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Abstract

The Hefei Advanced Light Facility (HALF) is a diffrac-
tion-limited storage ring light source with a beam energy
of 2.2 GeV. Thirteen insertion devices (IDs) will be in-
stalled in the storage ring, which will have a substantial
impact on the low-energy beam. Particularly for the long-
period EPU, the nonlinear effects significantly reduce the
dynamic aperture of the storage ring. In this paper, the ef-
fects of the IDs are analyzed in detail with kick-map mod-
els for the HALF storage ring. Each ID is compensated us-
ing a local quadrupole feedforward method. For some
EPUs with significantimpacts, additional compensationis
provided through the shimming of current strips. The anal-
ysis and compensation results will be presented in this pa-
per.

INTRODUCTION

The Hefei Advanced Light Facility (HALF) [1], a dew
VUV and soft X-ray diffraction-limited storage ring-based
light source, is currently under construction and is@xpected
to be in operation in 2028. The design aims to achieve a
natural emittance below 100 pm-rad at anselectron beam
energy of 2.2 GeV with 20 long straight section and 20
short straight section available for installing insertion de-
vices. In the first construction phase, 13 insertioh devices
will be installed for 10 beam lines, including 2wigglers for
beam damping. The parameters of these IDs are listed in
Table 1. These IDs will introduce additionahfocusing ef-
fects that altenthe linearoptics parameters such as'betation
tune and béta functions, and their field errors and misalign-
ments e¢an distort the closed orbitaMoreover, their nonlin-
ear magnetic fields can/reduce the dynamic aperture, im-
pacting beam injection efficiency and lifetime [2]. These
effects caused by insertion devices must be compensated
to ensure the stablé operation of the storage ring.

Local compefsation using pairs of quadrupoles placed
adjacent to an insertion device is an effective method to
locally correctthe induced linear optics distortions without
affecting the rest of the storage ring. Nevertheless, this
method still has difficulty dealing with the higher-order
nonlinear effects induced by these insertion devices. As a
widely and maturely applied method, Current strip shim-
ming has the ability to correct higher-order nonlinear ef-
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fects by compensating the field integrals and multipole er-
rors with current-carrying strips placedyn€ar the magnetic
poles[3, 4].

Table 1: Main Parameters of the Insertion Deyvices in the
HALF Storage Ring

ID I)/(:;ir(:ld nll)lerlr.liggr Ge}\g/i?ﬁm g 1S
IvU21 20.7 54 6 2.1
Ivu21 20.7 182 6 2.1
LPU38 38.2 108 12 3.39
LPU38 38.2 108 12 3.39
Wiggler 100 41 12 16
EPU42 41.5 99 14 2.65
EPU44 435 33%2 14 2.94
EPW46 46 90 14 324
EPU63 63 65 14 5.65
HU11S 115 35 14 8.89
EPU120 120 33 20 11.26
KICK-MAP THEORY

Kick-map theory is a powerful analytical framework to
model'the integrated effects of insertion devices on the dy-
namies of.charged particle beams. The kick-map approach
condenses the net effect into a set of transverse momentum
kicks imparted to the beam as a function of'its initial posi-
tion and angle. The kicks are derived from the integrated
magnetic field, which can be expressed using the following
formula [5]:
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Where Bx, By are the magnetic field components along
the insertion device. By performing Fourier transform on
the magnetic field and applying a first-order approximation,
Eq. (1) can be simplified to the following equation.
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Where 4, is the period length of the inseriton device,
and N is the period number. From the Eq. (3) and Eq. (4),
it can be seen that the dynamic integrated field effect of the
insertion device is inversely proportional to the square of



the electron energy, and proportional to the cube of the in-
sertion device period length. With a beam energy of only
2.2 GeV and the use of several long-period EPUs, the in-
fluence of insertion devices on the HALF storage ring is
particularly significant.

COMPENSATION METHOD

EPUI120 is the insertion device that exerts the strongest
influence on the storage ring, having the longest period
length of 120 mm. In particular, its vertical polarization
mode (EPU120V) exhibits a very strong nonlinear inte-
grated field effect, which significantly affects both the lin-
ear and nonlinear characteristics of the storage ring. Incor-
porating the kick-map model of EPU120V into the HALF
storage ring for simulation reveals that the horizontal and
vertical beta-beatings reach 81.8% and 13.3%, respec-
tively, while the dynamic aperture in both planes are re-
duced to only 2.4 mm and 2.5 mm.

To achieve local compensation for EPU120V, 14 current
strips are installed on both the upper and lower sides of its
vacuum chamber. The magnetic fields generated by these
current strips can cancel the higher-order nonlinear mag-
netic fields produced by EPU120V, effectively reducing
the kicks in the both planes. In this paper, the horizontal
kick-map (y=0) is taken as the optimization objective, the
kicks can be reduced to a low level by adjusting the intefi-
sities of the 14 current strips independently. The optiniiza-
tion results are shown in Fig. 1 and Fig. 2. The red line
represents the kick angles before shimming with current
strips and the blue line shows the kick angles after shim-
ming.
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Figure 1: Hopizontal kick angles,(y = 0).
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Figure 2: Vertical kick angles (x=0).

