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Optimization of magnet sorting in a storage ring using genetic
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Abstract: In this paper, the genetic algorithms are applied to the optimization problem of magnet sorting in an

electron storage ring, according to which the objectives are set so that the closed orbit distortion and beta beating

can be minimized and the dynamic aperture maximized. The sorting of dipole, quadrupole and sextupole magnets is

optimized while the optimization results show the power of the application of genetic algorithms in magnet sorting.
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1 Introduction

There are three main kinds of magnet elements in
storage rings: dipole, quadrupole and sextupole mag-
nets.

The actual magnetic field in storage rings is some-
what different from the designed magnetic field. Most of
the errors of the magnetic field can be partially corrected
by trimming or shimming magnetic poles. However, the
residual errors will induce some effects, such as closed or-
bit distortion (COD), lattice functions distortion, tune
shift, and dynamic aperture shrinkage. These effects
need to be minimized to improve the performance of stor-
age rings. For example, the dynamic aperture shrinkage
caused by the sextupole field errors cannot be ignored
in advanced third-generation light sources, future-ring
based colliders and ultimate storage rings [1–8], where
the nonlinear performance is very sensitive to the errors.
So the work of the optimization of magnet sorting is in
high demand for installation of magnets during the con-
struction of a storage ring.

There are several methods used for the optimization
of magnet sorting, such as analytical methods, random
search method [9] and artificial intelligence algorithms.
In the analytical methods, the aim is set to solve linear
equations or to find the pair wise dipoles whose phase
difference is equal to integer multiples of pi [10]. The
random search method is not suitable for the storage
rings with numerous magnets. For a third-generation
light source storage ring consisting of hundreds of mag-
nets, the number of all possible permutations of magnets
is n! (n denotes the number of magnets). In the past

decade, the artificial intelligence algorithms, which are
used for the search of the global optimal solutions and
high efficiency of problem optimization, have been suc-
cessfully applied to many research fields. In this paper,
the genetic algorithms (GAs) are applied to the solution
of the magnet sorting problem in an electron storage ring.
Sorting the dipole magnets gets a smaller COD than an-
alytical methods, and sorting the quadrupole magnets
gets a smaller beta beating than random search meth-
ods while sorting the sextupole magnets gets a bigger
dynamic aperture than random search methods.

2 The magnet sorting method

The COD in storage rings mainly originates from the
integral magnetic field errors; the lattice function distor-
tions and tune shift mainly come from the gradient field
errors when the sextupole field errors deteriorate the dy-
namic aperture and correction chromaticities. As the
permutation of magnets changes, the above effects will
change simultaneously. The purpose of magnet sorting
is to find the permutation that can minimize the harmful
effects. In principle, the best magnet permutation can be
found by minimizing the objective functions of different
sorting scheme.

In mathematics, the sorting problem is regarded as
one of the NP-hard problems. To date, it is generally ac-
cepted that there is no effective analytical algorithm for
NP-complete problem or NP-hard problem [11]. Such
problems can only be solved by using approximate al-
gorithms. For instance, the traveling salesman problem
(TSP) is one of the typical NP-hard problems studied
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in operations research and theoretical computer science.
Given a list of cities and the distances between each
other, the task is to find the shortest path along which
one can visit each city only once and return to the orig-
inal city. TSP is an exact problem, which is often used
as a benchmark for many optimization methods. Till
now, various algorithms based on artificial intelligence
algorithms have been used to solve TSP, and yet, the
optimal route can only be found when the city number
is small.

Considering the similarity between TSP and the mag-
net sorting problem, the GAs are adopted as optimiza-
tion algorithm to find the best sorting scheme. Com-
pared with the traditional mathematical methods, GAs
have stronger global optimization capability and have
been used in accelerator physics research in recent years,
such as linear lattice and nonlinear performance of stor-
age ring optimization [12–15].

The basic processes of the GAs are:
(1) Input the errors, population size, maximum of

generation number, crossover probability and mutation
probability.

