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Abstract
Hefei advanced light facility (HALF) is a 4th-generation diffraction-limited syn-
chrotron light source which started construction in 2023. The storage ring has
an extremely low emittance of less than 100 pm・rad with an energy of 2.2 GeV.
It contains 20 superperiods of the modified hybrid 6-bend achromat with a cir-
cumference of about 480 m. A real storage ring is different from the ideal model
due to various sources of errors, such as misalignment of components, imperfect
magnetic fields, RF cavities, etc. As a result of strong nonlinear effects and
small dynamic apertures, the errors have a serious effect on the low-emittance
storage ring, which brings great difficulties to its commissioning. To figure out
the practical performance of the machine with those errors, the start-to-end
commission simulation is performed in this study, which also helps to verify the
effectiveness of the commissioning of the HALF storage ring. In addition, the
commissioning simulation process provides the basis for the development of the
commissioning software for the HALF storage ring. Details and results of the
commissioning simulation are reported in this paper.
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The Hefei Advanced Light Facility (HALF) is a fourth-generation diffraction-
limited synchrotron light source that commenced construction in 2023. Its stor-
age ring achieves an ultra-low emittance of less than 100 pm・rad at an energy
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of 2.2 GeV, and comprises 20 superperiods of a modified hybrid 6-bend achro-
mat lattice with a circumference of approximately 480 meters. Real storage
rings deviate from ideal models due to various error sources, including com-
ponent misalignments, magnetic field imperfections, and RF cavity errors. In
low-emittance storage rings, these errors severely impact performance because
of strong nonlinear effects and small dynamic apectures, posing significant com-
missioning challenges. To evaluate the practical machine performance under
these error conditions, this study conducts a start-to-end commissioning sim-
ulation, which also serves to validate the effectiveness of the HALF storage
ring commissioning strategy. Furthermore, the simulation process establishes
a foundation for developing the commissioning software for HALF. This paper
presents detailed results and analysis of the commissioning simulation.

Keywords: HALF, Storage ring, Commissioning simulation, Beam-based align-
ment, LOCO.

Introduction
The HALF project aims to build a high-performance synchrotron radiation light
source in the VUV to soft X-ray region. Synchrotron radiation sources offer nu-
merous advantages, including high intensity, high brightness, transverse coher-
ence, excellent temporal structure, and a very broad continuous spectral range
[1]. Since the 1970s, dedicated synchrotron radiation light sources have evolved
into one of the most powerful scientific research tools over the past decades [2].
While second-generation light sources utilize synchrotron radiation from bend-
ing magnets, third-generation light sources employ insertion devices (IDs) as
the dominant radiation sources [3–5].

Fourth-generation synchrotron radiation light sources have been proposed in re-
cent years [6]. By reducing the electron beam emittance in the storage ring, the
brightness and coherence of diffraction-limited synchrotron radiation (DLSR)
increase by two to three orders of magnitude compared to third-generation
light sources [7, 8]. This substantial qualitative leap significantly enhances syn-
chrotron radiation research capabilities [9]. MAX-IV, the first fourth-generation
light source, employs a Multi-bend Achromat (MBA) lattice for its storage ring
[10]. Since then, several other fourth-generation light sources have been con-
structed or upgraded from existing facilities worldwide [11–14].

The High Energy Photon Source (HEPS) is China’s first fourth-generation
light source, currently undergoing commissioning [15, 16]. The Southern Ad-
vanced Photon Source (SAPS) is a medium-energy DLSR light source in the
design phase [17]. Recently, an upgrade plan was proposed to transform the
Shanghai Synchrotron Radiation Facility (SSRF) into a soft X-ray diffraction-
limited source (SSRF-U) [18–20]. The Hefei Advanced Light Facility (HALF) is
a fourth-generation light source that began construction in 2023 [21, 22]. The
HALF storage ring features 20 superperiods with a modified hybrid 6-bend
achromat lattice, achieving an emittance below 100 pm・rad.
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In fourth-generation light sources, strong quadrupoles are employed to achieve
low emittance, resulting in large negative chromaticities. To correct these chro-
maticities, intense sextupoles are required, leading to strong nonlinearities [23].
Due to the strong quadrupoles and sextupoles, the magnetic field feed-down
effects for off-axis beams are also significant. Consequently, machine compo-
nent errors can severely affect the linear optics and dynamic performance of the
storage ring. Furthermore, the dynamic aperture of ultra-low emittance storage
rings is much smaller than that of third-generation rings, creating additional
commissioning difficulties [24].

