Development, commissioning and
high-current CW operation of 166.6 MHz
HOM-damped SRF modules at HEPS

Pei Zhang
(Institute of High Energy Physics, CAS)

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France



Outline

* Introduction to HEPS

* |ntroduction to HEPS RF system
* Development of 166.6 MHz SRF modules
 |nstallation, commissioning & operation

 Summary

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France



Introduction to
HEPS



Landscape of the 4th-gen SR facilities
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High-energy 4th-gen SR facilities
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High Energy Photon Source (HEPS)

* Project outline

- A diffraction-limited SR light source (4"-gen)

- The 1st high-energy SR light source in China
- Location: Huairou Science City, Beljing

- Construction time: 06.2019 — 12.2025

- Land: 650,667 m?, Building: 125,000 m?

- Budget: 4.76B CNY (~=$652M)(incl. materials,
civil constr. & commissioning, excl. labor costs)

- Funding: Central government + Local
government + Chinese Academy of Sciences
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HEPS in Huairou Science City (Beljing

100.9 km2 5 large science facilities
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HEPS In general

« HEPS accelerator complex

Storage Ring - Linac: 500 MeV, 49 m

. Eil)%go?;g;n - Booster: 500 MeV to 6 GeV, 1 Hz, 454 m
yori S .
w/ ABs, and AB/BLG cell - Storage ring: 6 GeV, top-up, 1360 m
€" 34 pm @ 6 GeV
Booster Commissioned in 2025, currently in pilot runs
} C~454m 0.5-6 GeV
; €~ 36 nm @ 6 GeV aramete alue
_____ |\ LB ;).n-axis swap-outinjecFion+ Beam energy 6 GeV
RB igh energy accumulation :
~dump Circumference 1360.4 m
Lattice type Hybrid 7BA
Hori. Natural emittance [z pm-rad
Brightness >1x1022 *
Beam current 200 mA
[1] Y. Dong et al., IPAC2026, TUI2MO2. : :
[2] H. Xu et al., RDTM 7, 279-287 (2023). Injection mode Top-up -
[3] Y. Peng et al., RDTM 4, 425-432 (2020).
[4] C. Meng et al., RDTM 4, 497-506 (2020). *: phs/s/mm?/mrad?/0.1%BW
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Milestones: construction
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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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Milestones: commissioning

« 2024.07, commissioning of SR started

« 2025.03 ~ 2025.05, joint commissioning of accelerator and beamlines

« 2025.05 ~ 2025.08, installation of SRF cavities and IDs, re-alignment of BS and SR
« 2025.08 ~ 2025.10, beam current ramped up to 100mA, KPPs delivered
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Introduction to
HEPS RF system



RF work package: definition

* Goal: The design, construction and commissioning of the radio frequency system for

the booster ring and the storage ring of the High Energy Photon Source (HEPS).

* Objectives
- Complete the development, integration and commissioning of 6 sets of 499.8 MHz normal-
conducting RF systems, 5 sets of 166.6 MHz SRF systems and 2 sets of 499.8 MHz SRF

systems with the following specifications fulfilled.

Parameter
RF frequency

Design specification of the HEPS RF System

Number of cavities

RF technology
RF voltage per

cavity (Vc)

Cavity QO (at Vc)

Cavity field amplitude stability (pk-pk)
Cavity field phase stability (pk-pk)

RF power per transmitter

HOM control

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France

499.8 MHz 166.6 MHz 499.8 MHz
6 5 2

NCRF SRF SRF

= 1.35 MV =1.1 MV =1.7 MV
= 29000 > 5x108 > 1x10°
+1% +0.1% +0.1%

+1° +0.1° +0.1°

= 90 kW =200 kW =200 kW
Inlet water T. Heavy damping Heavy damping
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RF work package: scope

System A9
Radio Frequency
P. Zhang

A9.2 A9.3 A9.4 A9.5
High-Power RF RF Control INTG & CX Interface
T.M. Huang Q.Y. Wang Q. Ma, Q.Y. Wang F.C. Zhao

A9.1.1 166MHz
SRF Cavity
X.Y. Zhang, L. Guo

A9.1.2 500MHz

SRF Cavity
H.J. Zheng

A9.1.3 500MHz

NCRF Cavity
T.M. Huang

A9.1.4

Ancillaries: Tuner
Z.H. Mi

A9.1.5 Ancillaries:
HOM Damper

A9.2.1
166MHz SSA
H.Y. Lin, Y.L. Luo

A9.2.2
500MHz SSA
J. Li, Y.L. Luo

A9.2.3 Power

Transmission
T.M. Huang

A9.2.4

Power Coupler
T.M. Huang

A9.3.1
Low-level RF
Q.Y. Wang

A9.3.2
RF Interlock
H.Y. Lin

A9.3.3
DAQ & Database
D.B. Li

A9.3.4
Diagnostics
Q.Y. Wang, D.B. Li

A9.4.1 Cryomodule
Assembly
Q. Ma, J. Dai

A9.4.2
Cryomodule Testing
X.Y. Zhang, H.J. Zheng

A9.4.3 RF System

Integration
F.C. Zhao, H.Y. Lin

A9.4.4 RF System

Commissioning
Q.Y. Wang, T.M. Huang

A9.5.1
Acc. Physics

H.J. Zheng, Q.Y. Wang

A9.5.2 Cryo. &

Vacuum & Mech.

Q. Ma, X.Y. Zhang

A9.5.3
Acc. Control

D.B. Li, Q.Y. Wang

A9.5.4 Radiation

Protection
F.C. Zhao

A9.5.5 Civil const.

& Utilities
F.C. Zhao

RF: Radio Frequency, SRF: Superconducting RF, NCRF: Normal-conducting RF
HOM: Higher Order Mode, SSPA: Solid-State Power Amplifier
INTG: Integration, CX: Commissioning

F.B. Meng

A9.5.6 I_nstallation &
Version: 2023.08.22 Ny

P. Zhang, “HEPS RF System Project Management Plan”, IHEP Internal Note: IHEP-HEPS-AC-RF-TR-2018-003-V3, 2023.
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RF work package: main deliverables

* RF cavities / SRF modules
- 5 sets of 166.6 MHz SRF cavity modules 6 NCRE cavities

- 2 sets of 499.8 MHz SRF cavity modules
- 6 sets of 499.8 MHz NCRF cavities

2.4MW CW SSAs
13 RF controls

 High-power RF
- 5 sets of 166.6 MHz 260 kW solid-state power amplifiers
- 2 sets of 499.8 MHz 260 kW solid-state power amplifiers
- 6 sets of 499.8 MHz 100 kW solid-state power amplifiers

 RF controls
- 5 sets of 166.6 MHz RF control systems
- 8 sets of 499.8 MHz RF control systems

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France
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Main features of HEPS RF system

* Double-frequency RF system: 166.6 MHz + 499.8 MHz

« Active harmonic RF for bunch lengthening, compatible w/ on-axis swap-out & on-axis
accumulation injections

« SREF for storage ring, normal-conducting RF for booster ring
 Heavy damping of higher order modes for storage-ring SRF cavities

« Solid-state amplifiers (SSAs) for all RF transmitters, digital low-level RF control
e | | A “00kw

Booster
(0.5-6 GeV)

