is color
coded.

diffusion rate as objective has a better performance than the
one using dynamic aperture area. The linear and non-linear
properties of the lattice are optimized simultaneously, and
trade-offs are found among the small emittance, low beta
function and large dynamic aperture. All the strategies and
techniques presented in this paper are not limited to ALS
lattice, and can also be applied to lattice of other facilities.
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