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Abstract

The Southern Advanced Photon Source (SAPS) is a diffraction-limited synchrotron light source under design, which employs
longitudinal injection as its primary injection scheme. This kind of injection scheme requires that the injected beam has a
short bunch length and low emittance, and the preferred injector should offer high stability and low cost. Therefore, an injec-
tor based on a booster synchrotron was developed. The proposed injector includes a 250 MeV linac, a booster synchrotron
that ramps the beam energy to 3.5 GeV, and two beam transport lines to ensure efficient beam delivery and beam quality
preservation. The linac utilizes a thermionic high-voltage DC gun for reliable operation and features a bunching system with
an advanced focusing system to preserve the emittance. To meet the injection requirements of the SAPS, a comprehensive
design for the booster has been conducted. The booster synchrotron employs a threefold lattice structure, incorporating
modified theoretical minimum emittance cells with a small momentum compaction factor and a high voltage to achieve an
emittance of 3.98 nm rad and a bunch length of 4.8 mm. The injector has the potential to deliver a high charge, reducing the
injection period of the storage ring to less than 1 min. Simulations demonstrated the expected performance, with a transmis-
sion efficiency of 90%, confirming its capability to meet the injection requirement of the SAPS storage ring. This design
offers a stable and efficient solution for the SAPS.
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1 Introduction

Diffraction-limited storage rings (DLSRs) represent a new
generation of storage-ring-based light sources, designed to
deliver high-brightness synchrotron radiation by minimizing
beam emittance to approach the diffraction limit of X-rays.
Liang-Sheng Huang, Yan-Liang Han have contributed equally to The MAX-IV [1, 2] is the first diffraction-limited light source.
this work. Subsequently, many DLSRs [3—15] have been launched around
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porates a multi-bend achromat (MBA) [16] lattice with a small
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the bunch is injected on-axis transversely but with an energy
and/or phase deviation relative to the synchronous particles.
Longitudinal injection requires superior performance in beam
dynamics to accommodate the oscillations of the injected
beam, including low emittance and very short bunch lengths.
The horizontal natural emittance of an electron beam in a ring
can be written as [27]

72
e = C,F(type) J_
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6]

where C, =3.83 x 107" m, y is the Lorentz factor with
speed light ¢, J, is damping partition number in horizontal
plane. F(type) is a dimensionless quantity that depends on

the lattice type. For example, Fis1/ (12\/6) for a theoreti-
cal minimum emittance (TME) unit cell. Furthermore, N,
denotes the number of bending magnets and increasing N,
effectively decreases emittance. To a certain extent, increas-
ing N, is equivalent to enlarging the ring circumference. The
root-mean-square (RMS) bunch length o} is given [28] as

6 = 4| ————  Cop, 2
b 27heVE|cos ¢| £ @

where o, is the RMS energy spread, e is the electric charge,
a, is the momentum compaction factor with the ring cir-
cumference C, h is the harmonic number. V is the cavity
voltage with synchronous phase ¢,. It is clear that increasing
the voltage, reducing the circumference and lowering a, can

decrease bunch length. Considering the bunch length and
emittance, reducing a, becomes the primary optimization
option in the lattice design.

The growing demand for a high-performance synchrotron
light source in southern China has led to the proposal of the
Southern Advanced Photon Source (SAPS) [29-31]. The
SAPS is a 3.5 GeV DLSR light source planned for con-
struction near the China Spallation Neutron Source (CSNS)
facility [32]. Together with the CSNS, this new light source
is expected to significantly enhance multidisciplinary scien-
tific research in Southern China. The current storage ring of
the SAPS spans 810 m, provides an emittance of 26 pm rad
and supports a beam current of 500 mA. To enhance the
stability of light, the SAPS employs longitudinal injection as
the primary injection scheme [33]. For the injector system,
several candidate options have been considered, including a
full-energy linac injector [34] and a booster-based injector.
The preference for the booster-based injector arises from
its utilization of highly stable and thoroughly validated
conventional magnets and acceleration units, which offer
superior stability and minimize instrumentation expenses.
To further improve the stability and operational efficiency of
the light sources, many boosters implement separate tunnel
with the storage ring [35-52]. This strategy has also been
suggested for the SAPS. Figure 1 presents key accelerator
parameters worldwide where boosters with separate tunnels
are employed [35-48, 51]. These parameters include the cir-
cumference of the storage ring, booster energy, emittance
and bunch length in relation to the booster circumference.