(mmm]) 166.6MHz SRF
(=) 499.8MHz SRF

N 499.8MHz NCRF Storage ring
V Solid-state amplifier (6 GeV)

P. Zhang et al., "Radio-frequency system of HEPS”, Radiation Detection Technology and Methods 7, 159-170 (2023).

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France
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Main RF parameters

499.8 166.6 499.8  MHz
Normal-conducting Superconducting Superconducting -
5-cell B=1 quarter-wave 1-cell elliptical -
Mature product In-house new dev. In-house dev. -

RF voltage per cavity 1.35 (op.) 1.2 (op.) 0.91 (op.) MV

1.9 (design) 1.5 (design) 1.75 (design)

70 (61 cav. + 9 beam) 191 105 KW
100 (c.w.) 260 (c.w.) 260 (c.w.) KW
+19%, +1° +0.1%, +0.1° +0.1%, +0.1° :
Digital LLRF (in-house dev.) i
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RF cavities

500MHz PETRA-type 166MHz quarter-wave 500MHz KEKB-type
5-cell copper cavity B=1 SRF cavity 1-cell elliptical SRF cavity
(Booster) (Storage ring) (Storage ring)

Procured from RI In-house development In-house development

(Minor modifications) (New design) (Mechanically-improved)

[1] T. Huang et al., “Design modification and high-power tests of the 500 MHz normal-conducting 5-cell cavities for HEPS”, JINST 19, PO6031 (2024).

[2] P. Zhang et al., “Development and high-current cw operation of 166.6 MHz high-power, HOM-damped 8 = 1 quarter-wave SRF modules at HEPS”,
Phys. Rev. Accel. Beams 29, 032002 (2026).

[3] H. Zheng et al., “Development and tests of the 499.8 MHz srf cryomodules for HEPS”, JINST 19, P10031 (2024).
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High-power RF

« Transmitter type: SSA
 Power transmission

Storage-ring RF

- 9-3/16" coaxial rigid lines for 166MHz 1x499.8MHz
. 260kW SSA :
-WR18OO rectangular waveguide for 500MHz | \ 7
» High-power circulator for each SR RF station _ .~ v/ \'?\
260K SSAS 1% 499.8MHz
Booster RF SRF cavity

6%x499.8MHz 100kW SSAs

1X499.8MHz 7 > o

@ LLRF rack cabinets

- % ‘F —
| N\
\ w, o = % 5x166.6MHz  RF hall surface
) 1X499.8MHz SRF iti .
LLRF rack cabinets H;" ‘W caviies area: 2400 m?

N SRF cavity
6X499.8MHz copper cavities (in tunnel)

RF hall surface area: 1600 m?2

. . . P. Zhang et al., Radiation Detection Technology and Methods 7, 159-170 (2023).
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RF control

* In-house development: LLRF, RF interlock, Beam trip diagnostics, Operator

Interface, RF local EPICS database

(7]
a8
a
=
n
o
=

Cry0 ready j-
Other Cavities !

-

»{ Tuner controller

RF
Database

Pre-amp

I Directional coupler

Beam trip
Diagnostics

Beam
signal

Pf! Pr: Pt

LAN Operator

Interface

DL

Reference signal

EPICS
('SS

control system studio
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10175 mA
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RF interlock

Beam trip diag.

Q. Wang et al., IPAC2023, THPAO88.

. fem T ]_I o o u o u o Total Beam Power(166MHz)  366.21 kW
. CaVIty 166 HOM Power  4055W R35CAVZ RIGCAVI  RIGCAVZ R3TCAVA  R37CAVZ R3IBCAVA RAOCAVZ Total Voltage(166MHz) 433 MV
RE switch Circulator S00HOM Power 1049 W Total Voltage(s00MHz)  1.04 MV
ML omoN Leal WL owoR  Leet WL onol  Leal WL ool Leat ML omoN Leal WL ool Leaal ML onort  Loal
® @ ’ ’ ’ 4 ’ ’ 4 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
Ve 0.01 MV Ve 0.0 MV Ve 0.86 MV Ve 0.85 MV Ve 0.77 MV Ve 0.92 MV Ve 1.02MV
LLRF_Phase -146.79" LLRF_Phase 172.81° LLRF_Phase 811" LLRF_Phase -8.70° LLRF_Phase 121.32° LLRF_Phase 6.89° LLRF_Phase -153.49"
Pt Cav_Phase(") 1229 Cav_Phase(") 6.1 Cav_Phase(") -78.4 Cav_Phase(") 423 Cav_Phase(") 193 Cav_Phase(") 1443 Cav_Phase(") 217
L] 0.0kw P_fwd TTkW P_fwd 8T.4kW P_fwd 78.9 kW P_fud 838 kW P_fwd T6.TkW P_fwd 143kw
o Prefl 0.0kw Prefl 5Tkw P_refl 5.5 kw P_refl 55 kw Prefl 9.1kw Prefl a8kw Prefl 82.4kw
SSA interlock @ = _beam -0.0kW P_besm STAkW P_beam s2.4 kW P_beam TiBkW _beam T33kW P_beam TI3kW P_beam -68.6 kW
Q" c synpha-c 91.1deg synpha-c 42.2 deg synpha-c 19.5 deg synpha-c 3T.4adeg synpha-c 19.9deg synpha-c 40.1 deg synpha-e 131.2deg
g = % cplr_vac 1IETPa cplr_vac 1567 Pa Cplr_vac 14E-TPa cplr_vac 1.6E-TPa cplr_vac 1.8E-7Pa cplr_vac 206-7Pa Cplr_vac 13E-7Pa
[ g) L Vac_up 1.8E-7Pa Vac_up 9.8E-8Pa Vac_up 24E-8Pa vac_up 8.5E-8Pa Vvac_up 29E-8Pa Vac_up 1.1E-7Pa Vac_up 7.2E-8Pa
o 5 o CavVacin  S.IE-BPa CavVacin  11E-7Pa CavVacin  17E-TPa Cav_Vac_in 1.06-7Pa Cav_Vac_in 0.060 Pa Cav_Vacin  1.9E-7Pa Cov_Vacin  S.3E-8Pa
g w CavVacout  S52E-BPa Cav_Vacou  13E7Pa Cav_Vac_out  9.BE-BPa Cav_vacout  1.5E-TPa Cav.vacout  1.6E7Pa CavVacout  33ETPa Cav_Vacout  S.6E-BPa
[e] @ Vac_down 2.2E-6Pa Vac_down 2.4E-8Pa Vac_down 21E-6Pa Vac_down 2.9E-8Pa Vac_down 2.0E-6 Pa Vac_down 1.1E-7Pa Vac_down 2.5E-6Pa
o Rad 1033.29 uSv/h Rad 223.69 usv/h Rad 223.69 usv/h Rad 206.29 usv/h Rad 206.29 uSv/h Rad 1294.15 usw/h Rad 0.01 uSv/h
I n t e rI ocC k : Sl g n al R Interlock RE Interlack RE Interlock RE Interlock REinterlock
Display
A
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High-level schedule of RF WP

HEPS RF System

2019

2020

2021

2022

2023

2024

2025

Sub-system

Q3| Q4

Q1

Q2| Q3

Q4

Q1

Q2| Q3

Q4

Q1

Q2| Q3

Q4

Q1

Q2| Q3

Q4

Q1

Q2| Q3

Q4

Q1

Q2| Q3

Q4

500MHz NCRF cavities

Booster SSAs

Booster LLRF

Booster RF instl. (S1, S1b)