Therefore, simulated commissioning for fourth-generation light source storage
rings is essential before real machine commissioning [25, 26]. A preliminary
study on simulated commissioning for the HALF storage ring was reported pre-
viously [27]. To evaluate storage ring performance and verify the effectiveness of
various error corrections, this paper presents a start-to-end simulated commis-
sioning study. The simulated correction process also establishes a foundation
for future online commissioning of the HALF storage ring. This study employs
a recently developed Commissioning Simulation toolkit (SC) [28] based on the
commonly used Accelerator Toolbox (AT) [29].

The subsequent sections are organized as follows. Section II introduces the ba-
sic performance and layout of the HALF storage ring. Section III describes the
error settings. Section IV presents the storage ring performance without any
corrections. Section V outlines the correction chain of the simulated commis-
sioning process. Section VI describes the beam optics and dynamic performance
after full correction. Finally, Section VII provides summary and conclusions.

II. THE HALF STORAGE RING
A. Lattice

The HALF storage ring employs a modified hybrid 6-bend achromat lattice
structure to achieve ultra-low emittance [30, 31]. The natural emittance is
85.8 pm・rad at an energy of 2.2 GeV. The ring consists of 20 identical cells,
providing 20 long and 20 short straight sections. The optical functions and
lattice layout are shown in Fig. 1 [Figure 1: see original paper]. Each unit
cell contains 6 dipoles, 4 reverse bends, 16 quadrupoles, 8 sextupoles, and 2
octupoles. All dipole magnets are longitudinal gradient bending (LGB) magnets,
which help reduce the natural emittance together with the reverse bends. The
quadrupoles are independently powered to enable tuning of the optical functions.
The sextupoles correct chromaticities and optimize dynamic performance. To
save space, slow orbit correctors and skew quadrupole components are integrated
into these sextupoles. The main parameters of the HALF storage ring are listed
in Table 1 .
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B. Dynamic performance

The HALF storage ring was carefully designed to optimize its dynamic perfor-
mance. The on-momentum 4D and 6D dynamic apertures (DA) are shown in
Fig. 2 [Figure 2: see original paper], measuring approximately 13 mm and 8 mm
in the horizontal plane, respectively. Benefiting from the relatively large DA, an
off-axis injection scheme can be adopted, though it still presents commissioning
challenges. The local momentum aperture (LMA) is shown in Fig. 3 [Figure 3:
see original paper], obtained through 6D tracking.

C. Configuration of monitors and correctors

The configuration of correctors and beam position monitors (BPMs) is shown
in Fig. 4 [Figure 4: see original paper]. Each cell contains 12 horizontal and
vertical orbit correctors and 12 BPMs. Among these correctors, 8 are integrated
into the multifunction sextupoles, while 4 isolated correctors are located at the
ends of the straight sections. Skew quadrupole coils are combined with the
sextupole families SD1, SD2, and SF1 to correct coupling induced by magnet
misalignment. Since the main vacuum chamber is circular with a diameter of
26 mm, a physical aperture radius of 13 mm is applied to all elements.

III. ERROR SETTINGS
Before the commissioning simulation process, various types of errors must be
incorporated into the lattice to simulate the real machine. The SC toolkit is
used to directly set standard errors for various components, including magnets,
girders, BPMs, and RF cavities. Random errors for magnets and girders are
generated based on a 2𝜎-truncated Gaussian distribution, where 𝜎 represents
the root mean square (RMS) of the errors. Injection errors are generated based
on a 3𝜎-truncated Gaussian distribution. The error values are taken from the
HALF storage ring physics design report.