Fig. 1 (Color online) The key
parameters of boosters with
separate tunnels, employed

as injectors in light sources
globally. The upper left plot
illustrates the relationship
between the circumferences
of the storage ring and the
booster, with a ratio of 3:1
(dotted line). The upper right
plot depicts the booster energy,
showing a ratio of 2 GeV per
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Specifically, the upper left plot illustrates the relationship
between the circumferences, with most light sources exhibit-
ing a ratio of approximately 3:1. The upper right plot sum-
marizes booster acceleration energy, indicating an increase
of roughly 2 GeV for every 100 m of circumference. The
emittance and bunch length in terms of the circumference
are not clearly depicted in the lower sides of Fig. 1. Never-
theless, these plots highlight the significant advantages of
the beam performance in the SAPS booster.

To fulfill the requirements for beam quality and efficiency
in top-up operation modes of the storage ring, the booster-
based injector should deliver electron bunches with high
beam quality, as summarized in Ref. [53] and outlined in
Table 1. With a bunch spacing of 6 ns in the storage ring, the
longitudinal injection must be precisely executed within this
6-ns period. To prevent disturbances to the circulating beam
during injection and reduce the difficulty of injection kick-
ers, the injection phase is very close to the unstable phase
of the bucket, which imposes significant constraints on lon-
gitudinal acceptance. Simulations have demonstrated that a
high injection efficiency is achieved for bunch lengths under
5 mm. Moreover, significant energy oscillations during lon-
gitudinal injection, with peak energy deviations approaching
4%, reduce the transverse acceptance. Consequently, the hor-
izontal geometric emittance must be kept below 20 nm rad.
For standard longitudinal injection, the bunch charge needs
to exceed 0.25 nC, identified as the normal-charge (norm-Q,)
mode. Once the storage ring is activated, the injection pro-
cess, escalating from zero to full beam current, is projected
to take less than a minute, thereby enhancing light source
utilization. In this mode, each bucket in the ring is filled with
a single injected bunch, demanding a bunch charge of 4.2 nC
with an injection efficiency of 80%. This state of operation
is labeled as the high-charge (high-Q_) mode.

As demonstrated by Eqgs. (1) and (2), minimizing emit-
tance and bunch length can be achieved by increasing the
ring circumference and reducing «,. One approach to reduce
ay, is the use of combined-function magnets. Optimization
algorithms [54, 55] were employed to design these lattices.
To facilitate the selection of the optimal lattice structures,

Table 1 The beam requirements for SAPS injection

Parameters Values
Horizontal emittance, ¢, (nm rad) <20
Vertical emittance, €, (nm rad) <4
Bunch length (¢) (mm) <5
Beam energy (GeV) 35
Repetition rate (Hz) 2
Bunches per pulse 4
Bunch charge of norm-Q, mode (nC) >0.25
Bunch charge of high-Q_ mode (nC) >4.2

we conducted a comparative analysis. The main parameters
of these lattices are summarized in Table 2, which includes a
FODO structure with an increased circumference, a modified
TME structure and a structure incorporating full combined-
function magnets. To meet the injection requirements, the
circumference of the FODO structure must be increased to
approximately 380 m, significantly enlarging the accelera-
tor and substantially increasing costs. Under the condition
of equal circumference, the key parameters of the TME
structure are similar to those of the full combined-function
magnet structure. However, during the design process, it
was found that optimizing the nonlinear dynamics of full
combined-function magnets is particularly complicated and
demands a higher tolerance for magnet errors. Considering
both the costs and operational reliability, the modified TME
structure was ultimately selected.

