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X 24 Powerful light sources

required with widely tunable frequency range from Infrared to X-rays !

HEPS will provide high-energy, high-brilliance, high-coherence
synchrotron light with energies up to 300 keV and more, with the capability
for nm spatial resolution, ps time resolution, and meV energy resolution.

Engineering Materials

Advance Materials

While providing conventional technical support for the general
users, HEPS will operate as a platform to analyze the structures,
as well as the evolution of structures of engineering materials
in the whole process, by in-situ, multi-dimensional and real-
time observation.
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L OM Main parameters: Accelerator

« Accelerator complex
- Linac (500 MeV)
- Booster (500 MeV to 6 GeV, 1 Hz)
- Storage ring (6 GeV, top-up)

Storage Ring
C=1360.4 m

48 hybrid 7BAs
w/ ABs, and AB/BLG cell
€~ 34 pm @ 6 GeV

Booster

C=454m 0.5-6 GeV
FODO lattice Beam energy 6 Gev
€~ 36 nm @ 6 GeV c
_________ On-axis swap-out injection + CII’CU mference 13604 m
high energy accumulation . .
Lattice type Hybrid 7BA
Hori. Natural emittance <60 pm-rad
Brightness >1x10%% *
Beam current 200 mA
[1] Y. Jiao et al., J. Synchrotron Rad. 25, 1611-1618 (2018). Injection mode Top-up -

[2] Y. Jiao, RDTM 4, 399 (2020).
[3] H. Xu et al., RDTM 7, 279-287 (2023). *: phs/s/mm?2/mrad?/0.1%BW




X OM Main parameters: Beamlines

« Brightness of 5x10%2 phs/s/mm?/mrad?/0.1%BW at the photon energy of 21 keV,
can provide X-ray with energy up to 300 keV

14 user beamlines + 1 test BL in Phase 1, HEPS can accommodate up to 90 BLs
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Mah Operation Paramatars

Ring Dasign Enargy aGey  Ring Baain Current and Lifatime.

thg Deslgn Circumference THSAm
HEPS LINAC FENSFRERR Ring Deslgn Natural Emittance 35 p=

Beam Energy 500 MeV R T B8 B R W7 B A "

2.61 nC i it AIRitRE

Bunch Charge
asemy |

Trans. Efficiency 94 %

) N (g o s R
May 12, 2022 Jan. 13, 2023 Feb. 1,2023 Mar. 14, 2023 Nov. 17, 2023 Aug. 18, 2024 Oct. 12, 2024
The Linac Vacuum-  The Booster Vacuum- The first girder ~ The first electron Electron Beam Ramped ~ Electron beams with  the SR X-ray emitted
sealing in the tunnel  sealing in the tunnel was installed in beam Up to 6 GeV currents higher than  from the R21 wiggler
completed completed ; 10mA were successfully  was successfully
the storage ring stored. transmitted to the end
tunnel ( station.
June 29, 2019 July 1, 2020 Apr. 13, 2021 June 27, 2021 June 28, 2021 Nov. 3, 2023
Groundbreaking The first steel ~ Utility installation in  Roof-sealing work for HEPS Installs First Piece of ~Civil Construction for
ceremony beam was NO.2 Hall the main ring building Accelerator Equipment in ancillary buildings
installed commenced completed Linac Tunnel. completed
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Linac (high bunch charge 7 nC)

a total length of about 49 m, 500MeV

an s-band normal conducting electron linear accelerator
high bunch charge and large bunch charge range

an electron gun, a bunching system, and S-band
accelerating structure system.

Booster (high bunch charge 5 nC)

454 meters in circumference 500MeV -> 6GeV

a four-fold symmetrical FODO structure, with each
super-period consisting of 14 standard FODO cells, two
matching sections, and an 8.8-meter-long dispersion-free
straight section.




500 MeV, ~2.5 nC 500 MeV, max bunch charge > 7 nC Ramped to 6 GeV
15t electron beam LINAC passed SAT

>5 nC of single bunch charge
1st electron beam in Booster Booster passed SAT

3.9 3.14

7.25 8.9 11.17
LINAC CX started

Booster CX started 2023

On-site testing of LINAC in May, 2023, the

macro-pulse charge reached 7.29 nC, and of bunch charge at 6 GeV via the booster on
beam energy stability was 0.014%. Nov. 17, 2023.