A. Misalignment and magnetic field errors

The misalignment and field errors of the main magnets are detailed in Table
2 . In a real machine, magnets are installed on girders. The magnets have
misalignment errors, and the girders also have misalignment errors. Therefore,
the overall magnet misalignment is the sum of both individual magnet errors
and girder errors. The fields of bends and quadrupoles are set with an RMS
fractional error of 5$×10{-4}.𝑇 ℎ𝑒𝑅𝑀𝑆𝑓𝑖𝑒𝑙𝑑𝑒𝑟𝑟𝑜𝑟𝑠𝑜𝑓𝑜𝑡ℎ𝑒𝑟𝑚𝑢𝑙𝑡𝑖𝑝𝑜𝑙𝑒𝑠𝑎𝑟𝑒𝑠𝑒𝑡𝑡𝑜1×10{-3}$.

B. BPMs and correctors

The BPM turn-by-turn (TBT) data resolution is set to 1 µm, and the resolution
for closed orbit slow acquisition (SA) data is set to 0.1 µm. A 3% calibration
error is assumed for the sum signal. The maximum strength of orbit corrector
magnets (CMs) is 1 mrad in both horizontal and vertical planes. To correct ring
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coupling, skew quadrupoles with a maximum strength of 0.27 m−2 are employed.
The BPM and corrector parameters are shown in Table 3 .

C. RF errors

RF system errors include frequency, voltage, and phase errors, which primarily
arise from calibration, system drift, closed orbit errors, and beam energy errors
in the storage ring. RF cavity error information can be obtained through beam
transmission. The initial phase error of the RF cavity is typically large. The
RF system errors are presented in Table 4 .

D. Injection errors

As a fourth-generation light source, the HALF storage ring has a relatively large
dynamic aperture, which significantly improves ring acceptance and enables
the use of an off-axis injection scheme. The HALF injection system adopts
the pulsed nonlinear kicker (NLK) method [32, 33], which features a simple
structure and minimal disturbance to the stored beam. Using the pulsed NLK,
the injected bunch is directly kicked into the storage ring’s acceptance in phase
space. The injected beam then damps onto the stored beam’s closed orbit
after several damping times. The stored beam passing through the central field-
free region experiences minimal impact from the NLK, making the injection
transparent to light source users.

A full-energy linac at 2.2 GeV serves as the storage ring injector. The injected
beam from the linac has an emittance of 500 pm・rad. The NLK and a septum
are located in one straight section, forming the complete injection system. The
injected beam parameters at the injection point are shown in Table 5 , and the
errors are described in Table 6 .

IV. PERFORMANCE BEFORE CORRECTION
To understand the difference between the ideal lattice and the actual lattice
with errors, the HALF storage ring performance was studied without any cor-
rections. In fourth-generation light sources, the closed orbit (CO) may be absent
without correction. The CO existence is investigated by scaling the global er-
ror factor, as shown in Fig. 5 [Figure 5: see original paper]. The global error
factor directly multiplies all individual RMS errors listed in the error tables in
Section III. The closed orbit is calculated using the‘findorbit4()’function with
RF off and ‘findorbit6()’with RF and radiation on. To simulate real-world
conditions, closed orbits are obtained using‘findorbit6()’in the following study.
For each global factor, 600 sets of random seeds are used to calculate the exis-
tence probability. The results show that the CO exists when the scaling factor
is less than 20%. As the factor increases to 100%, the CO existence probability
decreases to less than 20%. When the factor reaches 170%, all closed orbits are
absent. The CO deviation as a function of the global error factor is shown in
Fig. 6 [Figure 6: see original paper]. The deviation increases with the global
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error factor until the closed orbit is lost. When the factor reaches a certain
level, the orbit deviation reaches its maximum before beam loss. These results
indicate that the CO is highly likely absent at the beginning of real machine
commissioning. Therefore, start-to-end simulated commissioning is essential for
fourth-generation light source storage rings to validate real machine commis-
sioning procedures.