Figure 2 displays the layout of a booster-based injector.
The booster synchrotron-based injector for the SAPS con-
sists of a 250 MeV linac, a booster synchrotron that acceler-
ates the beams to a full energy of 3.5 GeV for storage in the
ring, and two transport lines. The remainder of this paper
is organized as follows: Sect. 2 describes the preliminary
design of the linac, outlining the components and their func-
tions. Section 3 elaborates on the lattice design and beam
parameters of the booster synchrotron, closed orbit correc-
tion, longitudinal dynamics design and high-intensity study.
Section 4 presents the design of the beam transport lines,
and booster injection and extraction, explaining their roles
in beam delivery and manipulation. Section 5 introduces the
simulation of the transmission efficiency from the electron
gun to the injection point in the storage ring. Section 6 dis-
cusses the injector design for longitudinal injection scheme.

Table 2 Key parameter comparison of optional lattices

Parameters FODO TME Combined type
Circumference (m) 379.8 257.39 257.39
Emittance (nm rad) 5.6 1.66 1.6

Bunch length, o (mm) 4.7 4.6 4.5

Fig.2 (Color online) Layout of SAPS booster-based injector
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The concluding section summarizes the findings and pro-
posals, highlighting the advancements of the SAPS project.

2 Linacdesign

The 250 MeV linac functions as the pre-injector for the
synchrotron light source, delivering electron bunches to the
booster synchrotron. The layout of the pre-injector [56] is
illustrated in Fig. 3. The system comprises three sections:
a DC electron gun, a bunching section and an accelerating
section that includes four S-band accelerating cavities.

As a user facility, the linac should be operated with high
reliability, which is challenging when employing an RF
photocathode gun equipped with a semiconductor cathode
for high bunch charge. Therefore, a thermionic high-voltage
DC gun is chosen, capable of providing the required bunch
charge to the booster. The total capture efficiency is assumed
to be 80%; therefore, this DC gun must provide electron
bunches with a charge of 6.5 nC. The software EGUN [57]
is utilized for the DC gun design. The full-width at half-
maximum (FWHM) bunch length is 1.1 ns. For the normal-
charge mode, this gun can also provide bunches with low
bunch charge by adjusting the bias voltage.

The bunching system compresses the bunch into a single
bunch, comprising two subharmonic cavities, a standing-
wave S-band pre-buncher, a traveling-wave S-band buncher
and a standard S-band cavity. After passing through this
bunching system, over 90% of electrons are of 10 ps, ensur-
ing low-energy spread acceleration in the subsequent linac.
The entire system is encased in a solenoid focusing chan-
nel for transverse focusing and emittance preservation. Our
design incorporates 23 solenoids, each with a maximum
magnetic field of 0.1 T. The final traveling-wave cavity not
only compresses the electron bunch but also provides beam
acceleration. The bunch energy after this section is approxi-
mately 50 MeV.

The accelerating system comprises four traveling-wave
S-band accelerating cavities to increase the bunch energy
from 50 MeV to 250 MeV. Two adjacent cavities are
grouped together and powered by a klystron. The microwave

Fig.3 (Color online) Layout of
the linac accelerator
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from the klystron is compressed using SLAC Energy Dou-
bler (SLED) technology [58] to achieve high peak power.
The average accelerating gradient of the linac can exceed
20 MV/m. Along the linac cavities, three quadrupole triplets
are used to match and focus the beam. The wakefield in the
S-band linac is also estimated, and BNS damping [59] is
employed to mitigate its effects.

The linac operates in two distinct charge modes: a stand-
ard-charge mode dedicated to longitudinal injection into
the storage ring and a high-charge mode optimized for fast
beam accumulation from zero to full current upon storage
ring activation. The high-charge mode presents notable chal-
lenges for the linac, prompting a focused design approach.
Alignment errors for all components are assumed to pos-
sess RMS standard deviations of 0.1 mm and 0.1 mrad,
while cavities and magnets are presumed to exhibit field
errors of 0.1%. Following error assessment and correction,
optimization and comparison tasks were performed using
the ELEGANT [60] and ASTRA [61] codes, with the main
beam parameters detailed in Table 3. Ultimately, the beam
energy was found to reach 250 MeV. The linac achieved
a transmission efficiency exceeding 95%, accompanied by
normalized emittances of approximately 60 mm mrad in the
transverse plane. A bunch charge of 5.2 nC is required for
a booster with an 80% transmission efficiency. The transi-
tion from the high-charge mode to the normal-charge mode
can be seamlessly accomplished by adjusting the settings of
the electron gun, solenoids and cavities. In this context, the
beam emittance and spread are diminished compared to the

