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Abstract

Wuhan Advanced Light Source is the low-energy 4th
generation advanced light source, which is proposed by
Wuhan University, China. It includes a 1.5 GeV full-energy
LINAC injector, a 180 m circumference, 1.5 GeV low-
emittance storage ring, and a series of state-of-the-art beam
lines. The standard 7BA magnetic focusing structure is
adopted for the storage ring to lower the beam natural emit-
tance and the lattice has been well- designed and optimized
by multiple-objective genetic algorithm to maximize the
dynamic aperture and energy acceptance. The dynamic ap-
erture of the storage ring at injection can reach up to 8§ mm
in the horizontal plane, which makes the off-axis beam in-
jection method possible. An off-axis beam injection
scheme based on the pulsed nonlinear magnet is to be em-
ployed for the storage ring. Detailed studies about the beam
injection scheme, including the beam optical design, non-
linear magnet design and optimization, have been per-
formed and multi-particle simulations have also been car-
ried out to study the beam injection procedure.

INTRODUCTION

Wuhan Advanced Light Source (WALS) project was
proposed by Wuhan University in 2016 [1], of which the
accelerator includes a 1.5 GeV full-energy LINAC injector,
and a 180 m circumference of low-emittance storage ring.
The ring lattice is 8-fold symmetrical structure, of which
each cell includes a hybrid 7BA structure and a 6.8 m of
long straight section. The horizontal nature emittance is
around 214 pm rad. Several measures have been taking into
account to reach this target, e.g., employing bending mag-
nets with both transverse and longitudinal gradients; em-
ploying two groups of the reverse dipoles, etc. A superbend
magnet, of which the peak field strength reaches as high as
3.57 T, is adopted in the center of each cell to expand the
application boundaries of the synchrotron radiation light
source to the field of hard X-ray. Both permanent and elec-
tro- magnets are used in the storage ring. A serious of sex-
tupoles are employed at high dispersion zone to correct the
chromaticity with moderate strength. Nonlinear effects
would be introduced in the ring by sextupoles, which
would reduce the dynamic aperture and momentum ac-
ceptance that need to be addressed. The multiple-objective
genetic algorithm (MOGA) is introduced to optimise the
lattice design in order to obtain the maximum dynamic ap-
erture and energy acceptance. Two of the eight straight sec-
tions are reserved for beam injection system and RF system,
respectively. Beam injection system is to bend the electron
beam into the storage ring while RF system is to supple-
ment the electron energy loss and stretch the bunches in the
ring to increase the beam lifetime. The other straight
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sections are reserved for insertion devices. Figure 1 shows
one eighth of the lattice and Twiss parameters for the
WALS storage ring while Table 1 shows the main parame-
ters.
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Figure 1: One eighth of the lattice and Twiss parameters
for the WALS storage ring.

Table 1: the Main Parameters of the Storage Ring

Parameter Value
Energy (GeV) 1.5
Beam current (mA) 500
Circumference (m) 180
Revolution period (ns) 600
Harmonic number 300
Horizontal emittance (pm rad) 214.8
Damping time H/V/S (ms) 7.08/17.02 /28.52
Betatron tunes Hor./Ver. 20.279/10.190
Energy acceptance (%) 4.2
Momentum compact factor 0.00036
Radiative loss per turn (keV) 105.9
Synchrotron phase (deg) 169.8
Bunch length (ps) 16.37
BEAM INJECTION SCHEME

The beam injection system is employed to bend the elec-
tron beam into the storage ring. Since the beam dynamics
aperture is relatively large, the off-axis accumulate injec-
tion scheme is available. The philosophy of injection sys-
tem design is to seek high injection efficiency while being
transparent to the storage beam. The traditional off-axis in-
jection is normally implemented by a local bump formed
by two groups of bump magnets. This method needs a rel-
atively long injection straight section and the local bump is
difficult to be fully closed mainly due to the fields error of
the bump magnets. An alternative off-axis injection
method based on pulsed nonlinear magnet (PNM) was
firstly introduced at KEK [2, 3], and has been well studied
and implemented at several facilities, e.g., BESSY [4],
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MAXIV [5], ALS-U [6]. The key of this method is the de-
sign of the PNM, which is used to “kick” the injection
beam into the ring acceptance while not affect the storage
beam.

Beam Injection Scheme for WALS Storage Ring

The off-axis accumulative injection scheme based on the
PNM is proposed for the WALS storage ring. Figure 2
shows the layout of the injection scheme. A thick septum is
used to bend the injected beam with 120 mrad, followed by
a thin septum with the septum thickness of less than 1.5
mm to bend the injected beam with 45 mrad, while not af-
fect the storage beam. Half sine-wave is adopted for both
thin and thick septa with the wave width of 60 ps and 120
s, respectively. The repetition rate is 10 Hz with the sta-
bility of 0.1% for both septa.