(2) Create a population consisting of a group of ran-
dom permutations.

(3) Calculate the fitness value for each permutation
(the fitness value is determined by COD, beta beating or
dynamic aperture).

(4) Based on the fitness value, select the subjects that
will survive.

(5) Based on the given probability, crossover or mu-
tate.

(6) Increase the counter of generation t=t+1, and re-
peat the steps (3)–(6). Stop the processes, if generation
counter equals the maximum of generation number.

According to the typical GA procedure, we have de-
veloped a code to solve the magnet sorting problem, in
which the inputted information is the magnet lattice da-
tum and the magnetic field errors.

We conducted numerical simulation [16] to test the ef-
ficiency of the developed method. We choose the Shang-
hai Synchrotron Radiation Facility (SSRF) as the test
model. The lattice of the SSRF is a four-fold symmetry
structure, each super-period includes five DBA cells. The
storage ring, whose circumference is about 432 meters,

Fig. 1. (color online) The lattice functions of half
super-period (SSRF).

consists of 40 dipole magnets, 240 quadrupole magnets
and 140 sextupole magnets [17]. The lattice functions of
half super-period are shown in Fig. 1.

3 The numerical simulation

3.1 Dipole sorting

The COD in the storage ring mainly comes from the
integral magnetic field errors of dipole magnets. Thus,
in dipole sorting, this paper will treat quadrupole mag-
nets as ideal ones. The COD can be calculated using the
following formula:

Xc(z) =
βx(z)
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,
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the index ‘i’ denotes the i-th dipole magnets, while ‘z’
marks the points of observation. For dipole magnets,
whose length is usually long (in this paper the dipole
length is 1.44 m), we insert 10 thin kicks with the same
strength along each dipole magnet. In the simulation,
we compared various numbers of kicks with 10 kicks
and confirmed that the calculated result of COD was
highly precise.

In dipole sorting, we expect to get the minimum
COD. Therefore, we choose the maximum of COD and
root mean square (RMS) of COD to be involved in opti-
mization since the RMS of COD decreases proportionally
with the maximum of COD. Thus, the objective function
for dipole sorting is set as follows:

f =max(|xci|).

In order to test the optimization capability of GAs
approach, we implemented a numerical simulation and
compared the result of GAs with Ref. [10].

In order to demonstrate the general optimization of
various error distributions by the GAs methods, we se-
lected three types of error distributions in the dipole,
quadrupole and sextupole: normal distribution (error A

& error B), uniform distribution (error C). Considering
the actual error distributions are usually normal ones, we
compared two groups of normal distributions, i.e., error
A and error B. The distribution of error A: µ=0, σ=3,
the distribution of error B: µ=0, σ=6. The letter µ indi-
cates the average value of errors, σ denotes the standard
deviation of errors.

In the dipole simulation, the differences of integral
magnetic field errors between magnets are set to be about
±5‰ and generated randomly (as shown in Fig. 2).
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Fig. 2. Error distributions.

Fig. 3. (color online) The COD of two sorting ap-
proaches in the case of error A.

Fig. 4. (color online) The COD of two sorting ap-
proaches in the case of error B.

Fig. 5. (color online) The COD of two sorting ap-
proaches in the case of error C.

The results of GAs approach sorting and Ref. [10] are
shown in Figs. 3–5.

As shown in Figs. 3–5 and Table 1, whatever type
the error distribution is, the maximum value and RMS
of COD of our results are almost half of the results of
Ref. [10].

Table 1. The data of two sorting approaches.

Max of COD/mm RMS of COD/mm

Ref. [10] error A 2.108 0.814

GAs error A 1.284 0.421

Ref. [10] error B 2.043 0.728

GAs error B 1.469 0.584

Ref. [10] error C 2.712 0.849

GAs error C 1.556 0.524

The sorting process in Refs. [10, 18] is shown as be-
low:

1) Place the dipole magnet whose absolute value of
field error is the largest to the location whose objective
function is the minimum one among all the locations that
it could be placed.