Table 3 Main beam parameters at linac end

Parameters High-Q_ mode Norm-Q, mode
Energy (MeV) 250 250

Bunch charge (nC) 52 0.4

Norm. €, (mm mrad) 60 40

Norm. €, (mm mrad) 57 40

Beam spread (%) 0.4 0.24

Charge transmission (%) > 90 > 90
Repetition rate (Hz) 50 50

Linacl

Pre-buncher

SHB1 w Subharmonic Buncher ﬂ
Solenoid Coil

Quadrupole Triplet
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high-charge mode, thereby enhancing injector performance.
Nonetheless, a bunch charge of 0.4 nC is maintained with
the same transmission efficiency as in the high-charge mode.

3 Booster synchrotron
3.1 Booster lattice

The separate tunnel booster features a threefold structure,
with each super-period consisting of 12 modified TME cells
and two matching cells. The layout and optical functions of
one period are depicted in Fig. 4. The modified TME cell
comprises a combined-function dipole magnet and a set of
quadrupole magnets. The matching cell, composed of two
dipole magnets and powered by five separate power sup-
plies for the quadrupoles, provides flexibility in optimizing
the lattice. The lattice includes three long (7.3 m) straight
sections with zero dispersion for the installation of RF cavi-
ties, as well as injection and extraction components. The
main parameters of the booster are listed in Table 4. The
circumference is reduced to 237 m, comprising 54 dipole
magnets, 108 quadrupole magnets and 51 sextupole mag-
nets. The lattice achieves a sufficiently low horizontal emit-
tance of 3.98 nm rad at extraction, which is comparable to
that of the third-generation storage ring. The bunch length
is attained through a small a, of 1.75 X 10~ and a high volt-
age of 7.5 MV. The design with low emittance and short
bunch length necessitates strong focusing field, leading to
a significantly large natural chromaticity. Furthermore, the
peak value of the dispersion is below 0.2 m. Consequently,
a sextupole field for chromaticity correction is integrated
into the combined-function dipoles to decrease the number
of sextupole magnets.

Given the beam parameters for the pre-injector described
in Sect. 2, the transverse beam sizes are (1.7 mm X 1.5 mm),
respectively. It is assumed that the magnet aperture should

25 0.25
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Fig.4 (Color online) Twiss functions of one-third of the SAPS
booster lattice. Blue, red and green curves represent the horizontal
and vertical beta functions and the dispersion function. Yellow, pink
and green blocks on the bottom correspond to the dipole, quadrupole
and sextupole magnets, respectively

Table 4 Main parameters of booster lattice

Parameters Value
Injection energy (GeV) 0.25
Extraction energy (GeV) 35
Circumference (m) 237
Natural emittance (nm rad) 3.98

Tune (x/y) 17.32/6.08
Natural chromaticity (x/y) —26/-16.2
Momentum compact factor (1073) 1.75
Damping time (x/y/z) (ms) 3.1/6.6/7.6
Energy loss per turn (MeV) 1.14
Maximum beta function (x/y) (m) 22/18
Maximum dispersion (m) 0.2
Harmonic number 395
Bunch number 4
Maximum beam current (mA) 21

Bunch length at extraction (mm) 4.8

be no less than 10 times the beam sizes. In the booster, the
maximum strength of dipole magnets is approximately 1
T, with a defocusing strength of 0.542 T/m and a sextupole
strength of 5.63 T/m?. Three types of quadrupole magnets
are utilized, with a maximum pole-face strength of 0.72 T.
Additionally, one type of sextupole magnet is employed with
a maximum pole-face strength of 0.6 T and a length of 0.15
m.

