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Lattice study for the HLS-/// storage ring *
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Abstract: The Hefei Light Source (HLS) is undergoing a major upgrade project, named HLS-/, in order to obtain

lower emittance and more insertion device straight sections. Undulators are the main insertion devices in the HLS-/

storage ring. In this paper, based on the database of lattice parameters built for the HLS-/ storage ring obtained

by the global scan method, we use the quantity related to the undulator radiation brightness to more directly search

for high brightness lattices. Lattice solutions for achromatic and non-achromatic modes are easily found with lower

emittance, smaller beta functions at the center of the insertion device straight sections and lower dispersion in non-

zero dispersion straight sections compared with the previous lattice solutions. In this paper, the superperiod lattice

with alternating high and low horizontal beta functions in long straight sections for the achromatic mode is studied

using the multiobjective particle swarm optimization algorithm.
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1 Introduction

The Hefei Light Source (HLS) is a second-generation
light source in the VUV (vacuum ultraviolet) and soft X-
ray regions and was the first dedicated synchrotron light
source in China. It has been operating for more than
20 years, but now the present HLS cannot satisfy user
requirements very well and has fallen behind its com-
petitors around the world. Therefore, an upgrade plan
to improve the performance of the HLS was proposed
two years ago, and the corresponding upgrade project,
named HLS-/, is now underway.

In the upgrade plan, the energy and circumference of
the storage ring remain at 800 MeV and about 66 m, re-
spectively. In contrast to the present TBA (triple bend
achromatic) lattice, the HLS-/ storage ring adopts a
DBA (double bend achromatic) lattice, which can pro-
vide more available straight sections for insertion devices.
The natural emittance can be reduced from the present
166 nm·rad to less than 40 nm·rad in the achromatic
mode, and it is about 20 nm·rad in the non-achromatic
mode. The magnet layout of the HLS-/ storage ring
is shown in Fig. 1. The HLS-/ storage ring has four
DBA cells, and each cell has a 4 m long straight section
and a 2.3 m medium straight section. In addition to a
long straight section for injection and a medium straight
section for the RF cavity, the other straight sections can
be used for the installation of insertion devices. In the

present plan, two undulators will be installed in two long
straight sections, and two undulators and one wiggler
will be installed in three medium straight sections.

Fig. 1. (color online) The geometry of the magnet
layout of the HLS-/ storage ring.

In this paper, we take the reciprocal of the phase
space volume of the undulator radiation source as the
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object of the lattice study. This is related to the lat-
tice parameters and proportional to the undulator ra-
diation brightness. Thus, based on the built database
of the HLS-/ storage ring lattice parameters obtained
by the global scan method, we can easily find high-
brightness lattice solutions for both the achromatic and
non-achromatic modes. Besides, to lower the horizon-
tal beta function in long straight sections for inser-
tion devices in the achromatic mode, the case of two-
superperiod lattice with alternating high and low hori-
zontal beta functions in long straight sections is studied
using the multiobjective particle swarm optimization al-
gorithm.

2 Brightness-related lattice study

The undulator radiation brightness is defined as
the photon flux per unit phase space volume, in units
of photons/(s×0.1%bandwidth×mm2

×mrad2), and for
Gaussian beam distribution is given by

B=
Fn

4π
2σTxσTyσTx′σTy′

, (1)

where Fn is the photon flux, and the denominator is the
phase space volume of the photon source (usually at the
center of the undulator) given by the effective source
sizes and effective source divergences in the horizontal
and vertical planes. The effective source size σTu and
divergence σTu′ (u=x for the horizontal plane and u=y

for the vertical) are the results of the convolution of the
electron beam and diffraction limited photon beam pa-
rameters:

σTu=
√

σ2
u+σ2

r , σTu′ =
√

σ2
u′+σ2

r′ , (2)

with σu and σu′ , respectively, the electron beam size and
divergence, and σr and σr′ , respectively, the diffraction
limited photon beam size and divergence given by

σr=
1

2π

√

λL

2
, σr′ =

√

λ

2L
, (3)

where L is the undulator length and λ the radiation wave-
length.