The electron beam achieved more than 5 nC




Magnets IDs
vacuum chambers

BPMs Girders

a circumference of 1360.4 meters

48 seven-bend achromats, meticulously
designed to achieve a horizontal natural
emittance of ~35 pmerad at a beam
energy of 6 GeV.

the main component of the HEPS accelerator complex

| Hybrid 7BA with unit cell comprises
dipoles of reverse bending angle and
longitudinal gradient

S TN Bending magnet
/ yd % radiation source
/ booster
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High energy accumulation:
effectively reduced single

bunch charge
requirement for injector 22—

AN ~ Storage ring




The operation space and interfaces have been
checked, and pre-alignment scheme, transport
scheme and other critical problems have been
thoroughly tested

July 2022 Feb. 2023 July 1, 2024
The pre-alignment began. The installation began Vacuum sealing completed.
30um for pre-aligned girders 50um for alignment in tunnel




SR:RO3:BPM:ROIBPMOS:ADC

L } Slgnal of 2"d turn
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Current: ~0.4 mA, Life time: ~1 min Current: ~12 mA, Life time: ~2 min

First turn Multi-bunch stored 12 mA stored

Comm.
Started (‘
7.23 7.29 8.4
[ [

10 turns 1000 turns

First light
In Oct. 2024



Commissioning




HEPS storage ring commissioning

1.5 years from beginning, 8 rounds, Beam current 150 mA, Emittance < 60 pm.rad

2024-11 2025-01 2025-03 2025-05 2025-07 2025-09 - 2026-03 2026-05

(=) HIGH ENERGY :
S HEPS | po e e e HEPS IAC Meeting 2026 May 14, 2026



| Equipment installation and conditioning

Not all hardware systems were fully ready on Day One of the ring commissioning.

 Adopted a pattern of commissioning periods interspersed with shutdowns for equipment

installation and conditioning.

 Two major shutdowns took place in 2025 (totally about 130 days):
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JO HIGH ENERGY
) HEPS ‘ PHOTON SOURCE

2025-11

i
|
il
|
#6 |
|

2026-01

2026-03

HEPS IAC Meeting 2026

SD#4 (Feb 5- Mar 22):

1, install most IDs;

2, fine global alignment;

3, install beam dump kicker;

SD#5 (May 20- Aug 9):

1, install 166MHz & 500MHz SCCs;
2, install 4th collimator;

3, fine alignment of booster;

4, install remaining IDs

SD#6:

1, install 6th booster Cavity;

2, Power Supply, Injection& Extraction,
Vacuum, ID, Cryogenic System
Maintenance

SD#7:

1, Chinese New Year holiday

May 14, 2026 17



Insertion devices

e During the first long shutdown in 2025 (SD#4), within a 40-day period, we completed the in-tunnel
installation and conditioning of 11 insertion devices (including 1 IAU, 4 IVUs, 5 CPMUs, and 1 AK).

m This included ID alignment, vacuum connection, vacuum baking, water and liquid-nitrogen line
connection, post-baking alignment recheck, testing of feed-forward coils and long coils, and
commissioning of the motion control system.

- (®) HIGH ENERGY :
) H EPS ‘ PHOTON SOURCE HEPS IAC Meetlng 2026 May 14, 2026 18



Insertion devices

e During the first long shutdown in 2025 (SD#4), within a 40-day period, we completed the in-tunnel
installation and conditioning of 11 insertion devices (including 1 IAU, 4 IVUs, 5 CPMUs, and 1 AK).

e During the second long shutdown (SD#5), we completed the installation and conditioning of the
remaining 2 insertion devices (one additional CPMU and one Mango wiggler).

e In addition, during this shutdown, CPMU22.8 was removed from the tunnel, returned to the
laboratory for modification (increasing the maximum gap by 10 mm) and re-test, then re-installed in
the tunnel and re-conditioned.
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Test results after modification




166.6 MHz SRF cavities for storage ring

All five 166.6MHz SRF cavities assembled and passed horizontal tests in Jun 2025
Excellent performance in vertical tests nicely preserved in horizontal tests of the module
HOM impedance measurement in line with design (heavy damping)