In addition to the integrated sextupole component in the
combined-function magnets, a family of sextupoles distrib-
uted in each TME cell is employed for chromaticity correc-
tion. Two additional families of sextupoles in the matching
cells are utilized to minimize nonlinear driving terms. Inde-
pendent power supplies for the sextupoles allow for separate
adjustments of horizontal and vertical chromaticity. Using
a 6D code to track particles for 1024 turns to obtain the
dynamic aperture and corresponding frequency map. The
sextupole strengths are optimized to achieve a large enough
dynamic aperture. The optimized dynamic aperture and fre-
quency map are shown in Fig. 5. The results indicate that the
dynamic aperture approximates 15 mm.

3.2 Tolerance and correction

The ring is equipped with 54 BPMs for closed orbit cor-
rection, with one BPM positioned in each modified TME
cell. It also has 73 dipole correctors, allocated as 38 for the
horizontal plane and 35 for the vertical plane. The corrector
fields are capable of tracking the energy ramp, ensuring orbit
correction at all energy levels.

Preliminary evaluations encompass the magnet toler-
ances and the orbit correction system. Table 5 outlines
the assumed RMS tolerances for magnet alignment and

@ Springer
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Fig.5 (Color online) The
dynamic aperture (left) and the
frequency map (right) of the
booster lattice on momentum
particles

251

x (mm)
Table 5 Magnet tolerances
Source of error Value
Dipole angle (%) 0.25
Dipole transverse misalignment (mm) 0.1
Dipole longitudinal misalignment (mm) 0.2
Dipole roll (mrad) 0.2
Quadrupole transverse misalignment (mm) 0.075
Quadrupole longitudinal misalignment (mm) 0.2
Quadrupole gradient (relative) (%) 0.2
Quadrupole roll (mrad) 0.2
Sextupole transverse misalignment (mm) 0.1
Sextupole longitudinal misalignment (mm) 0.2

fields. Another significant source of closed orbit distor-
tion is the stray field from the extraction Lambertson mag-
net operating in DC mode, which significantly impacts
the circulating beam, especially at low-energy stages. A

7p
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local bump has been designed to mitigate this distortion.
Tolerances on the magnet parameters are developed using
analytical estimates, assuming Gaussian type of random
errors in all magnets. In the orbit correction simulations,
1000 sets of random seeds are generated. With these BPMs
and correctors, the closed orbit distortion due to errors
listed in Table 5 can be effectively corrected. The BPM-
corrector configuration makes sure that the orbit will be
with a maximum deviation of 1.5 mm in each plane after
correction, as shown in Fig. 6, with average RMS values
of 0.23 mm and 0.2 mm in horizontal and vertical plane,
respectively. This requires a maximum corrector strength
of 0.5 mrad, simplifying the magnet design and fabrica-
tion. Furthermore, based on orbit correction, an analysis
is conducted to evaluate the impact of magnet alignment
errors and field errors on the dynamic aperture. Consider-
ing the errors specified in Table 5, the dynamic aperture
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During operation, the dynamic errors of the power sup-
ply are characterized by stability, repeatability and ripples.
To investigate the perturbations in the tune, simulations are
performed using the ELEGANT code [60]. In these simu-
lations, the total dynamic error for each magnet is modeled
using a random 3o truncated Gaussian distribution. Various
RMS error values are scanned, generating 2000 sets of ran-
dom error seeds for each condition. When the error value is
below 4 x 107, the tune avoids major resonance lines and
maintains high transmission efficiency, thus informing power
supply design.

3.3 Longitudinal beam dynamics

The ramp cycle consists of a 60-ms flat bottom for accumulat-
ing the injected beam at the beginning, a ramping curve for
acceleration, an equally long flat top for extracting the accel-
erated beam and a ramping-down. Reference [62] discusses
the impact of various ramping curves on emittance. Given the
60-ms flat top and enhanced ramping accuracy, a comparable
sinusoidal curve of energy E(¢) is utilized over a duration of
220 ms

E() = 1.875 + 1.625sin(2xft), 3)

with f = 2.2727 Hz and ramping time ¢. The ramping curve
and the beam evolution in the booster are depicted in Fig. 7.
The beam energy increases from 250 MeV to 3.5 GeV in 220
ms. The RF voltage is set to 2 MV at injection and 7.5 MV at
extraction. The synchrotron tune shifts from 0.026 at injec-
tion to 0.015 at extraction, while the bucket height reduces
from 7% to 4%. The evolution of beam energy spread and
emittance with energy ramping is detailed in Ref. [63] as

