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Abstract

The Advanced Photon Source (APS) has recently com-
pleted a major upgrade, replacing its 25-year-old storage
ring with a cutting-edge hybrid seven-bend achromat lattice
enhanced by six additional reverse bends. The new design
achieves a natural emittance of 42 pm-rad, enabling the
production of X-rays up to 500 times brighter than those
generated by the original APS. A key innovation of the up-
grade is the implementation of a swap-out injection scheme,
which replaces entire depleted bunches instead of performing
traditional top-up injection. This approach enables on-axis
injection to accommodate for the reduced dynamic aperture
resulting from strong focusing. This paper outlines the com-
missioning process, shares initial operating experience with
swap-out injection, and presents performance data for new
systems such as the bunch-lengthening cavity.

INTRODUCTION

The Advanced Photon Source (APS) recently completed
a major upgrade [1], replacing its original double-bend
achromat-based [2] storage ring [3] with a hybrid seven-
bend achromat lattice, similar to the one implemented earlier
at ESRF-EBS [4]. To further reduce the natural emittance,
the APS Upgrade (APS-U) lattice incorporates six reverse
bends in addition to the seven main bending magnets [5, 6].
The new design also utilizes swap-out injection [7, 8], which
enables operation with a smaller dynamic aperture — a key
factor in achieving ultra-low emittance.

As part of the upgrade, the electron beam energy was
reduced from 7 GeV to 6 GeV, necessitating modifications
of all insertion devices. The project also included the con-
struction of seven entirely new beamlines, as well as signif-
icant modifications to most of the remaining beamlines to
accommodate for the new source characteristics. Although
the injector complex — comprising a 450-MeV linear accel-
erator [9], the Particle Accumulator Ring (PAR) [10], and
the booster [11] — was not part of the official APS-U scope,
it underwent targeted refurbishment in parallel to enhance
reliability and operational performance.

APS operations were halted on April 24, 2023, to begin
the storage ring replacement and injector maintenance. The
linac was restarted in September 2023, followed by the PAR
in October, and the booster in Febuary 2024 [12,13]. Assem-
bly of the upgraded storage ring was completed on February
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15, and, after extensive tests without beam, the commission-
ing approval was granted on April 10, 2024. In this paper,
we present an overview of the commissioning process and
summarize the performance of the new storage ring.

APS-U COMMISSIONING

BTS Commissioning

Commissioning officially started when the beam was ex-
tracted from the Booster into the Booster-to-Storage Ring
(BTS) transfer line. The Booster-to-Storage Ring (BTS)
transfer line is divided into two sections by the wall separat-
ing the booster and storage ring tunnels. The booster-side
section of the BTS remained unchanged, while the storage
ring (SR) section was completely redesigned to accommo-
date the new SR geometry. A key feature of the redesigned
BTS is the emittance exchange section, which consists of
six skew quadrupoles configured to exchange the horizon-
tal and vertical emittances of the beam extracted from the
booster [14]. This exchange is necessary to match the in-
jected beam to the narrow 2.8 mm horizontal gap between
the outboard wall of the septum magnet and the inboard
blade of the first injection kicker.

The original BTS section features a relatively large-
aperture vacuum chamber and three one-plane stripline
BPMs. In contrast, the new SR-side BTS section has a re-
duced aperture and is equipped with 11 two-plane button
BPMs, providing improved diagnostics suited to the tighter
aperture.

When the first beam was extracted from the booster, it
successfully traversed the booster-side section of the BTS but
was lost between the last BPM in the large-aperture booster
section and the first BPM in the redesigned, smaller-aperture
storage ring (SR) section. Trajectory correction program
failed to advance the beam beyond that point using corrector
magnets only. Subsequently, a transmission optimization
routine that varied both corrector magnets and quadrupole
strengths was able to push the beam farther along the BTS
— nearly to its end — but still with significant losses, and no
beam could be injected into the storage ring.

Further investigation revealed that the quadrupole changes
made by the optimization routine, which improved beam
transport past the initial loss point, were consistent with a
scenario in which all five quadrupoles in the legacy (booster-
side) section of the BTS were powered with reversed polarity.
This hypothesis was confirmed by trajectory response mea-
surements. The reversed polarity had a plausible explanation:
the original APS was designed to operate with positrons,
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Figure 1: Beam image in the BTS transfer line before (left)
adn after (right) the emittance exchange section.

but operated most of its lifetime with electrons. Switching
between particle types was achieved by reversing magnet
polarities at the power supplies. During APS-U construction,
the magnets in this section were disconnected and later re-
connected — but, unlike the newly installed storage ring mag-
nets whose polarity was systematically verified, the legacy
BTS quadrupoles were not rechecked. Tunnel inspection
confirmed that all five quadrupoles in the booster-side BTS
section had indeed been reconnected with reversed polarity.
Once the polarity was corrected, the trajectory correction
program was able to steer the beam into the storage ring
without issue. Figure 1 shows the beam image in the BTS
before and after the emittance exchange section.