Usually, the linear optics of the electron beam is sym-
metrical with respect to the center of the undulator. In
this case, the electron beam sizes and divergences at the
center of the undulator in the horizontal and vertical
planes are, respectively, given by

σx =
√

εxβx+σ2
δη

2, σx′ =

√

εx

βx

, (4)

σy =
√

εyβy, σy′ =

√

εy

βy

, (5)

with βx and βy, respectively, the horizontal and verti-
cal beta functions at the center of undulator, η the dis-

persion function at the center of the undulator, σδ the
relative energy spread, and εx and εy, respectively, the
horizontal and vertical emittances given by

εx=
1

1+κ
εx0, εy=

κ

1+κ
εx0, (6)

where κ is the coupling ratio and εx0 is the natural emit-
tance.

In Eq. (1), the photon flux does not depend on the
lattice parameters, while the phase space volume of the
photon source is related to the lattice parameters. So
in the lattice design, the solution to increasing bright-
ness is to minimize the phase space volume of the pho-
ton source, i.e. to minimize σTu and σTu′ expressed by
Eq. (2). From Eq. (3) to Eq. (6), we can easily see
that the most efficient solution to increasing brightness is
to reduce electron beam emittance. Besides, optimizing
the beta functions at the center of the straight sections
will also increase the brightness. To gain the maximum
brightness, from Eq. (3) to Eq. (5) we can derive that
in the zero-dispersion straight sections the optimal beta
functions are [1]

βx,y=
L

2π
, (7)

and in the non-zero dispersion straight sections the op-
timal horizontal beta function is changed to [2]

βx=

√

2L

λ
σ2

δη
2+

L2

4π
2
. (8)

In other words, at these beta values there is an opti-
mal matching between the electron beam and diffraction
limited photon beam phase spaces.

In contrast to optimizing the electron beam emit-
tance and beta functions, to more directly search for lat-
tice solutions with high brightness and to explore the po-
tential of brightness enhancement of the HLS-/ storage
ring, we take the reciprocal of the phase space volume of
the photon source (at the center of the straight sections)
RV

RV=
1

4π
2σTxσTyσTx′σTy′

, (9)

as the object of the lattice study, which is proportional
to the undulator brightness.

In our laboratory, the global scan method was ap-
plied to the lattice design of the HLS-/ storage ring [3],
and the obtained data provided us with global solutions
and their lattice parameters. Thus, for all the solutions
of interest, we can directly use their lattice parameters
to calculate RV for long and medium straight sections in
both the achromatic and non-achromatic modes. This
calculation is also dependent on the undulator radiation
wavelength. In our study, we choose a longer wavelength
and a shorter wavelength in the wavelength range as the
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representative of the range, and for each chosen wave-
length RV is calculated for all the solutions of interest.

To calculate RV, the undulator length and radiation
wavelength values are determined according to the de-
sign of undulators for the HLS-/ storage ring [4]. For
simplicity, in our calculation the two undulators in long
straight sections have the same length of 3 m, which is
their average value, and similarly the two undulators in
medium straights have the same length of 1.5 m. For
the two undulators in long straights, 200 nm and 15 nm
are taken as the longer and shorter wavelength values,
respectively. And for the two undulators in medium
straights, the longer and shorter wavelength values are,
respectively, 150 nm and 10 nm. Besides, we set the
coupling ratio to be 5%. A small coupling ratio is also a
method often used to increase the brightness, though it
may cause the problem of short beam lifetime. For the
HLS-/ storage ring, the coupling ratio would be reduced
by two families of skew quadrupoles after the execution
of a top-off injection scheme in the future.

There are four families of quadrupoles in the HLS-
/ storage ring. To obtain global information about the
storage ring lattice, a global scan of quadrupole strengths
has been conducted in the range [−5 m−2, 5 m−2] with
a grid spacing of 0.05 m−2. The obtained database of
lattice solutions and parameters will be used for the fol-
lowing study.

To select the solutions of interest from the obtained
solutions in the scan, we set the common requirements
for both achromatic and non-achromatic lattices:

1) natural emittance <100 nm·rad;
2) maximum βx, βy<25 m;
3) maximum absolute dispersion <1.5 m;
4) βx at the center of long straight >5 m;
5) βy at the center of long straight <3 m;
6) βy at the center of medium straight <3 m.
For the achromatic mode, two additional require-

ments are set. First, the absolute dispersion at the cen-

ter of the long straight is set to be less than 0.1 m,
which is roughly considered the achromatic condition.
Second, the strength values of the two chromatic sex-
tupoles used for correcting the natural chromaticities to
zero are required to be less than 120 m−3. And for the
non-achromatic mode, the additional requirement is that
the absolute dispersion at the center of the long straight
is less than 0.8 m.