After shimming with the current strips, the beta-beatings
are reduced to 3.9% and 7.8% in the horizontal and vertical
directions respectively. However, these values remain too
high for stable storage ring operation. By further compen-
sating with the six quadrupoles on both sides of EPU120V,

the beta-beating can be reduced to less than 1%. Since four
of'the six quadrupole pairs are located in the arcs, changes
in their strengths will cause variations in the dispersion
function. Therefore, the dispersion function must be com-
pensated simultaneously. After compensation, the maxi-
mum dispersion deviation is less than 0.25 mm. The com-
pensation outcomes are depicted in Fig. 3, Fig. 4 and Fig.5.
The red line shows the beta-beating without compensation.
The blue line shows the beta-beating after compensation
with current strips and the green line shows the beta-beat-
ing after compensation with current strips and quadrupoles.
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Figure 3: Hotizontal beta-beatingsibefore and after com-
pensatiom
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Figure 4:Vertical beta-beatings before and after compen-

sation.
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Figure 5: Dispersion deviations before and after compen-
sation.

The horizontal dynamic aperture increases to about 7.1
mm after shimming with current strips, which is shown in
Fig. 6. When using quadrupolesto further compensate the
linear optics parameters, there is a relatively small impact
on the dynamic aperture.
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Figure 6: Dynamic apertures before and after compensa-
tion.



COMPENSATION RESULES FOR ALL IN-
SERTION DEVICES

All of the IDs are well compensated locally with the
methods mentioned above. These IDs with significant non-
linear effect, including EPU120, HU115, EPU63 and
EPU46, require additional compensation via current strip
shimming. The other IDs only need compensation using
quadrupoles. After compensating each insertion device and
incorporating all ofthem into the HALF storagering, some
of the parameters of the storage ring have changed signifi-
cantly, which are listed in Table 2. All IDs are in the mini-
mum gap condition,and all EPUs are operated in the ver-
tical polarization mode. Natural emittance decreases by
29.6%, energy loss per turn increases by 88.7%. The trans-
verse tunesare well corrected. The final linear optics after
compensation are shown in the Fig. 7 and Fig. 8. Except
for some beta-beating remaining at the straight sections
with insertion devices installed, the beta-beating in the arcs
is less than 1%. Similarly, the dispersion deviation is
mainly located in the straight sections and is less than 1
mm, which does not significantly affect the light source
performance.

Table 2: Parameters of the HALF Storage Ring Before and
After Compensation for All IDs

Parameter Bare Lattice Lattice w/ ID$
Emittance 85.9381 60.4765
[pm-rad]
48.1511 48.1517

T /

une (x/y) /17.1511 /17.1516
Energy lose in
one turn [keV] 181.4153 342.3238
Energy spread 6.0734e-4 6(7500e-4
Momentum com-
paction factor 9.4101e-5 94348e-5
Dampingfime 28.50/38.82 17.34/20.43
(x/y/z)(ms) /23.70 /11.25
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Figure 7: The horizontal and vertical beta-beatings after
compensation for all IDs.
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Figure 8: The horizontal and vertical dispersion function
deviation after compensation forall IDs.

The dynamic aperture was investigated through detailed
tracking simulations, as illustrated in Fig. 9. The black line
represents the 6D dynamic aperture without considering
IDs or errors, while the red line corresponds to the dynamic
aperture considering IDs but no errors. The blue x markers
indicate the dynamic aperture under different error seeds,
and the green line shows the dynamlic aperture with both
IDs and errors included. All ID effects are well compen-
sated, and each set of storage ring emors isicorrected. The
simulation results demonstrate that underthe combined in-
fluence of insertion devices andferrors, the dynamic aper-
ture of the HALF storage ring exceeds\6 mm; providing
sufficient acceptance for off-axis beaminjeetion.
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Figure'9: Dynamic apertures with different conditions.

SUMMARY AND OUTLOOK

As adlow-energy storage ring light source, HALF is
equipped with a large number of insertion devices, includ-
g several long-period EPUs. These IDs significantly im-
pactboth the linearand nonlinear optics ofthe storage ring.
To mitigatethese effects, two local compensation strategies
are adopted. Quadrupole feed-forward compensation is
primarily employed to correct linear optics distortions in-
troduced by all IDs, while current strip shimming is used
to compensate for IDs with pronounced higher-order non-
linear fields. A kick-map model serves as the theoretical
framework for the IDs. Using EPU120V as an example, the
compensation process for IDs is briefly described. After
compensating all IDs, the resulting changes in the main lin-
ear and nonlinear optics parameters of the HALF storage
ring are presented. The beta-beating is controlled to within
1%, and the horizontal dynamic aperture is more then
6 mm. These IDs are currently under manufacture and are
being delivered successively. Magnetic field measurement
and correction, along with compensation based on meas-
ured field data, will be carried out in the next stage.
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