Storing First Beam

After scanning the injection kicker timing to maximize
beam transmission, the beam reached Sector 28, but with
significant losses in the initial sectors. Optimization of the
transfer line exit trajectory improved transmission, allowing
100% of the beam to reach Sector 13; however, full beam
loss still occurred at Sector 28. Manual adjustment of har-
monic orbit knobs enabled the beam to complete the first
turn without losses, but it was lost early on the second turn.

First-turn trajectory correction reduced the trajectory de-
viation to within +2 mm, which allowed the beam to cir-
culate for up to five turns. Clear losses were localized near
the septum magnet. Subsequent transmission optimization
— including tuning of the BTS trajectory, BTS quadrupoles,
storage ring tunes, septum, and injection kicker parameters
— extended beam circulation to 15 turns. At this point, tunnel
shielding verification began. This involved dumping first-
turn beam at various locations while monitoring radiation
levels outside the tunnel and lasted approximately 80 hours.

Upon completing shielding verification, efforts to store
beam resumed. RF voltage was turned on, and the booster-
to-storage-ring RF phase was set based on a phase scan that
measured beam energy as a function of turn number. With
RF on, transmission increased to 80 turns, although signifi-
cant losses persisted near the injection point. After turning
the sextupoles on, a Bayesian optimizer was employed to
vary orbit bumps near the injection region, betatron tunes,
RF frequency, and BTS correctors and quadrupoles. This
process led to the first measurable stored beam — approxi-
mately 40 pA — with a lifetime of 4 seconds. However, the
beam conditions were unstable, and the tunes had shifted
significantly.
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Figure 2: BPM sum signal showing beam transmission dur-
ing sextupole ramp. The trajectory recording program used a
no-beam threshold set to 20% of the initial beam intensity to
avoid applying trajectory corrections based on weak signals.
As aresult, all curves in the plot are truncated at 0.7 X 1076,
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Figure 3: First measurement of the closed orbit.

A key outcome of the optimizer was the identification
of a +2 mm horizontal orbit bump at the injection point,
strongly suggesting the presence of a physical aperture limi-
tation in that region. Based on this, all parameters — tunes,
RF frequency, sextupoles, BTS settings, and correctors —
were returned to their pre-optimization values, while the
orbit bump discovered by the optimizer was retained. With
these settings, a quasi-closed orbit correction and sextupole
ramp were initiated. After just a few correction iterations, at
90% sextupole strength, 50 LA of stored beam was captured
with a lifetime of 10 minutes, corresponding to an injection
efficiency of 20%. The rapid beam capture was achieved by
the automated trajectory correction but relied on the orbit
bump at the septum location found by the Bayesian optimizer.
Further optimization using orbit correctors raised injection
efficiency to 70%.

Figure 2 shows the BPM sum signal during the sextupole
ramp. Notably, as sextupole strength increased, beam trans-
mission over 100 turns initially degraded before recover-
ing as the sextupoles approached full strength — a behavior
consistent with improved chromaticity correction. Figure 3
shows the closed orbit corresponding to the first stored beam,
while Fig. 4 shows the horizontal orbit zoomed in at the in-
jection point to show the orbit bump that was necessary to
store the first beam.

Swap-Out Injection

Up until this moment, the commissioning was being done
with a single bunch. In order to be able to run swap-out injec-
tion, operation of decoherence [15] and fan-out [16] kickers
needed to be set up and verified. Decoherence kicker fires
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Figure 4: Horizontal orbit around the injection point, which
is located at s=1104 m, showing large positive orbit required
for injection.

250 turns before every swap-out injection to excite vertical
oscillations of the bunch to be swapped out. This is done to
protect the surface of the swap-out beam dump by increas-
ing the beam size of that bunch to reduce its energy density.
Fan-out kicker is activated during whole beam dumps to
also to protect the surface of the whole beam dumps. The
fan-out kicker has a half-sine waveform extending for the
full turn, so that each stored bunch gets different vertical
kick amplitude to spread out the bunches along the surface
of the beam dumps.