2

dA. ; P Py
— =—A, E+J,-—7 +C,—~—G, “)
dr E E 1 F

withi =1 and 2. Fori = 1, A, denotes the energy spread; J,
is the longitudinal damping partition and G, = I;/I, with
the synchrotron radiation integration /, and /5. Fori = 2, A,
represents horizontal emittance €,, J, is the horizontal damp-
ing partition J, and G, = I /I, with the synchrotron radiation
integration Is. E is the energy slope at energy E with the

relativistic energy factor y. P, is the synchrotron radiation
power. When the energy exceeds 2.5 GeV, the emittance
and energy spread attain equilibrium as a result of radiation
damping and quantum excitation.

Additionally, the induced eddy current in the dipole vac-
uum chamber produces an extra sextupole field. The induced
sextupole strength during ramping [64, 65] is calculated as

hdB
B2 = 2FMOO'§E, (5)

where o is the conductivity; & and g are the thickness and
height of the vacuum chamber, respectively. F is the form
factor of chamber, and y, is the magnetic permeability of
vacuum. For the specified lattice parameters, the estimated
maximum field of the sextupole is 0.3 T/m? at a repetition
rate of 2 Hz. The corresponding chromaticity values are
approximately 1.7 for horizontal plane and —1.3 for verti-
cal plane, which are significantly smaller than the natural
chromaticity and can be easily compensated by ramping up
sextupoles.

3.4 Estimation of beam effects due to high intensity

The SAPS is in the design phase, making the development
of an accurate impedance model challenging. However, key
components contributing to the impedance can be inferred
from other existing accelerators. In this study, we construct a
vertical impedance Z,, as depicted on the left side of Fig. 8,
by scaling the impedance of the HEPS booster [66, 67] as

ZinC
Z,= 22— + N Zyom (6)
HB

where Cyp represents the circumference of the HEPS
booster [51] and the number of cavities N, = 5. A 5-cell
copper cavity will be employed, serving as the source of the
higher-order modes (HOM, Zy,,) observed in the imped-
ance spectrum. Zyy refers to the HEPS booster impedance
excluding the cavity impedance.

Instabilities commonly observed in other accelerators [68,
69] are estimated for the booster. For the high-charge mode,
the beam current in the booster is approximately 20 mA.

Fig.7 (Color online) Ramping 35 8 80 120
curve (left) and beam energy 30l SK S - pr o 1100
spread and emittance evolution 55 60
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Fig.8 (Color online) Imped- 800000 20
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The growth time 1/7 of transverse coupled-bunch instability
(TCBI), driven by HOMs, is expressed [70] as

11 ok ,
T chrevlbﬁZHOM’ ( )

where [, is average beam current with revolution frequency
Jiev» and f is beta function at the cavity. The growth time
in the vertical plane is calculated to be 0.78 ms at injection
and 11 ms at extraction. These results indicate that the TCBI
growth time at extraction energy exceeds the damping time
of 6.3 ms; thereby, the instability can be suppressed. Con-
versely, the beam remains unstable at injection due to the
excessively long damping time. Consequently, a transverse
feedback system with a damping time of 0.5 ms is proposed.

Single-bunch effects are simulated utilizing the ELE-
GANT code [60] for the bare lattice, with the threshold
charges depicted in the right side of Fig. 8. The heat-tail
instability is observed at high bunch charges in the simu-
lation. As head-tail effects emerge, both the oscillations
amplitude of beam position and the vertical emittance
increase. Nevertheless, the results show that the instabil-
ity threshold charge is around 15 nC, which is substantially
higher than the required charge of 4.2 nC for the high-charge
mode. Furthermore, a longitudinal impedance model is also
developed to investigate the dependence of bunch length
on bunch charge. The findings reveal that the bunch length
increases significantly due to microwave instability when
the charge exceeds 20 nC. Consequently, bunch lengthen-
ing is expected to be negligible in both normal-charge and
high-charge modes.