Total heat load per module: 39~43W (dynamic: 5~7W)

Max Vc: >1.6MV (administration limit),
QO0@1.2MV: 1.5e9~2.1e9, Rad. < 0.1mSv/h

HEPS 166MHz SRF Module Horizontal Test Results
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| RF installation and conditioning

e During the second long shutdown (SD#5), six SRF cavities installation and conditions completed
- an integrated schedule developed, monitored and updated on a daily basis: May 20, 2025 ~ Aug 8, 2025 (81 days)
- Removal of 2 NC cavities, transport & installation of 6 SRF cavities (5x166MHz & 1x500MHz)
- First cooldown of all 7 SRF cavities: Jul 22 — Aug 1, 2025 (11 days)
- RF conditioning & performance check of all 7 cavities: Aug 2 — Aug 5, 2025 (3 days)

 Now, BST and SR RF system in nominal setup and fully operational

166MHz SRF SOOM Hz SRF ngh power RF & LLRF
HEPS storage rmg tunnel F ' =1 ] xR r

R37CAV2 _{

=g

R37CAVA
(166CM3)

 R36CAV2
(166CM2) ~

R36CAV1
| (166CM1) |

HIGH ENERGY .
ﬁ HEPS \ PHOTON SOURCE HEPS IAC Meeting 2026 May 14, 2026 21




| Smooth vacuum conditioning

e Accumulated dose has exceeded 200 A-h.

 Accompanied by a gradual reduction in vacuum pressure.

 The normalized beam lifetime increased by 3 orders of magnitudes.

- Normalized average pressure rise

y =3.14e-07 - x 2
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ll Beam motion of 0.1 um level reached

Interference between the tuning of different beamlines largely mitigated. 1/0: FOFB on/off
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| Accelerator KPPs achieved by Sep 2025

Passed accelerator performance tests on Sep 26-29, six key performance parameters met the

acceptance criteria.

Passed HEPS performance acceptance review on Oct 29, after passing beamline performance tests.

Parameter Design
Beam energy 6
Beam current 200
Natural emittance 34.8
Beam stability 10%
Brightness >1x10%

Capability of providing X-ray photons of 300 keV

# Key performance parameters for national acceptance test
> Measured horizontal + vertical emittance @ 100 mA, with
grating interferometry
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KPP*
6
100
100

20%

2x1021

Measurement
6.01
100.5
56.8°%

< 19.8%

4.00x10%
349.57
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fraction of rms beam size &
divergence
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B First-turn circulation is achieved

within one day

By using both the tools for
automatically tuning (previously
validated on the booster) and
manual knobbing of the beam

trajectories.
« Also thanks to rigorous joint-

debugging before the com-
missioning that verified the polarity

across all magnets (more than
1000).

First-turn circulation
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O Multi-turn circulation

-
.‘r

B Great challenges were faced to _

achieve multi-turn circulation, —— —
rrecten B Lambertson:

3 — H: +/-5.25 mm
V: +/-2.5 mm

* Primarily due to the physical- 5.2mm
aperture limitation, i.e., two 1.6- .
meter £2.5mm vertical apertures at
the injection and extraction
Lambertson magnets.

\aCuurm
chamber

B \We established 11-turn circulation G ... SRRONBPM:ROIBPMOSTBTABCOSUM
mainly by implementing multi- pran
corrector strength scans and signal
working point adjustment. =0yl ey,

Value
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Turns




) Turn on RF and sextupoles & first storage

B RF turned on, and sextupole strengths increased to 90-100% of the design
values; it took about 1 week to get the first beam storage.
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Beam stability

e Prior to June 2025, both accelerator and beamline commissioning were affected by low-frequency
(2-3 Hz) beam fluctuations. A comprehensive investigation identified the power supplies for the

slow correctors as the main source. After this issue was resolved, beam motion was reduced to
below 20 % of the beam size.