V. SIMULATED COMMISSIONING FOR THE HALF
STORAGE RING
This section presents the correction chain for the HALF storage ring simulated
commissioning, which includes: A) Initial transmission correction (first-turn
and second-turn trajectory correction), B) Trajectory beam-based alignment,
C) Injection correction, D) Sextupole ramping, E) RF correction, F) Beam-
based alignment, and G) Optics correction. To avoid influence from sextupoles
and the RF system on beam dynamics, they are turned off at the commissioning
start. For the HALF storage ring, the radiation loss per turn for a single particle
is 181.4 keV, and the linear energy acceptance is 8.1%. Therefore, the maximum
beam transmission is 987 turns with RF off. In the commissioning simulation,
we assume all hardware is properly installed with no low-level errors such as
magnet polarity reversal or BPM malfunctions.

A. Initial transmission

At the beginning of ring commissioning, the beam often fails to form a closed
orbit and may not complete a full turn. Achieving initial beam transmission is
crucial in fourth-generation light source storage rings. To obtain the first-turn
beam, trajectory correction is performed using the trajectory response matrix
of the ideal lattice. Before correction, particles must travel some distance in the
storage ring so that some BPMs can acquire turn-by-turn beam position signals.
If no BPMs have signals, one can try scanning the injected beam position. Al-
ternatively, wiggling the strengths of orbit correctors upstream of the first BPM
is another method.

The trajectory correction system consists of BPMs with beam signals and cor-
rectors located before the last BPM with a signal, as shown in Fig. 7 [Figure
7: see original paper]. Using this system, the trajectory can be corrected to ap-
proach the BPM centers. This correction aims to enable more BPMs to acquire
position signals. If ineffective, one can attempt to change corrector strengths
in the correction system until the beam passes through more BPMs. Another
solution is to change the injected beam position and restart correction from the
beginning [34]. The first-turn beam is obtained when all BPMs have beam sig-
nals. To extend beam travel, the first-turn trajectory correction can be repeated
multiple times. After first-turn trajectory correction, particles are expected to
survive for tens of turns. To further improve transmission, the second-turn tra-
jectory is corrected to match the first turn. This is typically done by adjusting
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several correctors upstream of the injection point and observing several BPMs
downstream, as shown in Fig. 8 [Figure 8: see original paper]. After second-
turn trajectory correction, more turns are expected from the injected particles.
The cumulative distribution functions (CDFs) of beam loss under first-turn and
second-turn trajectory corrections are shown in Fig. 9 [Figure 9: see original
paper].

B. Trajectory beam-based alignment

Due to magnetic field feed-down effects, the electron beam receives a kick when
traveling away from quadrupole centers. This additional kick significantly im-
pacts beam transmission, particularly in low-emittance storage rings with strong
quadrupoles. To avoid this effect, the beam should pass through the centers of
all quadrupoles. The beam-based alignment (BBA) technique determines the
center of a quadrupole using a nearby BPM and orbit correctors.

The beam position X(s0) (trajectory or orbit) at quadrupole position s0 can be
described as X(s0) = x0x̂ + y0ŷ, where x0 and y0 are particle offsets relative to
the quadrupole magnet center in the horizontal and vertical planes, respectively.

Due to the feed-down effect, the quadrupole generates a dipole field: Bx =
B0�0Ky0, By = B0�0Kx0, where B0�0 is the magnetic rigidity and K is the
normalized quadrupole strength.

By changing the quadrupole strength by ΔK, the dipole field variation is given
by ΔBx = B0�0ΔKy0, ΔBy = B0�0ΔKx0.