Booster beam CX (S1, S1b)

166MHz SRF modules

500MHz SRF modules

SR SSAs

SR LLRF
SR RF instl. (S1c)
SR beam CX (S1c)

SR RF instl. (S2)

SR beam CX (52)
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Milestones of RF WP

Oct. 2021, prototype SSAs passed SAT

Nov. 2021, first 166MHz SRF cavity developed and exceeded specifications
Oct. 2022, all normal-conducting cavities passed SAT

Nov. 2023, first 166MHz CM developed and exceeded specifications

Jun. 2024, all 500MHz CMs developed and exceeded specifications

Sep. 2024, all SR SSAs passed SAT

Jun. 2025, all 166MHz CMs assembled and tested, exceeded specifications
Jul. 2025, all 166MHz and 500MHz SRF cavities installed in SR

Aug. 2025, storage-ring SRF system commissioned

, 166MHz + 500MHz SRF cavities accelerated 100mA beam g

Oct. 2025, HEPS commissioned and passed acceptance tests

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France
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Development of
166.6 MHz SRF modules



Choice of RF frequency

Injecting bunch  Stored bunch

. .
1 [ —— T

1 [l

]

Y\ <2.5ns

Physics drive

Kicker voltage

Low emittance
v
On-axis beam ; — —
accumulation Total width of the kicker system
injection Technology Technology
1| limitation readiness
Two RF frequencies Kicker system Use 500MHz as
to make two RF total width ~6ns harmonic RF
buckets

166.6 MHz (fundamental RF)

499.8 MHz (harmonic RF)

[1] G. Xu et al., “On-axis Beam Accumulation Enabled by Phase Adjustment of a Double-frequency RF System for ...”, IPAC2016, WEOAAO2.

[2] Z. Duan et al., “Top-up injection schemes for HEPS”, eeFACT2016, TUT2HA4.
[3] S. Jiang and G. Xu, “On-axis injection scheme based on a triple-frequency rf system for ...”, Phys. Rev. Accel. Beams 21 (110701) 2018.
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166MHz cavities: demanding requirements

Design challenges Specifications
. Low frequency SRF: 166.6MHz, =1, SRF

_ _ RF frequency 166.6 MHz
* High current: 200mA — heavy HOM damping:

Q, <1000

o1

No. of cavities

Operating temperature 4.2 K
« High RF power: 190kW c.w. per cavity Design voltage (Vy) 1.5 MV
« Compact: Ilmlte_d_ straight section space (6 >1x10° -
meters for 2 cavities) <40 MV/m
 Reasonable cryogenic heat load and <65 mT
acceptable loss factor Operating voltage (V,,) [l MV
« Stable operation (user facility): large margin 190 KW

In RF parameters Loaded Q 5x10%

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France 24



166MHz SRF cavities for electron acceleration

1400

m B=1 elliptical cavities
o HIiZ:—[;aZZvities i I~ \ ' |
g 800 |
% 600 | <£Ug- CSCCS
o N/ ipti i ~BA=B=
. Medium-p cavities Elliptical cavity length: ~SA [)’f
" ;gqner-w;ve Resc.mator . ‘ ’ . ’ @ d E”|pt|CaI Ca.VIty Of 166-6 MHZ becomes
B ot vy prohibitively large (A of 166.6MHz: ~1.8m)
T f  QWR: unconventional acceleration path
T [ E HO Jb * New application of SC QWRs as main acc. cavities
Vo i
: af
JUU USRS T Y R -
. —) L ow-f§ QWR . ! !
T BQ_ First of its kind
] X —> Crab cavity
—— % - | ==+ 166MHz =1 New development

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France
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166MHz SRF cavities: new development

« First of its kind in the world: low-frequency, =1, high input power, heavy HOM damping,
guarter-wave structure, compact geometry -> require new design

 In-house, two-step approach, 9 years of continuous development

« Atotal of 8 bare cavities and 5 jacketed cavities produced and tested, met specifications

Proof-of-Principle (PoP) cavity, 2016-2019, demonstrate prod. technics and surface treatment

» Optimization proposed
- Repl. pin pickup w/ loop
- Elongate FPC Nb tube
- Improve FPC cooling
- Strengthen HPR ports

to series production

1 s | W = ! S Y=
el [N j
e+ ' f]’.’
3 - Y
3

HOM-damped cavity,

[1] P. Zhang et al., Rev. Sci. Instrum. 90, 084705 (2019). [2] L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024).
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Cavity RF design

 RF design focused on manageable cavity size, minimized peak fields
« A slope on inner conductor cone (2.07°) to improve LHe flow & increase HOM

frequencies for HOM extraction and damping

« Quantity and location of ports optimized to ensure HPR efficacy and geometry integrity

00000

Magnetic field

8 Area acessible by one HPR port
[ Area acessible by two HPR ports
|| Area acessible by three HPR ports

Less rinsed
area

400

__________

Outer
conductor

880

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France

TABLE Il. Rf parameters of the 166.6 MHz HOM-damped cavity.

Parameter Value Unit
Frequency 166.6 MHz
Operating voltage V,, 1.2 MV
Designed voltage V 1.5 MV
Designed gradient E,. 12.5 MV/m
Peak surface electric field E, at V4 39.7 MV/m
Peak surface magnetic field B, at V4 62.1 mT
By/Ep 1.56 mT/(MV/m)
Stored energy U 15.6 J
R/Q (=|V|*/wU) 138.9 Q
Geometry factor G(= Rs - Q) 56.1 Q

[1] P. Zhang et al., Rev. Sci. Instrum. 90, 084705 (2019).
[2] L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024).
27



RF design: HOM damping options

Petal + HOMC

CWG + FPC

RT beamline absorber (LBP)

H. Zheng et al., IEEE Trans. Appl. Supercond. 34, 3500309 (2024).
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RF design: HOM damping

All HOMs satisfy the impedance requirements.

Parameter

Bunch rms length (mm)
Kiom (V/PC)

Beam current (mA)
Bunch number

Bunch charge (nC)

Longitudinal impedance (Q)

Average HOM power (kW)

(a) M1

f=166.6 MHz, RIQ =139 Q, Q =1.3E10

. aEE

f=463.7 MHz, RIQ =45 Q, Q = 576
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High charge | High brightness
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200 200
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ne 2026, Gif sur Yvette, France
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[1] H. Zheng et al., IEEE Trans. Appl. Supercond. 34, 3500309 (2024).
[2] P. Zhang et al., Phys. Rev. Accel. Beams 29, 032002 (2026).
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RF design: Multipacting

« Three soft MP bands, easy to clean by RF conditioning during VT and HT

Normalized SEY curves after different surface treatments MP during VT compared with simulation
(@) LEP  Eacouvim) (b) REP  Eaccuvim) () LBP  Eaccmvim) . @LEPOS-2MV 1
0.1 0.25 1 25 10 25 0.1 0.25 1 25 10 25 0.1 0.25 1 25 10 25 - N
i —A—Ar Disch i
120 8 i smeon||  12|-a 300G Bakeou 12|{o e BT