Before
— After

10° 10’ 102
Frequency (Hz)

103

B : .
of slow ’E‘
: corrector & Before
power 5 4 —— After Jil .
supplies "g — 10%*ay,design Optl mized
g [ I —_—T KEli
_ 20.00/dw oL |
10° 10" 107 103
ol B el Frequency (Hz)
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Beam stability

e Prior to June 2025, both accelerator and beamline commissioning were affected by low-frequency

(2-3 Hz) beam fluctuations. A comprehensive investigation identified the power supplies for the
slow correctors as the main source. After this issue was resolved, beam motion was reduced to

below 20 % of the beam size.

e In Dec 2025, start put FOFB into operation, further reducmg the beam fluctuation amplltude to

below 10% of the beam size at IDs. 10°

— FOFB off

10°

——FOFB on 10_2§
NE‘ N§L10—4‘
Algorithm implementation Fast + RF feedback g 10* é
< NW P
5 5 100
BPM sampling rate 22 kHz (FA) T 10° f =
FC sampling rate 22 kHz - -
0 2
Signal processors (16 stations) FPGA (Virtex-7) o b Frequency (Hz1)0
Jdeldl o M-
Num. BPMs /plane 192 (4 per cell) |
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| Beam-based alignment (BBA)

e Multiple rounds of beam-based alignment (BBA) carried out, meeting the precision requirement for
orbit correction and lattice calibration.

e Orbit stability plays a critical role in ensuring the reproducibility of BBA measurement results. In
August 2025, after the low-frequency (2—3 Hz) beam fluctuations resolved, the proportion of BPMs
achieving reproducibility of better than 30 um increased from less than 40 % to over 80 %.

HEPS BBA progress

Reproducibility of BBA Results Before and After the corrector PWM optimization
l l - Delta offset Statistics
Delta offset Statistics
Jan. 2026 o
Sep. 2024 Dec. 2024 Full year 2025 Conversence essantiall I 36.8%<30Um, 30Um<26.3%<50um, 80 80.8%<30um,30um<8.7%<50um,
First Round BBA Started COD based BBA Troubleshooting genc Y 351 =
Measurement achieved 50um<17.6%<100um,19.3%>100um 701 50um<8.0%<100um,2.4%>100um

Beam stability improved, to Systematic troubleshooting, . al verificati leted 30 60
TBT BPM-based Fast BBA enhance BBA measurement Multiple repeated Fina ven |cat|~oAn completed,
measurement, completed  precision, started BBA based measurements, and beam High-precision offset 251 |

! oo . I calibration for 578 BPMs 30
initial offset calibration on closed orbit distortion stability improvement
(cop)

Y (Percent)
N
o
Y (Percent)
=
o

w
o

—
w

Established a solid foundation for high-performance operation of the HEPS accelerator, meeting precision

=
(=]

)

o

requirements for orbit correction and lattice calibration
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| Closed orbit correction

e Orbit correction iterated with BBA, results in reduced rms closed orbit.
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Closed orbit correction

e Current rms closed orbit is 70-80 um, all BPM readings within +/-0.4 mm except two locations
where orbit bumps are intentionally applied for beam loss control and lifetime optimization.

Orbit Display
Peak 0.652 mm Peak 0.497 mm
2026-03-18 Efi=
Horizontal Rms 0.075 mm Vertical Rms 0.078 mm
19:12:55
Avg -0.002 mm Avg 0.003 mm
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Optics correction

e From Mar 2025 to now, 5 rounds of orbit and optics correction iterations performed, based on
response matrix and LOCO.

e Besides the parameter setting optimization, updated AT lattice model (better reflect the cross-talk
effect) and sextupole movers were used to improve the correction results.
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| Progress of High-Current Commissioning

=3

=1 There are two stages of the commissioning from the beam current point of view.

g; ________

o. Commissioning with 500 MHz cavitiesonly Commissioning with active dual-RF system
— (2 NC 7-cell cavities + 1 SC cavity) (5 SC 166.6MHz cavities + 2 SC 499.8 MHz cavities)

Constraints: limited RF-power, short bunch; etc. -

100

80

80

SR:R45:DCCT:R45DCCT:Current [mA]
40

1

°T 2024-10 202501  2025-04 2025-07 | 2025-10 202601 2026-04
(&) HIGH ENERGY :
) HEPS \ PHOTON SOURCE HEPS IAC Meeting 2026 May 14, 2026 35



| Bunch lengthening commissioning

e Manage to reach nearly ideally flat bunch distribution at arbitrary beam current.