The PNM is employed after the septa to kick the injec-
tion beam into the ring acceptance, while ideally being
transparent to the storage beam in the ring. The injection
process is as follows: the beam from the exit of the thin
septum (-11 mm, 2.5 mrad) drifts about 2.4 m to the en-
trance of the PNM (-5 mm, 2.5 mrad). The injection beam
is then kicked by the PNM to the ring acceptance. To max-
imize the injection efficiency, the injection beam is being
kicked to the center of the ring acceptance, as illustrated in
Fig. 3. From Fig. 3, we can see that the injected beam will
be kicked around 3 mrad and the maximum injection ac-
ceptance is about 1.6 um rad. Table 2 summarizes the main
parameters for the injection procedure. Since the normal-
ised emittance of the injection beam is at the level of nm
rad, which is smaller than the injection acceptance with
around 3 orders of magnitude, so there is no need to match
the Twiss function of the injection beam. Nevertheless, on-
axis injection is essential for the first few turns of injection
since there is no aperture at first. So, a normal kicker (KIK1)
is set after the PNM for first step of commissioning. When
the dynamic aperture comes to above 5 mm, the PNM starts
to work and the KIK 1 will be shut down, the on-axis injec-
tion will be changed to off-axis injection.

The Injection System Layout
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Figure 2: Layout of the injection system for the WALS
storage ring.
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Figure 3: The beam injection procedure (Red ellipse: ring
acceptance; blue ellipse: injection beam acceptance; black
ellipse: C-S invariant of the injection beam).

Table 2: Main Parameters for Beam Injection Procedure

Parameter Value
Beta function at the PNM H/V (m) 5.61/5.67
Injected beam position at thin septum exit 11.0/0
H/V (mm) ‘
Injected beam position at PNM entrance 5.0/0
H/V (mm) ’
Injected beam angle at PNM entrance H/V 25
(mrad) '
Distance between thin septum and PNM 24
(m) '
PNM length (m) 0.5
PNM deflect angle (mrad) 3
Beam injection acceptance (um rad) 1.6

Pulsed Nonlinear Magnet Design

The idea of using a customized spatial magnet field dis-
tribution for beam injection was first introduced and imple-
mented at KEK, where a pulsed sextupole injection kicker
was proposed and implemented. Then, an alternative con-
figuration was proposed at BESSY and successfully imple-
mented at MAXIV based on an iron-free pulsed nonlinear
kicker that uses eight current-carrying wires, which were
fixed to a precisely machined ceramic chamber that can
produce multipole fields to bend the injected to the ring ac-
ceptance while with zero field at the stored beam position.
Experience at MAXIV indicates that heating of the PNM
ceramic chamber due to the image currents circulating in a
thin titanium coating, which is required for electrical con-
tinuity would be a big issue. A thicker titanium coating can
effectively address this issue.

Figure 4 shows an upper half geometry and the resulting
field distribution with different coating thicknesses of the
pulsed nonlinear magnet for the WALS storage ring. From
Fig. 4, we can see that the magnetic field can reach around
300 Gauss at 5 mm and has slightly difference with 1 pm
and 5 um of coating thicknesses. In this case, 5 um of coat-
ing thickness will be chosen for PNM to mitigate the heat-
ing issue. Table 3 shows the main parameters of the PNM.
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Figure 4: Upper half geometry (Upper) and the resulting
field distribution with different coating thicknesses (Lower)
of the pulsed nonlinear magnet for the WALS storage ring.

Table 3: the Main Parameters of the PNM

Parameter Value
Length (m) 0.5
Bending angle (mrad) 3
Beam stay clear Hor./Ver. (mm) 20/14
Field strength (Gauss) 300 @5 mm
Pulse duration half sine-wave

1.2
(us)
Repetition rate (Hz) 10
Amplitude variations (%) <1
Pulse timing variations (ns) +5
Field flatness (Gauss) <5 @+5 mm

Multi-Particle Simulations

Multi-particle simulations have been performed with the
AT code [7] to evaluate the beam injection scheme with
PNM. Misalignment and field errors have been taken into
account to calculate the horizontal acceptance for injection
system. The PNM strength is chosen as 48000 T/m* with
0.1% error and the misalignment errors are chosen as 0.15
mm and 0.25 mrad. Figure 5 shows the injection ac-
ceptance in horizontal phase space with errors. From Fig.
5, we can see that the injection point at -5 mm is a good
position for injection which has a quite large error toler-
ance. Nevertheless, if the dynamic aperture is large enough,
the injection point can be moved to -5.3 mm, which has a
larger error tolerance.
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Figure 5: The injection acceptance in horizontal phase
space with errors (black circle: current injection point; red
star: optimal injection point).

CONCLUSION

The off-axis injection scheme based on PNM has been
introduced for the WALS storage ring due to the quite large
dynamic aperture. The injection acceptance is much larger
than normalised emittance of the injected beam. The iron-
free type of PNM that uses eight current-carrying wires can
provide enough magnetic field at injection point to bend
the injected beam into the ring acceptance while keep
quasi-transparent to the stored beam. Multi-particle simu-
lations show the choice of the injection point is quite rea-
sonable.
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