] 1 2 A‘* 1 P 9
1 O \
L o8 ; 408 o oo

L . L(})_I

D06}

D os

0.4
0.2

0.4

~-<SEY>_LBP —=-<SEY>_LEP —-<SEY> REP - Q0_VT1 « Q0_VT2

9 2E+09
0 0 0 .
0.01 0.1 1 3 0.01 0.1 1 3 0.01 0.1 1 3 2% 7
Ve(MV) Ve(MV) Ve(MV) 18 .
(d) LEP (e) REP (N LBP 1.6
14
. 5 s
5 0.8
& ":r:, “ 04
0.2
Vc = 0.06MV Vc = 0.6MV Vc=1.5MV 0 2E+07
0 02 04 06 08 1 12 14 16 18 2

Ve (MV)
[1] L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024).
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Cavity mechanical design

* Design challenges introduced by LBP enlargement (170 mm -> 505 mm)
- Low gap tuning sensitivity (reduced capacity due to large iris of 240mm)
- Excessive tuning stiffness: large bellows required
- Significantly increased peak stress: optimize cavity geometry, add stiffeners & supports

B: Static Structural s
—’_"‘._\\ Equivalent Stress 2 .y
1\ Type: Equivalent (von-Mises) Stres ‘“
I'i L, Unit: MPa —
[} ‘ Time: 1 ‘
a =
B 166.21 Max :
145.44
1 = 12467
A o1 103.9
A i = 83128
L ¥ £ 62356
- . 41,584
.. Unit: mm I 20.812
LBP bellow elliptical shape 0.040355 Min
(¢566mm) 1 atm on flanges
equivalent force
’ 102.21 Max

Tuning force

Fixed block
constraining
bellows from

moving axially

Boundary conditions B

of jacketed cavity in = A

Cryomodu|e Fixed in vertical Free in beam 68
direction direction

Fixed surface during
cavity frequency tuning

90.853
79.499
68.145
56.79
45.436
34.082
22.728
11.374
0.020009

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France [1] L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024). [2] X. Zhang et al., NIM-A 947, 162770 (2019). 31




Cavity mechanical design

 In all working conditions, the stress on cavity/string meet safety requirements
« All mechanical parameters satisfy design specifications

* Freq. shift from He pressure < 5% BW
** |_orentz detuning freq. shift < 1% tuning range

70 — . - . ( - - - -0.88
NBEEra=ranmasEnsEs
_ 10%% 2 Tuning sensitivity / 34.1 kHz/mm
g 20 —e—dt/dp =]
E i —®—LFD coefficient| 1-09 T Tuning stiffness / 9.4 <10 KN/mm
N —
<30} df/dp target | 001 & Tuning range at4 K/ 0-76.6 kHz
K®) ’ =
B 20} / \\‘\\’ 3 Tuning force at 4K / 0-19.3 KN
1-0.92
10— BPfixed | T —T¢ T o BPs fixed 6.7
P I Pressure sensitivity <27.5* Hz/mbar
0 20 40 60 80 100 120 140 160 . Kt=30kN/mm  20.3
tuner stiffness (kN/mm) BPs fixed +20
Buckling Microphonics: >100Hz Af (£3mbar) <825 kHz
Type: Total Deformation 2’5";;“’23! ?gg"zrﬂ:ti"" Kt:30 kN/m m i 60 . 9
Logg r::(iplier (Linear): 11.616 Uni?: mmy' -
- s BPs fixed -0.89
i i W o LFD coefficient <5** Hz/(MV/m)?
077778 ::ggg Kt=30kN/mm -0.90
O gzzg ! = BPs fixed -114
B LFD at V, (1.5 MV) <781  Hz
g o ey oy 100 Kt=30kN/mm  -139

125.00

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France [1] L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024). [2] X. Zhang et al., NIM-A 947, 162770 (2019). 39



Cavity fabrication

« Strict quality control implemented RF surface: 1.72 m?
- Nb material inspection, RF surface quality management, welding deformation correction

v 31 parts v 14 parts [— ]
v 30welds || v EBW

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France 33



Cavity surface treatment

« Established BCP recipes for bare cavities, no chemistry required for jacketed cavities, all ports
protected by SS shields during welding — VT performance: jacketed cavity = bare cavity

Annealing Clean assem

bly

120°C baking

120°C ba

Leak check

Jacketed ,
Cavity |4 - (08

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France 34




BCP improvement

« Enlarged LBP leads to extreme diameter ratio (max/min ~17x), significantly affecting acid flow
direction and distribution, making uniform etching difficult, surface features observed & removed

' ' ol Air chamb
Issue Solution Before “ ' L 3 lrc er

Streak features in Modified BCP setup to increase
LBP transition region acid flow velocity in LBP transition
region guided by fluid simulation

cecccccssscns

-----

Non-uniform cavity Optimize etching time in different

etching orientations, thickness monitoring
Uneven etching Increase monitoring points, use ) —

. 5 5 5 . 5 Yelockyln Bt Freme 1E-02 L—®— Original fixture
amount on right end  cavity inclination angle to fine tune o [ - Improved fixure
plate etching uniformity 21840001 .

1.456e-001

7.280e-002
I 1E-05
0.000e+000

[m s*-1]

Velocity (m/s)

Air-chamber on FPC  Modify BCP fixture, adjust position
port Nb tube of flow guide tube

Acid residue Wipe or light BCP for 5 minutes
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Cavity vertical tests

« Excellent cryogenic performance achieved: optimized procedure ensuring no field-emission
onset & considerably reduced multipacting occurrence

« Good performance preserved from bare to jacketed cavities (no chemistry after jacketing)

« Series cavities outperformed qualification criteria (6 out of 7)

Vertical test results of 166MHz SRF cavities

ettt o0 & @ (VL 1T, jucketed, 20 « CAVO06: welding defect, degraded
i : AV, VT, 2 i
Admin. Vc @ VT: 2MV |, QW VLo cavity performance degraded
_ ' ' j " E Q ECAVS,VTQ, 4K§
o . , j j 1 O Q0 (CAV3, VT2, 2K . :
Sidid.ad s “::‘:‘": :i:a'um ;, . ; : O Q0 (CAV3, VT, jacketed, 2K) ® CAVOZ-J drOp dent, no |mpaCt on
e p S5 a—ad sk ) 3@ (i cavity performance
i ; Bo, 3108 < Q0 (CAVA, VT, jacketed, 2K) yp
i ..MAMMAM.. : MAMAAAA: o, = A Q0 (CAVS, VT2, 4K)
[ Loeee, . . Jip 2 A Qo (CAV5, VT2, 2K)
Ada ""I" . 000, 2 < A Q0 (CAV5, VT, jacketed, 2K)
S I lll‘“ L[] Ly 1.+ = B Q0 (CAVG, VT2, 4K)
i . " w41 100 s W Q0 (CAV8, VT, 4K)
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Single-cavity module or two-cavity module?

* Requirements: avoid direct synchrotron light irradiation on cavity surface, bellows, RF-
shielded gate valves; Acceptable loss factor; Interchangeability; Ease of maintenance.