After kicker setup and verifications were completed, the
swap-out program was started. The program fills the re-
quested fill pattern at 1 Hz, and then swaps out the weak-
est bunch at requested intervals. Figure 5 shows the first
multi-bunch swap-out operation at the target of 1.1 mA with
30 seconds swap-out interval using BTS charge of 0.6 nC.
Multi-bunch swap-out injection has been running since that
moment.

Septum Failures

The APS-U injection septum magnet is a pulsed, single-
turn, direct-drive magnet, similar in concept to the septa
used in the original APS storage ring [17]. It delivers a peak
field of 1.42 T over a straight magnetic length of 1.493 m,
with a septum blade that tapers to 3 mm thickness at the
downstream end to separate the high-field injected beam
region from the field-free stored beam path.

Commissioning was interrupted twice due to failures of
the storage ring injection septum. The first incident occurred
after 23 days of operation (about one million pulses), when
the 1-mm-thick copper main bus, carrying a peak current of
18 kA, ruptured at the location of a small unsupported gap
in the bus structure. A spare septum was quickly modified to
eliminate the unsupported gap, installed, and commissioning
resumed. However, after another 22 days, the second septum
developed a vacuum leak in the stored beam chamber, later
traced to a manufacturing defect. By that time, the original
septum had been repaired and was reinstalled.

During reinstallation of the repaired first septum, mechan-
ical survey revealed the root cause of an unexpectedly large
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Figure 5: First multi-bunch swap-out with 12-bunch fill pat-
tern. Beam current target is 1.1 mA, swap-out interval is 30
seconds, BTS charge is 0.6 nC.

orbit bump required for injection. It was found that the stored
beam vacuum chamber bowed outward inside the magnet,
such that the inboard wall of the vacuum chamber touched
the design closed orbit approximately 0.7 m from the down-
stream end of the magnet. The nominal design clearance
between the chamber wall and the beam orbit is 3 mm. It was
impossible to fix this aperture limitation in place. Because
the downstream end of the septum is mechanically fixed
at the injection point, the magnet was rotated by 0.7 mrad
around this point to move the aperture constraint slightly
away from the beam trajectory. This septum remains in oper-
ation while a new design is under development to meet the
intended aperture specifications.

Optics Correction and Emittance Measurements

First optics measurement was performed very soon after
storing the first beam. Orbit response matrix with 20 correc-
tors per plane were used for the optics measurement [18, 19].
The measurement was performed with single bunch at 0.1
mA. The resulting beta functions are shown in Fig. 6. While
emittances were not directly measured, model-based calcu-
lations [20] using elegant [21] predicted £, = 70 pm and
€, = 90 pm. Lattice correction was not performed at this
point due to expected poor orbit measurement accuracy at
this low beam current.

After commissioning of multi-bunch operation, the lattice
was remeasured and used as the basis for lattice correction.
Several iterations of correction were applied over the follow-
ing weeks of commissioning. Figure 7 shows the resulting
lattice functions after correction.

Emittance of the electron beam was calculated from pho-
ton beam size and divergence measurements using undulator
radiation [22]. The measurements were performed for low
coupling (flat beam) and for full coupling (round beam) con-
ditions. Table 1 gives the results. For these measurements,
all insertion device gaps were open except for the device
used for the measurements. The results match the simula-
tions well and demonstrate that APS-U has reached its goal
emittance.
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Figure 6: First lattice measurements right after storing first
beam. Model is derived from response matrix measurements.
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Figure 7: Lattice functions after several iterations of lattice
correction.

Table 1: Emittance Measurement Results

Horizontal  Vertical
Full coupling
Total source size (pm) 13.0 9.8
Total divergence (prad) 4.9 5.6
Measured emittance (pm-rad) 28+3 31+2
Emittance from model (pm-rad) 31 31
Low coupling
Total source size (pm) 16.1 4.9
Total divergence (prad) 52 4.5
Measured emittance (pm-rad) 44 + 3 33+2
Emittance from model (pm-rad) 44 2.9
Orbit Motion

The APS Upgrade project set an orbit stability require-
ment of 10% of the electron beam size. To meet this stringent
specification, the original plan included development of an
advanced fast orbit correction system with a 22 kHz update
rate and a target correction bandwidth of 1 kHz [23]. How-
ever, during the course of the project, modeling indicated
that the anticipated uncorrected orbit motion would likely
remain within or close to specification even without fast
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Figure 8: Rms orbit motion at ID location. Horizontal lines
are orbit stability requirements, red line — low coupling, blue

line — full coupling.

feedback [24]. As a result, development of the fast orbit
feedback system was deferred, and initial orbit correction
was implemented using a slower workstation-based process
operating at 1 Hz [25].