For the closed orbit scenario, this variation results in an orbit change at location
s [35]:

ΔX(s) = ΔK T(s,s0) X(s0),

where

T(s,s0) = (√(𝛽(s)𝛽(s0)) / (2sin(𝜋�))) × cos(|�(s)-�(s0)|-𝜋�),

with 𝛽(s0) and 𝛽(s) being the beta functions at the quadrupole and observation
points, �(s0) and �(s) the betatron phases, and � the betatron tune.

The function T(s,s0) relates to the Courant-Snyder (C-S) parameters and can be
considered constant for small quadrupole strength changes ΔK. Consequently,
the orbit change ΔX(s) is proportional to the orbit offset X(s0). If the beam
passes through the quadrupole center, the orbit change should theoretically
be zero. Using this principle, the quadrupole center can be determined by
measuring orbit changes while varying the beam position in the quadrupole
through strength changes ΔK [36]. If the beam orbit is least affected by changing
the target quadrupole strength, the nearest BPM reading is considered the
quadrupole center.

The BBA process can also be applied to trajectories. The difference is that for
trajectory BBA, beam position changes are generated by adjusting the initial
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conditions of the injected beam. After trajectory BBA, the beam loss CDF is
shown in Fig. 10 [Figure 10: see original paper]. To improve visibility of surviv-
ing turn changes, the x-axis of subsequent figures is limited to [102, 103]. The
results show that trajectory BBA provides no significant improvement in beam
transmission. The reasons are as follows: First, the beam’s stable region is very
narrow at this stage, and scanning the injected beam may disrupt effective beam
accumulation. Second, the low number of transmitted turns is insufficient to
generate Slow Acquisition (SA) data, so TBT data are used for trajectory BBA.
However, TBT data accuracy is affected by inadequate signal-to-noise ratio due
to low beam charge. Therefore, trajectory BBA does not play a significant role
in the commissioning simulation, though it remains worth attempting in real
machine commissioning.

C. Injection correction

To correct static injection errors, injection correction is needed to optimize the
injection position. This correction aims to make the first-turn trajectory close
to the second-turn trajectory. Beam positions upstream and downstream of
the injection point are used. In Fig. 11 [Figure 11: see original paper], the
first-turn BPM reading upstream is (xu, yu), and the second-turn BPM reading
downstream is (xd, yd), where xu,d and yu,d are BPM readings in horizontal
and vertical planes, respectively. The distances between the BPMs and injection
position are lu and ld. The injection point can then be moved to:

x_{inj} = (ld・xu - xd・lu)/(lu + ld) + xd, y_{inj} = (ld・yu - yd・lu)/(lu +
ld) + yd.

The injection angle is given by:

�_x,inj = (xd - xu)/(lu + ld), �_y,inj = (yd - yu)/(lu + ld).

The beam loss CDF after injection correction is shown in Fig. 12 [Figure 12:
see original paper]. The results indicate that injection correction somewhat
contributes to injected beam survival but does not play a major role. However,
this method remains worth trying in real machine commissioning by scanning
more injection points.

D. Sextupole ramping

Due to large nonlinear effects induced by sextupoles, they are turned off at
commissioning start. For storage rings, chromatic sextupoles are needed to cor-
rect chromaticities to positive values to avoid head-tail instability. Harmonic
sextupoles are also commonly employed to optimize storage ring dynamic per-
formance. For sextupole ramping, all sextupole strengths are increased in five
steps. After each step, the trajectory is corrected to the reference trajectory
obtained from trajectory BBA. If necessary, transverse tunes can be adjusted
by scanning two quadrupole families to improve beam transmission. For an op-
erational storage ring, a tune knob system can correct tunes while maintaining
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periodicity and global optics functions [37]. Here, at the commissioning stage,
a simple method using only two quadrupole families is adopted for transverse
tune scanning. Up to this point, synchrotron radiation from all magnets is
active while the RF remains off. After sextupole ramping, approximately 600
turns are achieved, as shown in Fig. 13 [Figure 13: see original paper]. This is
reasonable compared to the ideal case of 987 turns mentioned previously. Next,
the RF is turned on to form the closed orbit.