4 Beam transport lines and booster
injection, extraction

These references [71-73] serve as the basis for the design
considerations of this section. The linac-to-booster transport
line (LBT) serves as the beam line connecting the linac to
the booster. The transfer line must fulfill several functions:
beam matching between the linac and booster, and provid-
ing space for beam diagnostic elements and momentum

@ Springer
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collimators. The high-charge mode is considered in the
design. The transfer line consists of two doublet bend achro-
mat (DBA) structures, ensuring a dispersion-free condition.
It includes 3 dipoles and 12 quadrupoles, with all dipole
magnet angles set at 200 mrad. Instrumentation elements are
arranged along the 24.4 m transfer line. The maximum beta
function is 35 m with maximum dispersions of 0.6 m. The
horizontal collimator is positioned in the first DBA structure
with a transverse aperture of 16 mm, effectively reducing the
energy spread to the required level. The RMS energy spread
after collimation is 0.36%. Error studies show that beam
emittance does not significantly increase along the transfer
line, and beam loss is mainly confined to the collimation
section. The booster injection system is situated in one of the
two remaining dispersion-free straight section and comprises
a DC Lambertson magnet and a kicker. It utilizes single-turn
on-axis injection, enabling the injection of one bunch into
the booster RF buckets. The Lambertson has a bend angle
of 200 mrad in the horizontal plane, while the kicker has a
bend angle of 6.5 mrad in the vertical plane.

The booster extraction system is located in the last
dispersion-free straight sections and comprises four slow
orbit bumpers, a Lambertson magnet and a kicker. The slow
bumpers incrementally shift the orbit of the circulating
bunch train toward the extraction Lambertson over several
hundred turns. Following this, the extraction kicker directs
one bunch into the extraction Lambertson at a vertical angle
of zero. The kicker strength is 1.2 mrad, while the Lam-
bertson kick angle is set at 100 mrad. Two of the four bump
magnets are positioned in the matching cell, with a maxi-
mum bumper strength of 1.3 mrad. Simulations confirm the
design, achieving 100% extraction efficiency. Additionally,
the beam, carrying a charge of 5 nC, is tracked from injec-
tion to extraction in the booster, with the primary results
shown in Fig. 9. The injected beam quickly reaches equi-
librium after injection in the booster. During the injection
plateau phase, these parameters show minimal change, while
in the acceleration phase, they gradually stabilize and reach
equilibrium values. This outcome indicates high beam per-
formance throughout the booster.

The Booster-to-Ring Transport line (BRT) is designed
to efficiently convey the booster beam into the storage ring.
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Due to the low vertical emittance, the beam is vertically
injected into the ring to minimize the kick intensity in the
storage ring. The BRT consists of 12 dipoles and 19 quad-
rupoles, extending over a length of 60 m. This transport line
is functionally divided into three segments: the extraction
matching section, the dispersion-free section and the injec-
tion matching section. The dispersion-free section is allo-
cated for the installation of beam diagnostic elements. The
magnet aperture is less than 30 mm. The beam transmission
efficiency in the BRT is approximately 99%.

5 Transmission efficiency simulation

After completing the physical design of the injector, we
have studied the overall transmission efficiency. Transmis-
sion efficiency is defined as the ratio of the charge captured
by the storage ring to the charge output from the electron
gun. The start-to-end simulation is systematically executed
to ensure that the input parameters at each accelerator stage
precisely matched the output parameters of the preceding
stage, facilitating a seamless acceleration and transmission
process. The simulation rigorously tracks the beam from its
generation at the electron gun through the linac, the LBT,
injection, acceleration, and extraction in the booster, and
the BRT, ultimately leading to injection point in the storage
ring. Realistic error margins expected at each accelerator
stage are incorporated into the simulation. To evaluate over-
all performance, we generate 100 random seeds and perform
a comprehensive statistical analysis of the transmission effi-
ciency and the charge accumulated in the storage ring.
First, the high-charge mode is simulated. The results dem-
onstrate exceptional efficiency, with an average transmission

(9.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
T[s]

(?.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
T[s]

efficiency approaching 90%, and most beam loss occurring
at the collimator in the LBT. Furthermore, across all simu-
lation scenarios, the accumulated charge in the storage ring
exceeded the required charge of 3.33 nC. This indicates that
our injector design meets the criteria for efficient injection,
even when realistic operational errors are considered. To
further validate the robustness of the injector design, equiva-
lent simulation studies are performed for the normal-charge
mode. Encouragingly, in this mode, the transmission effi-
ciency exceeds 90% in every case, providing additional evi-
dence of the design’s efficiency and reliability.