= Dec.29 and Dec.31, 2025, try ‘ideal lengthening’ (~1.2 nC/ bunch)
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Beam lifetime & DA

e After more than 200 Ah of vacuum conditioning, currently beam lifetime is ~¥1 hr@ 100 mA, primarily

limited by Touschek effects.

e Beam lifetime effectively improved w/ harmonic cavity and a local bump in R18 arc region.

e ML-based optimization of sextupole strengths are under way.
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Beam lifetime & DA

e After more than 200 Ah of vacuum conditioning, currently beam lifetime is ~¥1 hr@ 100 mA, primarily
limited by Touschek effects.

e Beam lifetime effectively improved w/ harmonic cavity and a local bump in R18 arc region.
e ML-based optimization of sextupole strengths are under way.

e DA measured with pre-dump kickers (4.5us pulse, all bunches) or injection/extraction/pre-extraction
kickers (4ns/10ns pulse, single bunch) and BBB or TBT data acquisition.

¢ A long-standing issue that has troubled us, “smaller orbit, smaller DA”, solved recently with a local
bump in R18 arc region.

Hkicker at 250 V, Vkicker at 0 V, 36 evenly filled bunches
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| Injection commissioning

e Swap-out injection based on high-energy accumulation in booster is adopted.

e The bottleneck of the whole injection process is the beam transmission efficiency from the booster to

the storage ring. This efficiency gradually increased to ~90%, especially after applying a local bump in
R18 arc region.

e For the timing mode (63 bunches uniformly filled), max. beam current of ~100 mA achieved
(7.3nC/bunch).
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| |D commissioning

¢ ID orbit feed-forward systems are operating stably, effectively compensating for changes in global
closed orbit caused by ID gap variations for all IDs.

e In-vacuum ID magnetic alighment performed, w/ local bump at ID or ID girder alignment.

e A UO feed-forward system is under development to control significant changes in beam

synchronous phase and bunch lengthening induced by UO (energy loss per turn) varlatlons from
insertion device gap changes. —

ID orbit feed-forward system Beam position variation control w/ FF system
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| Storage ring commissioning milestones

e Commissioning started from July 23, 2024, and passed the accelerator KPP test on Sep. 29, 2025.
e Total time of 14 months including shutdowns for equipment installation in between.
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Operation




| Machine operation

e Since passing the acceptance review (Oct 29, 2025), we have delivered photon beams to beamlines
for a total of about 70 days, supporting both beamline optimization and initial user experiments
(Dec 4-24, 2025, Jan 19—-Feb 11, 2026, and Apr 7-May 1, 2026).
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| Orbit stability during user time

e Combination of FOFB and RF frequency feedback contributed significantly to suppressed beam
fluctuations and long-term orbit drifts. Interference between the ID tuning activities of different
beamlines was markedly reduced.
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| Orbit stability during user time

e Short-term orbit stability: beam position fluctuations < 10 % beam size at the ID light source point .

e Long-term orbit stability (>10h): position drift < 10 nm, and angular drift < 3 nrad at the ID light
source point.

Short-term orbit stability: 0.02-500Hz@80mA, 5s FA data Long-term orbit stability: 100mA, >10 h SA data

| Position jitter std: 1-10 um
! Angle jitter std: 0.5-2 yrad
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Statistical Analysis of Faults During Beamline time

® We defined that if the beam trip or top-up current is below 98mA, it will be recorded as a fault.
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ll Measures to address beam loss/trip

e To address beam loss/trip caused by various factors during operation, we focus on:
m Developing diagnostic tools for rapid fault source identification (bunch-by-bunch BPM & RF signals) .

m Enhancing hardware stability to reduce failure rates, and maintaining sufficient spare components for
guick equipment replacement.