For the selected solutions of interest for the achro-
matic mode, according to their lattice parameters, RV

is calculated for the long straight section at wavelength
values of 200 nm and 15 nm, and for the medium straight
section at wavelength values of 150 nm and 10 nm. Fig. 2
shows the maximum values of RV reached at different
values of natural emittance. The left plot is for the
long straight section, and the right plot for the medium
straight section. These give a clear picture about the po-
tential of brightness enhancement at the HLS-/ storage
ring. We can see that the lower the natural emittance
is, the larger the value of RV is reached, except for the
case of the long straight section at a wavelength value
of 200 nm. This is because βx at the center of the long
straight section becomes larger when electron beam emit-
tance is reduced (see Fig. 6 in the next section). When
electron beam emittance approaches the diffraction emit-
tance (16 nm·rad for 200 nm), the beta function becomes
important for matching between the electron beam and
diffraction limited photon beam phase spaces.

Note that Fig. 2 only shows the maximum values of
RV, not the values of RV for all solutions of interest.
With the RV values, we can easily discover high bright-
ness achromatic lattices. To find the high brightness lat-
tices, we relax the restriction of the fractional parts of the
working point (i.e. the fractional parts can be larger than
0.5). Besides, we consider the quadrupole strength mar-
gin for correcting the linear optics perturbed by insertion
devices. The nonlinear dynamics is also considered. The
values of RV for the long and medium straight sections

Fig. 2. (color online) The maximum values of RV reached at different values of natural emittance (shown as curves),
and the RV values of one found lattice (shown as squares) for the achromatic mode (the left plot is for the long
straight section and the right for the medium straight section).
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of one found lattice are also shown in Fig. 2 (the red
square represents the short wavelength and the blue
square the long wavelength).

The optical functions of one period of the found
achromatic lattice are shown in Fig. 3. The natural
emittance is 33.4 nm·rad. The values of βx and βy at
the center of the long straight section are, respectively,
17.44 m and 1.86 m, and βx and βy at the center of the
medium straight section are, respectively, 2.34 m and
1.10 m. The dispersion function in the medium straight
section is 0.78 m. All these lattice parameters are lower
than those of the previous achromatic lattice [3]. The
working point of this lattice is (4.616, 3.568), and the
momentum compaction factor is 0.0205. In addition, the
optimized dynamic aperture is large enough.

For the selected solutions of interest for the non-
achromatic mode, according to their lattice parameters,
RV is also calculated for the long and medium straight
sections. The maximum values of RV reached at differ-
ent natural emittance values are shown in Fig. 4, and
the left and right plots are, respectively, for the long and

medium straight sections. The RV values for the long
and medium straight sections of one found lattice are
also shown in Fig. 4 (the red and blue squares represent,
respectively, the short and long wavelengths).

Fig. 3. (color online) The optical functions of one
period for the achromatic mode.

Fig. 4. (color online) The maximum values of RV reached at different values of natural emittance (shown as curves),
and the RV values of one found lattice (shown as squares) for the non-achromatic mode (the left plot is for the
long straight section and the right plot for the medium straight section).

The optical functions of one period of the found non-
achromatic lattice are shown in Fig. 5. The natural emit-
tance is 14.9 nm·rad, which is close to the lowest emit-
tance 14.0 nm·rad found in the global scan. The values
of βx and βy at the center of the long straight section
are, respectively, 18.74 m and 0.88 m, and βx and βy

at the center of the medium straight section are, respec-
tively, 0.92 m and 0.90 m. Note that of these beta values,
three are less than 1 m. The dispersion function in the
medium straight section is 0.42 m, which is lower than
that of the previous non-achromatic lattice [3]. The dis-
persion function in the long straight section is 0.77 m.
The working point is (5.210, 3.727), and the momentum
compaction factor is 0.0129. Additionally, the optimized
dynamic aperture is also large enough.

Fig. 5. (color online) The optical functions of one
period for the non-achromatic mode.
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Though the above lattice study is about undulator
brightness enhancement, the lower emittances of the two
found lattices also have a positive effect on bend magnet
brightness, which is roughly inversely proportional to the
natural emittance.