<6.086 m

(@) s el ': e e K Beam direction
- 880 L 40 60 | 369 369 | 20 | 440 880 | —
- i s S i, hn ] [am) 160 | 240 | 160 7 [ 14 T i T e ! :
130120753 226 | 1220 \ﬂ; i 220 475120130 « SR check
e | B . :}g*[[ L -
ﬂ'ﬂ\éﬁ * Interchangeability X
/|l e 3= I L del| Compact V
2lIZe 8 |3 l\ / g 2| B m] =]
olgele | 3 83| 8 [s|z|2| - 3.345V/PcV
B R e s o - S —— | o238 I 38| = [5/8|=
glalzl 8 [iz5 § s|g2|® BEEIERGEE
2 |3|° 2 [iT3 [ Cavity Thermal™ HOM Taper | § @ | 5 | Taper HOM + Thermal Cavity 3| a [°8|a
5|g o | iR break i |absorber| transition | § S | transition |absorber| i break L & g|a
3|2 =3 beam tube; Beam tub ] 2 = |3
(b) e R A -
633.5 | 260 440 ; 6335 260 ! 440 880 : Beam dlr'ectlon
= ¢ - - - ' o T T - '
s [ P | T
: S - 1385
114775, 284 (75 200 |75 284 (757°°7114
IR i | "L ML« SR check V
: « Interchangeability V
=l 0|6 = |0 o°|o 5 qlolol<| ° Compact\/
S| =2 oz |18 = (2 - = ] =
1HE ES ol 2 |8 - g2 Blz|i| - 5.2V/PcY
~| &5 S 38 5| © |5 23 I8l
§|8[% colimating HOM Thermal == 1= 2 |3 Collimating HOM ' o=l = o
2| |® taper absorber| : break g [°| & |° \aper absorber | break g3 ["[2]2
o g transition bgam tube f“;’c g transition beam tube E% g o

X. Zhang et al., NIM-A 1059,168972 (2024).
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Cavity string

Gate valve

HOM absorber

Thermal break beam tube

Collimating
taper transition

1\_{

Dressed cavity ~ Gate valve

Shielded bellows

Vacuum pump

ower coupler

: . _ X. Zhang et al., NIM-A 1059,168972 (2024).
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Ancillaries: fundamental power coupler

Coaxial line

RF input w rt - Cold part
i nadll i iitis Parameter Value
9-3/16" Z ) Air outlet s
|

EGas helium outlet Max. power 200 kW (CW)
Water outlet . .
: Y Outer
- (& conductor %Oggﬁf; External Q 5x104
S ‘ flange
Water |n|et ) .\\\ . \;7‘ — — W"v;':"' ‘\ ;v. FPC type CoaXIaI’ Slngle WIndOW

RF win

Window type Coaxial disk with choke

inlet Inner . .
T-box  Airinlet Cgr"yggg; i 2 Coupling type Electric
Section A Section B Section C

—
[ [ \ / 14,767
_ A Max:15.13K Max:19.25K Max:15.05K 1e022
R s | it : "E Min: 4.3K | Min:4.44K | Min: 4.50K 1.278
[ | ] ]
4:300
K]
Section E Section D
) %

_ _ _ T. Huang et al., Review of Scientific Instruments 91, 063301 (2020).
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Cryomodule design

(@)

Vacuum __ = ©
vessel |

Magnetic shield —

a L

i

—— Thermal shield

Two-phase pipe

LHe level gauge

Jacketed cavity

I !

1540 mm

2792 mm

(2651 mm, between gate valve flanges)

lon pumps

Strong back

Support posts

clamps

1670 mm———

2500 mm

L;—,

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France

C-shaped

U—shped
braces

The cryomodule contains a single 166.6
MHz cavity, operating at 4.2 K

The LHe volume within the helium jacket is
89 L, and a two-phase pipe is placed on top
of the cavity, increasing the total LHe
capacity to 157 L

The LHe supply connects at both the top
and bottom of the cavity jacket to stabilize
helium pressure during cooldown

The outer conductor of the FPC is cooled
by helium gas evaporating from the LHe
vessel, with a regulated flow rate

The cavity string are supported by three U-
shaped braces. C-shaped clamps connect
the braces to the fixed blocks, ensuring
alignment through adjustable bolts and
spring washers

[1] R. Han et al., NIM-A 1070,170000 (2005).
[2] P. Zhang et al., Phys. Rev. Accel. Beams 29, 032002 (2026).
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Cavity and module assembly

é |
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« The process consists of 4 steps
(P Assembly of the cavity string in cleanroom

@) Integration of the cavity string and the cryostat
to form an intermediate assembly

@ Mounting of the ion-pump group with the
iIntermediate assembly in the cleanroom,
thereby finalizing the core module structure

@ Installation of the tuner and FPC’s T-box onto
the resultant structure.

Following these steps, a full module is constructed
 Advantages of the design & process
- Requires only one vacuum break

- Sealing port located far from the cavity and
oriented downward to minimize contamination
during final assembly

41



Cavity string assembly

* Due to large diameters, complex structure, and significant weight, the clean assembly posed
unprecedented challenges regarding vacuum sealing, cleanliness, and precision
- Entire process conducted in class 10 cleanroom
- Aluminum alloy 6082-T6 gaskets, developed in-house, used throughout the beamline assembly
- All large-aperture components were assembled vertically using a custom-built multi-directional
adjustable fixture and a Iarge heavy-duty forklift

SR ol |
v"{ﬁl‘]\ |'11I'“ln t”ws-@? s

v

Cavity string: length=2651 mm / weigh=612 kg
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Integration of cavity string and cryostat

« HOM absorber was baked first for over 48 h, followed by cavity string at 120°C for 48 h

« Cavity string transferred to the strongback and alignment performed between the cavity string and
cryostat’s vacuum vessel (+1.5mm in trans. dir. & £1.0mm in beam axis & <1mm offset for FPC)

« Various sensors, cryogenic pipelines, magnetic shielding, and thermal shielding were installed
« The cold mass was moved into the vacuum vessel, and the end plates were mounted
« Aleak check of the vessel and the cryogenic pipeline then followed

—Cavity FPC ——Large TBT Small TBT
140 4 —HOM absorber — Taper ——QGate Valve =~ ----- Vacuum

+1x10-2

Vacuum (Pa)

L 1x10°3

Temperature (°C)

0 10 20 30 40 50 60 70 8 90 100 110 120
Elapsed time (h)

Temperature readings and vacuum
pressure of the cavity string during baking
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Integration of ion-pump group, tuner, FPC T-box

 lon-pump group assembled in class 10 cleanroom
« Cryomodule was integrated with the ion-pump group in class 100 cleanroom
« After a leak check, the module was moved out of the cleanroom for tuner installation

 Finally, the module was transferred to the horizontal test stand (HTS) and the T-box of
FPC was installed

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France 44



Module cooldown at HTS

- 166.6 MHz cryomodule
Distribution |

" High-powe

- 1N . -
/ transmission line §%

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France

The HTS was equipped with a 260 kW SSA, a 300 kW circulator and a LLRF control system

Cooldown requirement: AT, ., <10 K & maximum cooldown rate <5 K/h
- These limits were specified to preventing vacuum leaks induced by excessive thermal stress
Entire cooldown process lasted 7~11 days, maintaining an average cooldown rate of 1.1~1.7 K/h

Time consumption for RF conditioning at HTS and in the HEPS tunnel

30

o (&)} o (6}

Conditioning duration (h)