E. RF correction

BPM turn-by-turn (TBT) data can be used to correct RF system phase and
frequency errors. Due to horizontal dispersion, the horizontal beam position
change Δx induced by energy variation ΔE is described as [38]:

Δx = �x(ΔE/E), (12)

where �x is the horizontal dispersion and E is the beam energy. The beam energy
variation with turn number n can be expressed as [39]:

ΔE_n = eV sin(Δ𝜔T0n + 𝜙0 + Δ𝜙) - U0, (13)

where V is the RF voltage, 𝜙0 the synchronous phase, T0 the synchronous
period, U0 the radiation energy loss, and Δ𝜔 and Δ𝜙 the frequency and phase
differences from ideal values.

By integrating Eq. (13) over turn number n and combining with Eq. (12), the
orbit variation due to beam energy change after n turns is:

Δx = (�x/E) × { (E_n - E0) + (eV/Δ𝜔T0) [cos(Δ𝜔T0n + 𝜙0 + Δ𝜙) - cos(𝜙0
+ Δ𝜙)] - nU0 }. (14)

Equation (14) shows that orbit variation is a function of frequency change Δ𝜔
and phase change Δ𝜙. For the ideal model, this orbit variation is near zero. To
correct frequency and phase errors, Δ𝜔 and Δ𝜙 can be adjusted to make Δx
zero. To simplify, these corrections are performed separately.

In real machines, frequency error is usually small. To correct phase error first,
we assume Δ𝜔 = 0. Equation (14) then becomes:

�Δx� = (�xeV/E) sin(𝜙0 + Δ𝜙), (15)

showing that the average horizontal beam position variation �Δx� is a sine func-
tion of RF phase change Δ𝜙. After three iterations of phase correction, the
zero crossing is determined as the synchronous phase, as shown in Fig. 14 [Fig-
ure 14: see original paper]. To ensure at least 100 turns of beam transmission
for subsequent frequency correction, a tune scan is performed by changing two
quadrupole family strengths after the first phase correction.

For frequency correction, Δ𝜔T0 can be treated as a small quantity. Equation
(14) can be written as:

�Δx� = (�xeVn/E) [cos(𝜙0 + Δ𝜙) + (Δ𝜔T0/2) sin(𝜙0 + Δ𝜙)] - (�xnU0/E), (16)
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where the average beam position variation �Δx� is a linear function of frequency
change Δ𝜔. A line is fitted and the zero crossing is considered the synchronous
frequency after three iterations, as shown in Fig. 15 [Figure 15: see original
paper].

In RF correction, synchrotron motion must be considered. The number of eval-
uated turns should be significantly smaller than 304 turns for the HALF storage
ring, related to the synchrotron frequency of 2.06 kHz. Therefore, the average
position over 20 turns is used. The beam loss CDF is shown in Fig. 16 [Fig-
ure 16: see original paper]. The beam can survive more than 1000 turns and
eventually become a stored beam. Table 7 shows beam transmission at each
commissioning stage.

F. Beam-based alignment

This step performs closed orbit BBA to obtain the beam reference orbit, known
as the golden orbit. CO BBA is similar to the method described in Section
V.B. For the target quadrupole, the nearest BPM reading is taken as the beam
position in that quadrupole. Using orbit correctors, the beam is moved to several
different positions within the target quadrupole. At each position, changes in
all BPM readings are recorded after varying the target quadrupole strength by
ΔK. The orbit changes can be fitted as a linear function of beam position inside
the target quadrupole. The zero-crossing point of the fitting function is least
affected by changing the target quadrupole strength. By averaging zero-crossing
points from all BPMs, the center of the target quadrupole is determined. The
entire BBA routine repeats this process for all quadrupoles in both horizontal
and vertical planes. To improve BBA accuracy, measurements are repeated
after moving the beam to the reference orbit obtained from the previous BBA
process. Recently, a novel BBA method based on a neural network (NN) was
developed to determine the beam reference orbit in a storage ring [40]. The
NN-based BBA is a good choice for the initial commissioning stage of a storage
ring, where beam optics differ significantly from the ideal model and the closed
orbit deviates from magnet centers. This method can be applied to real HALF
storage ring commissioning in the future.