2) Place the dipole magnet of the second absolute
value in field error where the object function is the min-
imum one among all the locations that remain for it to
be placed.

3) Follow the above step to place the dipole magnets
by the ranking of the absolute value of the field errors
from large to small one by one.

The parameters of the GAs code were set as: popu-
lation size=200, max generation=50, mutation probabil-
ity=0.2, crossover probability=0.65. The running time
of this program is about 1 hour, on personal computer
(CPU: Intel i5-2300 2.8 GHz).

3.2 Quadrupole sorting

The gradient magnetic field errors would produce
the tune shift and lattice functions distortion, which
has a serious harmful effect on beam quality. Recently,
to improve the beam quality, quadrupole magnets are
usually independently powered, which facilitate optical
calibration and correction. However, the series-mode
power supplies are still adopted for quadrupoles in sev-
eral machines, such as damping ring and booster, etc.
To demonstrate the effectiveness of our sorting code, we
implemented the quadrupole magnet sorting.

The purpose of quadrupole magnet sorting is to min-
imize beta function distortion and tune shift, which can
be described by one function, the beta beating:

∆βui=(βui−β0i)/β0i,

where ‘u’ represents the horizontal or vertical direction,
the index ‘i’ marks the point of observation, ‘0’ denotes
the undisturbed beta function. We optimized the max-
imum and RMS of beta beating in both horizontal and
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vertical directions. Since the RMS reduces as the max-
imum of the beta beating decreases, the objective func-
tion is set as follows:

f =a×max|βx|+b×max|βy|,

where a and b are the weights of their corresponding
function, respectively. After a few simulation tests, we
found that the equal values of their weights leads to the
minimum of beta beating and the specific values of the
weights are not important (but they should be positive).
Thus, we let a=b=1.

Considering that the tune shift is not strictly related
to beta beating, we gave a constraint condition: if the
tune shift is over ±0.03, let the value of the objective
function be infinite.

In numerical simulation, the discrepancy between
quadrupoles are assumed as random numbers, which are
smaller than ±5‰ (as shown in Fig. 6).

We implemented the GAs approach and random
search approach to find the best permutations of
quadrupole magnets. In the random search approach,
1×105 cases were studied while in the GAs approach the
number of cases is 2×104. The two results are presented
in Figs. 7–9.

Fig. 6. Error distributions.

As shown in Table 2, better beta beating is achieved
in shorter time by the GA approach, which indicates
that the GAs approach is more efficient than the ran-
dom search approach in the magnet sorting.

The parameters of the GA code were set as: popu-
lation size=200, max generation=100, mutation proba-
bility=0.2 and crossover probability=0.65. The running
time of the GA program is about 2 h.

Fig. 7. (color online) Beta beating in the case of error A.

Fig. 8. (color online) Beta beating in the case of error B.

Fig. 9. (color online) Beta beating in the case of error C.

Table 2. The beta beating of the two approaches.

horizontal direction vertical direction

max RMS max RMS

random error A 0.077 0.024 0.044 0.019

GAs error A 0.053 0.024 0.029 0.012

random error B 0.065 0.026 0.043 0.015

GAs error B 0.039 0.014 0.032 0.012

random error C 0.136 0.053 0.105 0.045

GAs error C 0.091 0.040 0.054 0.023
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3.3 Sextupole sorting

In the storage ring with strong nonlinearity, magnetic
field errors will produce dynamic aperture reduction, and
distort correction chromaticities. These effects may trig-
ger difficulty of beam injection and degeneration of beam
lifetime. The reliable method to measure the harmful ef-
fects of sextupole field errors is numerical calculation.
We have developed a particle tracking code, in which we
adopted the second-order symplectic integrator method,
and the integrated kick was placed in the middle of the
sextupole [19, 20]. When the particles pass the kick,
their direction will change immediately. The formula for
the model reads as:

xf = xi,

pf
x = pi

x−
1

2
λ(z0)∆z[(xi)2−(yi)2],

yf = yi,

pf
y = pi

y+λ(z0)∆z(xiyi),

the index i and f denote the status of particles before and
after the kick, respectively. The particle tracking starts
from 0 point as shown in Fig. 1. Dynamic aperture is
obtained by multi-particle tracking.