(&)

= RT cond. (HTS) mmm4K cond. (HTS)
w4 K cond. (HEPS) —-0O-Cooldown (HTS)

mm RT cond. (HEPS)
-o-Warm-up (HTS)

R36CAV1 R36CAV2 R37CAV1
(166CM1) (166CM2) (166CM3)

R37CAV2
(166CM5)

R38CAV1
(166CM4)

12

10

Cooldown/warm-up duration (days)
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Cavity conditioning at HTS (RT and 4.2 K)

Conditioning at room temperature

- Up to 110 kW with the frequency detuned by 400 kHz to process the rf surface of the FPC
- Outgassing due to multipacting of FPC, ranging from 1 to 5 kW, consistent with simulations

Conditioning at 4.2K

- Cavity tuned to 166.6 MHz, process RF surfaces of both the cavity and the FPC
- Multipacting bands of the cavity were easily cleaned by RF power
- Following 10 to 26 hrs of RF conditioning, all cavities successfully reached 1.6 MV, exceeding the

design voltage of 1.5 MV
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Performance of 166 MHz SRF modules

166MHz cavities & CMs: HT and VT results at 4K

21.2 MV

100 T T T T 0 O O O O O, s O 0 [0 ) O Q0 (CAV2, VT, 4K)
Vc_o 1.5~1.6 : _ L, IEa
—F [ 00000000000 Admin. Vc @ HT: 1.6MV | & (A, 112 0
[ oo 3 A Q0 (CAV5, VT2, 4K)
QO @ Vc 0]¢ = 5e8 1.5~2.1e9 - [ q@sﬂﬂ&ﬁﬁgavg‘wooo oo 110° ¥ Q0 (CAVS, VT, 4K)
— [ AAA Op ¥ 9uge o000 3 D Q0 (CM1-CAV1, HT)
5 _nt AAAAAAAAARREM 38g82 o°°oo 4 10° W Q0 (CM2-CAV3, HT)
Radiation @ Vc op <500 0.08~84 }JSV/h R uﬁeeeeﬁﬁgﬁg&% 1 Q0 (CM3-CAVA, HT)
— 3 Q0 (CM4-CAVS, HT)
. i 2 Dopg2Aq ¥ 1% 2 e w @s-cavemm
Statlc HL @ 4K < 40 33~36 W " ‘ s : x nnﬂg ] 102 (Z X Radiation (CAV2,VT)
= | ! E o ! £ X Radiation (CAV3,VT)
. o | 100 = x Radiation (CAV4,VT)
Dynamlc HL @ 4K <21 5~7 W L 119 8 | x Radiation (CAV5,VD)
[ VT Target 10° E X Radiation (CAVS, VT)
. . . . . - ! 'g Rud?nli()ll ((:\11’('A\'I,HTJ
Calibrate the cryogenic heat load with the helium boil-off rate : /;:f =T it # | 2 Radiation C-cAY3 i)
Operation T t 3 adiation (CM4-CAV5, HT
o Heater power: 10 W |—Data 0 (c) I 1 i i P on X q10” : ::I:::f:i»:: :R:'! Et:i ::{;
g 9 2= —Fitting range . i Contamination likely from - # : adis 5-CAV2, HT) |
= LHe inlet R#=0.995 —— Linear fitting pe i} Calibration in HEPS tunnel ¥ 1 03
% go Valve closed _---95% confidence interval 30 + \:ix Y =-2991.13 x —33.20 3 repeated reassembly + i X 3 10
& o LHe inlet el 2 : = i X 4 1
2 4 LHe boil-off rate: e va'veefgen = - R?=1.00 WX Kom W % ek % K ¥ ¥ e g;gxﬁi,;;;&n“i X J10°
(a) -0.01497 %ls T =3 KA X i
60 20 4+ “::x\ 3 PR U R R P SR SR R NPT R 107
O g i ® @ o P P o P % Calibration at HTS | ~Sasa 10 0 2 1 6 8 10 12 14 16 18 20 Eacc (MV/m)
Elapsed time (S) S =_ — \\:\\:\\ | P B il PRI B | IR 1 " 1 " 1 a1 ikl P | V (MV)
12 2107 i 2?;,3:1;011.30 i /‘01:1 = 0.0 0.2 04 06 08 10 L2 L4 L6 L8 20 22 24°
% Heater power: 10 W _E:t‘iig - 2 (-0.01497, 10)‘1::1\ e 0 o e T 8o H e W o o, o e Epeak (MV/m)
E ol Rianc 0 5 10 15 2 25 30 35 40 45 50 55 60
61.15 Pressure variation in fitting range: e HTS X Tunnel RN S Bpeak(mT)
® (t) i e s o ----Linear (HTS) _ ----Linear (Tunnel) 0 10 20 30 10 50 60 70 80 90
© 11 -10 : + + + ; +
I I I I I e e -0024 -0022 -002 -0018 -0.016 -0014 -0.012 -0.01
Elapsed time (s) LHe boil-off rate (%/s)
® RF voltage: > 25% These results are equivalent to the levels observed
® Q0 @ 1.2 MV > 1x10°: a factor of 3~4 during vertical tests of the bare cavities, demonstrating

® FE radiation < 10 ySv/h for four modules: no FE, the success of the cryomodule assembly process.

mild FE for one module
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Heat load contribution

« Large heat load on LBP Dynamic heat load

2.3~3.7 46%~58%
0.16 3%

- Strict space limitation of cavity string,
shorter Nb beampipe length to ensure
sufficient transition from 4.2 K to 300 K

- Trade-off between loss factor & heat load

T YR

Static heat load
23.1%

B 1 arge beam pipe
I Power coupler
I Small beam pipe
B 200-POSTs

[ ] Vacuum barrier
I Safety valve pipe

I Pickup cable

- Cooldown pipe supports

1 1

[1] R. Han et al., NIM-A 1070,170000 (2005).
[2] P. Zhang et al., Phys. Rev. Accel. Beams 29, 032002 (2026). 4138% 9.5W
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B Thermal radiation

I Dressed cavity fixed supports

B [nstrumentation cables(4.2 K)
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Modules ready for installation

)
R —
n . - '_.,‘E’ T =
o o ; P b —

2 T ol | v 3
1 -. II - ~ h :';‘;‘ “E!a“ ‘ .
b l\“'i \\‘é i \ l!n“m = e

__\'1m< :7 ‘\9 -’ 2 ,
- —==" CM assembly &5 e
- clean booth ==&

assembly
clean room

) |
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Installation
& RF commissioning



Staged RF installation & commissioning

« Commissioning strategy (modified, pragmatic approach)
- S1: Initial beam commissioning using 500MHz “NCCs + SCC” RF configuration (vacuum scrubbing)
- S2: Install remaining SRF cavities as soon as they are ready w/ lower accum. beam dose (~41 A-h)
 Purpose
- Vacuum scrubbing of the SR: Large outgassing from sync. light irradiation on vacuum chambers

- Minimize contamination risk: Avoid exposing SRF cavities to vacuum incidents and gas absorption
- Allow more development time: Reserve additional time for the new 166MHz SRF cavities

Booster
(0.5-6 GeV)

Booster Booster
(0.5-6 GeV) (0.5-6 GeV)