Integrated display of fault Beam loss diagnosis based on bunch- Beam loss diagnosis based on RF singals
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ll 2hd user time period, faults statistics & analysis

Shutdown —  Warmup — — — usSer — Maintenance I—> |ySer—> Maintenance 2—» —> user —> Shutdown

T operation (Run 1) |
T _shutdown T_warmup Tuserl T M1 T user2 T M2 T _user3 T _shutdown

T _user_nobeam T user with beam

26/1/18.2/3 Swtisis

T user 465h50min L
ber of d . Availability for user :

Number of downtimes 2 T ith b

A_user = —————°T7-94.91%
Total downtime 23h44min T _user
A_user(Availability) 94.91%
MTBF" 21.05h

MTBF*: mean time between failure
MTTR® 1.18h

MTTR®: mean time to repair
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ll 3rd user time period, faults statistics & analysis

Shutdown —  Warmup — — — usSer — Maintenance I—> |ySer—> Maintenance 2—» —> user —> Shutdown

T operation (Run 1) |
T _shutdown T_warmup Tuserl T M1 T user2 T M2 T _user3 T _shutdown

T _user_nobeam T user with beam

26/4/7:5/3 Swtisis

T user 498h7min L
ber of d " Availability for user :

Number of downtimes T ith b

A_user = —————°T7_96.05%
Total downtime 19h42min T _user
A_user(Availability) 96.05%
MTBF" 18.4h

MTBF*: mean time between failure
MTTR® 0.76h

MTTR®: mean time to repair
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Injector status

e The injector primarily operates in a 2.5 nC bunch
charge mode with a repetition period of about
2 seconds, and overall operation remains stable.

e Operation Mode
o Charge: 2.5nC
o Repetition period: ~2 s

e Extracted orbit shows diurnal variation
o Pea k—pea k: ~80 Lm (H) / ~40 m (V) **Statistical results are derived from data points within 1.21 — 2.8, 2026

¢ Beam availability: >99% igﬁf.n.lz-zozs.z.u
Total downtime ) %
e MTTR* = < 50min

Num of failure

e Top failure sources:
o Power Supplies
o Kicker
o Timing

(e ) HIGH ENERGY *MTTR: mean time to repair :
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15t round
2025.12.3-2025.12.25

11 BLs, 60 proposals,
1718.5 hours, 210

users, 35 institutions

80 GB/s
60 GB/s
40 GB/s
20 GB/s

0 kB/s

Pilot Proposals

2" round

2026.1.16-2026.2.11

12 BLs, 162 proposals,
3132 hours, 498 users, 80

institutions

Write Throughput

2026-02-09 19:03:00
== HEPS 72.4GB/s

Physics
Environmental Science 11%
2%

Medical science
6%

Mean
234 MB/s
17.2 MB/s
70.2 MB/s
= Ali 5.99 MB/s
MBH 0 kB/s
HXMT 1.02 MB/s
== HEPS 33.3 GB/s

== BES
== DYB
== JUNO

Last*

338 MB/s
1.64 MB/s
270 kB/s
0kB/s
0kB/s
0kB/s
5.33 GB/s

Max

1.09 GB/s
35.2 MB/s
491 MB/s
29.1 MB/s
0 kB/s
53.2 MB/s
72.4 GB/s

2 Rounds 1 3BLs involved
222 proposals conducted
48505 Beamtime/hours

708 visiting users 91 institutions

452 TB Raw & processed data

60575 datasets

Data collected from Initial
commissioning phase

19:00 19:05

18:35

:('!Clo 18:40 18:45 18:508 ENERGY 19:10 19:15 19:20 19:25 |
= o H EPS PHOTON SOURCE HEPS IAC Meetlng 2026 May 14, 2026 51



Highlighted Applications
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= Summary

» As a green-field fourth-generation synchrotron radiation light source, HEPS's
construction and commissioning faced various challenges, but have been
progressing basically on schedule (2019-2025).

» HEPS has successfully passed the performance acceptance review, and now
pilot user experiments are underway.

» HEPS is planned to be open to users globally in mid-2026.
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Currently max. beam current ~ 40 mA

« Right after the beam storage, we
met a great vacuum bottleneck.

Beam experiments and tunnel
iInspections revealed that a silicone
rubber ring was left in the extraction
light pipe of the R20 vacuum chamber,
which caused extraordinary outgassing
when synchrotron light is hitting on it.

« Now the current limitation is from RF
power and voltage

In May to July of 2025, full installation
of harmonic cavities (499.8 MHz) and
fundamental cavities (166.6 MHz) is
underway, which will enable substantial
current enhancement
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