6 Discussion

The synchrotron radiation light sources are undergoing rapid
development globally. The selection of an injector with high
stability, high beam quality, robustness and cost-effective-
ness at the same time is crucial to advance the synchrotron
radiation light sources. Presently, synchrotron radiation
light sources are categorized as high-, medium- and low-
energy sources based on their beam energies. High-energy
light sources, exemplified by the HEPS [14], operate at
energies exceeding 6 GeV and favor booster-based injector
schemes for efficient cost management. Low-energy light
sources, with energies below 2.5 GeV, can accommodate a
full-energy linac injector due to their lower energy require-
ments, as illustrated by the HALF [15]. Medium-energy
light sources fall between these extremes and necessitate
a thorough consideration of various injector options. For
instance, the SAPS has assessed multiple injector schemes,
including full-energy linac, booster-based injection and
innovative injectors, to align with technical requirements,
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costs and expansion applications in the future. Despite the
availability of innovative injector schemes and technologies,
such as laser plasma accelerators, these alternatives often
introduce heightened risks for operation. Recent studies have
shown that booster-based injectors offer significant advan-
tages over other injector types.

The longitudinal injection design of the SAPS imposes
requirements on the beam with high quality of the injec-
tor, especially concerning the bunch length and beam emit-
tance. It is crucial for achieving the desired bunch length
and emittance while keeping the booster size reasonable.
One strategy involves increasing the voltage. To attain the
required beam quality, the voltage must be increased by an
order of magnitude, necessitating sufficient space for RF
cavity installation. Another method entails compressing
a,, which necessitates strong focusing fields, reducing the
dynamic aperture and tightening magnet error tolerances.
These challenges escalate not only the cost of the injector
but also the construction risks, potentially undermining the
advantages of a booster-based injector. Balancing these
factors, a hybrid approach has been adopted, combining
a, compression and voltage augmentation to preserve the
benefits of the booster-based injector. The booster injector
offers a promising solution for the longitudinal injection
scheme of the DLSR storage ring. Considering the limita-
tions of authors, such as simulation assumptions, and the
incorporation of more practical parameters in subsequent
optimizations, future work will focus on optimizing design
parameters, enhancing system stability and preparing for
the actual construction stages. Nevertheless, the successful
beam commissioning from the HEPS injector [74, 75] offers
substantial encouragement for its ongoing success.

7 Summary

A beam with a short bunch length and low emittance is
vital for the storage ring injection of SAPS. This paper
presents a detailed overview of the physical design of a
booster-based injector engineered to meet these require-
ments. The injector system comprises a linac, a booster
synchrotron and two beam transport lines. The booster
synchrotron accelerates electron beams from 250 MeV
to 3.5 GeV at a repetition rate of 2 Hz. The lattice of
the booster synchrotron consists of 54 dipole magnets,
108 quadrupole magnets, and 51 sextupole magnets.
The required beam parameters for SAPS injection are
achieved by employing a modified TME structure with a
small momentum compaction factor and a high RF volt-
age. The resulting beam emittance is 3.98 nm rad with a
bunch length of 4.8 mm. Simulation studies of beam trans-
mission efficiency indicate an overall efficiency of about
90%. Detailed analysis of beam collective effects, based

@ Springer

on the current impedance model, shows that the charge
stored in the injector significantly exceeds the SAPS injec-
tion requirement. These findings confirm that the injec-
tor meets the injection requirements of the SAPS storage
ring. The theoretical and simulation studies of the injector
design demonstrate outstanding performance.
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