(mmm) 166.6MHz SRF
[E=3) 499.8MHz SRF
Storage ring [ 499.8MHz NCRF Storage ring Storage ring
VY Solid-state amplifier (6 GEV) V¥ Solid-state amplifier (6 GeV) ¥ Solid-state amplifier (6 GeV)

Booster CX (2023.08~2023.11) S1: SR CX (2024.07~2025.05) S2: SR CX (2025.08-)

Vacuum scrubbing
Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France
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SR commissioning: stage 1 (07.2024~05.2025)
. Total RF voltage: 3.85MV

« Total beam power: 159kW, max. beam current: 60mA
« Stable op. for NCC (<90kW), limit for SCC (<180kW, <1.75MV)

150kw
l
6O¥ L4
4

SR cavity parameter

500NCC | 500SCC High reflection [EE=
2 1

No. of cavities « Vacuum threshold (Stage 1)

Rf frequency (MHz) 499.8 499.8 - 500SCC_cav < 1le-6 Pa, 500SCC_FPC < 1e-6 Pa
: - 500NCC _cav < 3e-5 Pa
Vc per cavity (MV) 1.1 1.65
) »0o SRinitial: 2NCC+1SCC, V_tot=3.85MV
Cavity wall loss 41 kKW ~0 kW | —Prnce) _
Coupling B=2 Qe=8e4 160 | [mam. ;[ ?S\lgg)) ’_,.—-""’j
= e
X140+ |7""" _,_—23! 1

Beam current 60 mA
UO (w/o IDs) 2.64 MeV
Forward power per cavity 88 kW 143 kW

120 |
100
80
60 |

RF power per cavity

Reflected power per cavity 3 kW 75 kW o

20

Beam power per cavity 44 kW 68 kW 0

0O 10 20 30 40 50 60 70 80 90 100
) ) ) Beam current (mA)
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SR commissioning: stage 2 (since 08.2025)
Equipment relocation & install.

. Relocate: 2xNC cavities (SR—BS) LIEEEILE] 2024.07~2025.05 2025.08~present 2026 onward

4x500NCC 6x500NCC 6x500NCC
- Relocate: 1x150kW SSA (SR—BS) E;OSter X S X S x S

* Installed: 5x166MHz SRF cavities
In SR to support 200mA current

2x500NCCs 5x166SCCs 5x166SCCs
1x500SCC 1x500SCC 1x500SCC

VEVER NSO 60MA (2.64MeV) 100mA (4.14MeV) 200mA (4.14MeV)

Vel [-M 500SCC: 1.65MV 166SCC: 1.2MV 166SCC: 1.2MV
500NCC: 1.10MV 166SCC ttl: 6MV  166SCC ttl: 6MV
Total: 3.85MV

" Stage 2: 5x166MHz SCCs, V_tot = 6MV, X=-10°, w/ HC

| [——Forward power
—Reflected power

< 180 200mA SN -Ta 500SCC: 143kW  166SCC: 112kW 166SCC: 193kW

< 160 : 500NCC: 88kW  166SCC ttl: 562kW 166SCC ttl: 964kW
5 140 Total: 319kW HC_Pb: -52kW HC_Pb: -104kW

© 120 15061y o 260Ky

g 100 100mA St ; 52 2

2 80

& 60 L

< 260kW
Booster Booster

166MHz cavities | (05-6GeV)

(0.5-6 GeV)
20 S 4 260kW
O 1 1 1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225 250 275 (@) 166.6MHz SRF @) 166
[=3) 499.8MHz SRF =) 499 -
Beam current (mA) o Storage ring EE 499.8MHz NCRF Storage ring
v (6 GeV) ¥V Solid -state amplifier (6 GeV)
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Milestones of RF inst. & CX

Booster ring

e Oct. 2023, Booster RF system commissioned

JNov. 2023, Booster ring commissioned

Storage ring

O Stage 1 commissioning
« Jul. 2024, Storage-ring RF system (stage 1) commissioned
 Aug. 2024, HEPS achieved 25mA current in storage ring

O Stage 2 commissioning
A Ug. 2025, Storage-ring SRF system commissioned
 Sep. 2025, 166MHz+500MHz SRF cavities accelerated 100mA beam
.

« Since Dec. 2025, HEPS in pilot user runs & machine studies
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Transportation

* Following successful qualification testing at HTS, all cryomodules were transported to the HEPS tunnel and installed in their

designated straight sections (distance ~ 1.5 km)

* Challenges: The cryomodules are heavy (~8 tons) and contain many thin-wall structures (~1.5 mm). They must remain stable
during transport and installation to avoid excessive stress that could cause contamination or vacuum leaks

* Result: The maximum recorded shock on each of the five modules (excluding supports) was below 0.5 g in all directions,
meeting transportation requirements. Vacuum integrity of all modules remained well maintained before and after transportation.

Six accelerometers
S2: I.BP ta er ;
il 3 pe

m-lfﬁm

S3: LBP GV

Air-ride flatbed truck

S6: LBP support Il S5: CM support [ Entire transportation process took ~4 h for each ‘module

Fulfilling the specification The lowest natural frequency 44Hz

2suma LOad (Max. recorded): S
; 55.742
E 20300 0.069(X), 0.219 (Y), and 0.33g (Z) F 48774
15.23 m

-
i 20503
13.936
6.9678
0 Min

5.0767
2.5384
0.00021026 Min

Max acc. (g)

Max acc. (g)

Max relative acc. (g)

0.60
0.50
0.40
0.30
0.20
0.10
0.00

0.60
0.50
0.40
0.30
0.20
0.10
0.00

0.60
0.50
0.40
0.30
0.20
0.10
0.00

IlIH 3!9

R36CAV1
(166CM1)

Ball lan

R36CAV1
(166CM1)

L

R36CAV1
(166CM1)

(a) Maximum recorded shocks (X)

1.68g

L o sl e

R36CAV2 R37CAV1 R37CAV2 R38CAVA
(166CM2)  (166CM3)  (166CM5)  (166CM4)

(b) Maximum recorded shocks (Y')

Ranlon Ruarfil |Ilﬂl.. IllHll

R36CAV2 R37CAV1 R37CAV2  R38CAV1
(166CM2)  (166CM3)  (166CM5)  (166CM4)

(c) Maximum recorded shocks (Z)

. - I.|H|I L

R36CAV2 R37CAV1 R37CAV2 R38CAV1
(166CM2)  (166CM3)  (166CM5)  (166CM4)

mS1:FPC

B S2: LBP taper
@S3: LBP gate valve
DS4: SBP gate valve
@S5: CM support
@S6: LBP support

mS1:FPC

B S2: LBP taper
BS3: LBP gate valve
0S4: SBP gate valve
@S5: CM support

@ S6: LBP support

mS1:FPC

B S2: LBP taper
BS3: LBP gate valve
0S4: SBP gate valve
@S5: CM support
@S6: LBP support
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Vacuum connections in the tunnel

« Cleanroom practices implemented during beamline connections with adjacent sectors to
minimize contamination to SRF cavities, RF WP responsible with Vacuum WP participated in

« First cavity valve opening (300K) on Jul 15, 2025: All cavities at 300K, closed after a few mins
- Before: 107 Pa (cavity), 107 Pa (vac. chamber); Upon opening: worst vacuum 1.6x10° Pa; Recovery: ~2hrs