Soon after storing first beam, significant 1 Hz orbit motion
was observed in the horizontal plane, with rms amplitude —
including harmonics — approaching 4 pm, significantly ex-
ceeding the stability specification. Investigation revealed that
the motion originated from M1 and M2 dipole power sup-
plies responding to voltage sag on the AC line caused by the
booster ramping power supplies. After internal power supply
parameters were tuned, the 1 Hz motion was eliminated en-
tirely. The next dominant disturbance in the horizontal plane
was identified at 30 Hz, attributed to mechanical vibrations
of the magnet girders. Figure 8 shows the measured rms orbit
motion with requirement thresholds indicated, confirming
that uncorrected orbit motion is close to specification.

The planned fast-orbit feedback system is under develop-
ment. Meanwhile, a stop-gap system with a 50-Hz update
rate was created using the same workstation-based tools [26],
making use of the turn-by-turn BPM data acquisition sys-
tem [27] to produce averaged waveforms for 240 correctors
at the required rate. Although this cannot suppress the 30-
Hz motion, it is effective in isolating beamlines from one
another and provides for rapid response to beamline steering
requests.

Bunch-Lengthening System (BLS)

Due to the small electron beam size in the APS-U storage
ring, the expected Touschek lifetime is relatively short. To
mitigate this, a new bunch-lengthening system [28] has been
installed, featuring a single-cell passive superconducting
cavity operating at the fourth harmonic (1408 MHz) of the
main RF frequency [29]. This passive, beam-driven system
increases the bunch length by a factor two to four, thereby
reducing the charge density and enhancing the Touschek life-
time. The cavity operates at 2.1 K and has been successfully
tested to provide a 1.1 MV voltage at a beam current of 200
mA. Figure 9 show the measurement of beam lifetime as a
function of BLS voltage. In user operation with 200 mA, the
BLS is currently operated at 1.1 MV.

Vacuum Conditioning

Before opening beamline shutters, vacuum conditioning
is required to reduce outgassing, improve overall vacuum
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Figure 10: Average vacuum pressure in the storage ring as a
function of accumulated dose.

levels, and suppress bremsstrahlung radiation. Vacuum con-
ditioning shifts began immediately after the start of multi-
bunch swap-out injection and were carried out during night-
time hours by machine operators, while storage ring and
beamline commissioning activities proceeded during the
day.

Figure 10 shows the average pressure in the storage ring
as a function of accumulated dose. In computing the aver-
age pressure, data from four sectors — representing 10% of
the ring — were excluded due to known vacuum leaks and
anomalous pressure readings from certain sensors. These
leaks have not yet been repaired due to other competing
priorities. The vacuum system was designed with the goal
of achieving an average pressure of 0.01 nTorr/mA after
accumulating 1000 Amp-hours of beam dose. Notably, the
measured average pressure approached this target value af-
ter just 300 Amp-hours, indicating effective conditioning
performance ahead of schedule.

Beam Current Ramp

Machine commissioning was carried out in two main
phases: an initial dedicated machine commissioning period,
followed by a phase of parallel machine and beamline com-
missioning. The first phase spanned from April 10 to June
17, during which beam current was gradually increased in
parallel with core machine setup and performance verifica-
tion activities. The second phase, from June 17 to August 12,
involved shared use of beam time among machine commis-
sioning, beamline commissioning, and vacuum conditioning.
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Figure 11: Beam current ramp during commissioning (left)
and during user operation (right).

During this period, vacuum conditioning shifts — typically
conducted overnight — were also used to continue ramping
up the beam current. The progression of beam current during
commissioning is shown in Fig. 11 (left).

Full 24-hour user operations commenced in September
2024, with two primary operating modes: multi-bunch mode
with 162 bunches and timing mode with 48 bunches. Due
to current injector limitations, timing mode operation is
restricted to a maximum beam current of 140 mA. The beam
current ramp during user operation is shown in Fig. 11 (right).
The target beam current of 200 mA was successfully reached
in March 2025.

CONCLUSION

APS-U storage ring is the first synchrotron light source
that utilizes swap-out injection to allow for operation with
small dynamic aperture. This allowed to design the lattice
with natural emittance of 42 pm-rad, which was confirmed
in measurements during commissioning. Dedicated storage
ring commissioning took just over two months and allowed
to reach 25 mA to enable beginning of beamline commis-
sioning in parallel with storage ring work. Five months after
commissioning started, the round-the-clock user operation
started with 100 mA beam current. Over the next 6 months,
the beam current was ramped to the design value of 200 mA.
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