After performing CO BBA, the closed orbit is corrected to the reference orbit.
The distribution of all corrector strengths after correcting the beam to the golden
orbit is shown in Fig. 17 [Figure 17: see original paper] for 10 sets of random
error seeds. Correcting the beam orbit to quadrupole centers is crucial for optics
correction because off-axis beams in quadrupoles experience additional dipole
fields (feed-down effects) that directly affect beam optics.

G. Optics correction

Linear optics is essential for storage ring operation, primarily including beta
and dispersion functions [41]. Due to lattice errors, optics deviate from ideal
values, causing betatron tune shifts, dynamic aperture reduction, etc. To correct
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linear optics, the commonly used LOCO (Linear Optics from Closed Orbit) tech-
nique is performed, which can restore storage ring periodicity, reduce negative
effects of nonlinear resonances, and increase beam lifetime and DA [42, 43]. All
quadrupoles are used for optics correction since they are independently powered.
To correct coupling, skew quadrupoles combined with sextupole families SD1,
SD2, and SF1 are used. Correction results for one error set are shown in Fig. 18
[Figure 18: see original paper] and Fig. 19 [Figure 19: see original paper]. The
beta beating and dispersion deviation are greatly reduced to low levels. Lattice
periodicity is restored, as shown in Fig. 20 [Figure 20: see original paper]. The
betatron tunes are (0.193, 0.195), close to the ideal values (0.190, 0.190).

VI. PERFORMANCE AFTER CORRECTION
The start-to-end commissioning simulation is performed with 10 sets of random
error seeds as mentioned in Section V.F. After complete correction, the optical
function results are shown in Fig. 21 [Figure 21: see original paper] and Fig.
22 [Figure 22: see original paper]. The RMS beta beating is 1.4% and 0.86%
in horizontal and vertical planes, respectively. The RMS horizontal dispersion
deviation is 1.6 mm, and the RMS vertical dispersion deviation is 1.4 mm. The
6D dynamic aperture is close to the ideal case, as shown in Fig. 23 [Figure 23:
see original paper]. On average, the DA area is restored to 75% of the design
value after this simulated commissioning process. The average working point is
(0.192, 0.194), close to the ideal value of (0.190, 0.190). For real commission-
ing, transverse tunes could be moved to different resonances to achieve round
beam, which helps increase beam lifetime and suppress intra-beam scattering
effects. To further improve dynamic performance, nonlinear optimization can
be performed for the real machine through online experiments [44]. However,
this procedure is not necessary for the simulated commissioning process.

VII. SUMMARY AND CONCLUSION
The start-to-end commissioning simulation for the HALF storage ring has been
performed. For a storage ring without correction, the closed orbit is often ab-
sent, which is even more problematic in fourth-generation light sources where
the beam cannot transmit through the first turn. Therefore, trajectory cor-
rection should be performed during initial commissioning. Simulation results
demonstrate that this correction process is effective, enabling beam survival for
more than 100 turns. By ramping sextupoles and correcting RF errors, the
beam is successfully stored. Finally, the CO BBA and LOCO processes correct
beam optics to the ideal model, greatly improving storage ring dynamic perfor-
mance. The average DA area is restored to 75% of the ideal error-free value
after the complete simulated commissioning process, demonstrating that the
presented correction chain is effective and successful. The simulated commis-
sioning significantly increases confidence for future real machine commissioning.
Additionally, commissioning software will be developed based on this simulated
commissioning process.
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