3 Superperiod lattice study

To reduce the effect of the elliptically polarizing un-
dulator in the long straight section on emittance increase
due to large linear optics perturbation, βx at the center
of the long straight section should be lowered. A lower
βx will also increase undulator brightness. A lower βx

may have little effect on injection because usually the
optimized dynamic aperture of the HLS-/ storage ring
is large enough. We will study the possibility of lower-
ing βx at the center of the long straight section for the
achromatic mode.

Figure 6 shows the values of natural emittance and
βx at the center of the long straight section of all the
selected solutions of interest for the achromatic mode
(discussed in the previous section). We can see that at
low natural emittances the value of βx at the center of
the long straight section is large. This means that at low
natural emittances there is no lattice solution with small
βx. So we turn to study the case of the superperiod lat-
tice for the HLS-/ storage ring, in which the four cells
form two superperiods.

Fig. 6. (color online) The natural emittance and
βx at the center of the long straight section of all
the selected solutions for the achromatic mode.

In this superperiod lattice, there are eight families
of quadrupoles. So the global scan method cannot be
applied due to huge computation, and the artificial in-
telligence algorithm is considered. Here we use the mul-
tiobjective particle swarm optimization (MOPSO) algo-
rithm [5] to optimize these eight variables of quadrupole
strength. The particle swarm optimization algorithm is

a widely used artificial intelligence algorithm for global
optimization. We set the following basic constraints for
the superperiod lattice:

1) maximum βx, βy <30 m;
2) maximum absolute dispersion <2.0 m;
3) βy at the center of the long and medium straights

<4 m;
4) βx at the center of the long straight (for the un-

dulator) <6 m.
In this optimization, one objective is the natural

emittance, and the other is the sum of two absolute dis-
persions in two long straights (for the injection and un-
dulator, respectively). The MOPSO algorithm, with a
population size of 100000 ran for 300 iterations, and the
obtained Pareto optimal front is shown in Fig. 7. The
Pareto optimal front is an image of a set of non-dominant
solutions in objective space. In this optimization, we also
set the two absolute dispersions in two long straights to
be less than 0.5 to better consider the achromatic condi-
tion. Here, the achromatic condition for the superperiod
lattice is where the two absolute dispersions in two long
straights are zero. In Fig. 7, we can see that the lowest
emittance of the achromatic superperiod lattice is about
55 nm·rad.

Fig. 7. (color online) The Pareto optimal front for
the superperiod lattice.

The optical functions of one superperiod of one achro-
matic superperiod lattice are shown in Fig. 8, with al-
ternating high and low horizontal beta functions in the
long straight sections. The natural emittance of this two-
superperiod lattice is 55 nm·rad, which is significantly
larger than 33 nm·rad. In the case of the four-period
lattice, at the natural emittance of 55 nm·rad, the low-
est value of βx at the center of the long straight is also
close to 6 m, as shown in Fig. 6. So in the case of a
two-superperiod lattice, there is also no lattice solution
with both low natural emittance and small βx at the cen-
ter of the long straight (for the undulator). This means
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that the lattice flexibility of the HLS-/ storage ring is
limited.

Fig. 8. (color online) The optical functions of one
superperiod for the achromatic superperiod lat-
tice.

4 Conclusions

We studied the cases of the high brightness lattice
and the superperiod lattice for the HLS-/ storage ring.

To more directly search for high brightness lattice so-
lutions from the database of lattice solutions and the
parameters obtained by the global scan method, the re-
ciprocal of the phase space volume of the undulator radi-
ation source is calculated for long and medium straight
sections, which is proportional to undulator brightness.
This calculation gives a clear picture of the potential
of brightness enhancement at the HLS-/ storage ring.
High brightness lattice solutions for both the achromatic
and non-achromatic modes are easily found. To reduce
the perturbation from the elliptically polarizing undu-
lator in the long straight section on linear optics, the
two-superperiod achromatic lattice with alternating high
and low horizontal beta functions in the long straight
sections was studied using the MOPSO algorithm. The
results of the superperiod lattice study show that there is
no ideal lattice solution with both low natural emittance
and small βx at the center of the long straight for the un-
dulator due to the limited lattice flexibility of the HLS-/
storage ring, which means that an additional quadrupole
family may be necessary to reduce the perturbation from
the elliptically polarizing undulator.
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