We compared the dynamic aperture by our code with
ELEGANT. See Figs. 10–12.

Fig. 10. (color online) Dynamic aperture by ELE-
GANT (1000 turns).

As shown in Figs. 10–12, the dynamic aperture by
10 kicks model is highly similar to the ELEGANT ones
while the dynamic aperture by 1 kick model is accept-
able. We adopt 1 kick model to optimize the sextupole
magnets sorting, as the 1 kick model is 10 times faster
than the 10 kick model.

To find the best sextupole magnet permutation based
on the dynamic aperture tracking method, the dynamic
aperture tracking results should be ranked according to
some rules. The rules would reveal the area size and
symmetry information of dynamic aperture. In order to

construct the objective function more conveniently, the
particles are set to distribute in concentric ellipses.

Since the chromaticities are quite important to the
nonlinear effects of the storage ring, a constraint condi-
tion is adopted: if the chromaticities are over the range of
0–1, we let the value of the objective function be infinite.

Fig. 11. (color online) Dynamic aperture by 10
kicks model (1000 turns).

Fig. 12. (color online) Dynamic aperture by 1 kick
model (1000 turns).

In the sextupole magnet sorting simulation, we com-
pared the results of the GA approach and random search
approach. In the random search approach, 3×105 cases
were studied while in the GA approach the number of
cases is 3×104. We set the deviations to a range of
±3% in order to show significant difference between the
two approaches (as shown in Fig. 13), since the dynamic
aperture of the storage ring is not very sensitive to the
sextupole field errors. Figs. 14–16 give the dynamic aper-
ture of the two approaches.

The circles mark the dynamic aperture of GAs opti-
mization while the stars represent the best aperture of
random search.
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Fig. 13. Error distributions.

Fig. 14. (color online) The dynamic aperture in the
case of error A (1000 turns).

Fig. 15. (color online) The dynamic aperture in the
case of error B (1000 turns).

The figures show that all the optimized dynamic
apertures by the GAs approach have more particles sur-

viving, and the distributions of particles are more sym-
metric. The sorting results of the two approaches indi-
cate that the GAs approach has more powerful global
search capability: less search space and better results.

The parameters of GAs code were set as: popula-
tion size=300, max generation=100, mutation probabil-
ity=0.2, crossover probability=0.7. The running time of
this program is about 9 hours.

Fig. 16. (color online) The dynamic aperture in the
case of error C (1000 turns).

The fast calculation of dynamic aperture can be at-
tributed to two reasons: 1) The 1 kick model consists
of only addition and multiplication, making the opera-
tion simpler. 2) In the tracking process, nodes are set
in the 5th, 10th, 20th, 50th, 100th, 200th, 500th, 700th
and 1000th turns. If the dynamic aperture is worse than
the standard ones, the operation will be aborted. Con-
sequently, the operation speed is significantly improved.

4 Conclusion

The numerical simulations indicate that whatever
type the error distribution is, the GAs-based magnet
sorting code is more efficient than the traditional or ran-
dom search approaches. We also applied the GAs codes
to the magnet sorting of the HLS/ storage ring upgrade
project and get the desired results, which will be em-
ployed in the HLS/ storage ring magnets installation.

Magnet sorting is very common in machine installa-
tion, especially for dipole and sextupole magnets, which
are powered in series-mode. On the basis of GAs associ-
ated with the creation of approximate objective function,
we developed a code to find the desired magnet sorting
permutation. Numerical simulations demonstrate the su-
periority of the code in the search of the quasi-optimal
solution as compared with other methods.
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