« Second cavity valve opening (4K) before beam CX on Aug 11, 2025
- Before: 108 Pa (cavity), 10° Pa (vac. chamber); Upon opening: worst vacuum 5x107 Pa; Recovery: a few mins

1Y,
st U =

Purge w/ dust-free nitrogen Vacuum connection
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CR: ISO 6 static, ISO 7 dynamic -




the tunnel

11

166MHz SRF modules
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SOOMHz SRF modu'le In the tunnel

Lt

- = . //'

166MHz SRF

500MHz SRF
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Frist cooldown in the tunnel (11 days, 7CMs)

« All 7 CMs cooled down simultaneously (166MHz & 500MHZz)

 Cooldown requirements: max. AT < 10K, cooling rate < 5K/h
- Uniform cooling to minimize thermal stress on large flanges (505mm for 166MHz, 300mm for 500MHZz)

166CM
e — e § Average temperatures B2~B6: 166MHz cavities g
Cernox-CU, Rear . . . - -
S cryo:eq:B2:TavgA:ai 0N helium jaCket B1; B10: 500MHz cavities
N 07-22,300 K e

cryo eq:B4:TavgA:ai A
cryo:eq:B2:TavgA:ai
08-01,4K

100
1E-2

0

. . cryo:eq:B4:DeltA:ai
Maximum temperature CYRNEREDEAN b1, MK

. . ) 07-29,10K
differences on helium jacket

-100

1E-4

cryo:eq:B10:TavgA:ai [K]
-300 200

cryo:eq:B10:DeltA:ai [K]
-18-16-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 3.
L 1 1 L L L 1 L L 1 1 L 1 L L 1 1 L 1 1 L 1 1 L 1 1

1E-6
SR:RF:R36CAV1:VAC2 [Pa], SR:RF:R36CAV2:VAC2 [Pal,

SR:RF:R37CAV2:VAC2

-400

07-31,4E-7 Pa
x\. ;i g ,H\’J\Hw e 1“ ! g L : o o I /T

-500
cryo:eq:B2:DeltA:ai [K], cryo:eq:B3:DeltA:ai [K], cryo:eq:B4:DeltA:ai [K],

cryo:eq:B5:TavgA:ai [K], cryo:eq:B6:TavgA:ai [K], cryo:eq:B1:TavgA:ai [K],
cryo:eq:B5:DeltA:ai [K], cryo:eq:B6:DeltA:ai [K], cryo:eq:B1:DeltA:ai [K],

cryo:eq:B2:TavgA:ai [K], cryo:eq:B3:TavgA:ai [K], cryo:eq:B4:TavgA:ai [K],

8. SR:RF:R36CAV1:VAC2 Cavity vacuum pressures L3
© 07-22, 2E-7 Pa -
S SR:RF:R38CAV1:VAC2
N 08-01, 1E-8 Pa

2025-'07-23 07:25 07:27 07:29 07:31 08-02

Use TO1-T10 to calculate AT
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SR:RF:R37CAV1:VAC2 [Pa], SR:RF:R37CAV2:VAC2 [Pa],
SR:RF:R38CAV1:VAC2 [Pa], SR:RF:R35CAV2:VAC2 [Pa],
SR:RF:R40CAV2:VAC2 [Pa]



Conditioning at 4K

Vacuum threshold during 4K conditioning: 3x10~ Pa

2] = SR:RF:R36LLRF1:VC_Pt3 SR:RFER3GLLRF1:VC_PL3
1 o1 "1 24 21:43. 0.6 MV - 23:01,1.5MV ‘
. ] e 1 @ SR:RF:R36LLRF1:Vc_Pt3 ——
- E' 21:12, 0.6 MV
~ 1 =d ;
o = _,—'—J_/I.n.lﬂ..-—-\. Cavity voltage L
o - ad —— E -
o 1 - 0 F
4 S - SR:RF:R36LLRF1:Vc_Pt3 SR:RF:R36LLRF1:Vc_Pt3 L
o] . 20:56, 0.4 MV 22:46, 0.5 MV
e 3
< { &4 °
2 & ] 24
1 1 2 Forward power: red, Reflected power: green
ol.°1 o1 1 2 L SR:RF:R36CAVI:VAC2 — |
1% 1 29 L] 2138 Seepa SR:RF:R36CAVIPF &
=] <7 . - 23:01, 69 kW F™
- "] i
21384 o] =4
o 187 <] -
XEEIR U PR IR Wl | l Cavity vacuum o
= m & on 1 [ s
4] &€~ 12 Yun
£oju8l®_4{Z~E g
e=r oo ds 1zw] SR:RF:R36CPLR1:VAC >
vy B {re|a J=o D=
31 187 15_ 1% 20:41, 2E-5 Pa 9z
ol R P e [ E- g
H g 1 F o
Zo1%210 12 1534 Coupler vacuum g
:.:‘f"ﬁ.'.‘-_ﬁf’r-ﬁw.’g . Y
L) [+ 4 -1 . o
i i 1z 2 SR:RF:R36CAV1:rad SR:RF:R36CAV1:rad o
o S = e EE 22:47, 29 usSv/h g
E34%3]e {%52dn &=
v ERTYRTT Y] o]
m Lal o
[ w1 . . =0
- - E W
o & ] - Radiation E -
~=::2 " L
Tl = o o » A,
v °
o " 2
0= g o o . .
sS4 84 24 Pulse: 1, CW: 0
] 1 g
4 1 -~ w
<l 1 o B W
@ 4 5= F e
24 94 © ] o] F
] 1w
o ]l o7
o= 1 ] =l : :
1 e e] 139 RF ON: 0, RF OFF: 1
o ©- o
T 9 =24
. "7 o] |
|:_ e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
16:00 16:30 17:00 17:30 18:00 18:30 19:00 19:30 20:00 20:30 21:00 21:30 22:00 22:30 23:00 23:30
2025-08-03
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1E-10
SR:RF:R3I6CAV1:VAC2 [Pa]

1E-15

1E-20
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SRF cavities after RF conditionin

= HEPS Storage Ring RF System 2025/00/1122:28:30.661 £

R35RF2 (500MHz SCC) R36RF1 (166MHz SCC) R36RF2 (166MHz SCC) R37RF1 (166MHz SCC) R37RF2 (166MHz SCC) R38RF1 (166MHz SCC) R40RF2 (500MHz SCC)

INTL AP loop

Ve
Amp_set

Phase_set

P_fwd
P_refl
Cav_Vac_in
Cav_Vac_out
Cplr_vac
Cp_TOAAFHE
Cp_TO685
CIR_RL

Radiation

Auto conditioning

Cnd of i@

Pulse

Cooldown

Liquid Levle: LIE104_1
He Pressure: PI6210_1
Coupler He Flow: FI6213_

Total He Flow: FI4201

Freq. loop

ok

Tuned Local

1.20 MV

8.1E-9 Pa
8.4E-9 Pa
5.0E-8 Pa

28.5°C

0.03 usv/h

Pulseduty
10.000 %

4.467 K
4.381K
0.111K

91.424 %

1.147 bara

8.014 SLM
1.491 g/s

INTL AP loop Freq. loop Tuned

e
Amp_set
Phase_set
Cav_Vac_in
Cav_Vac_out
Cp_TOAS 4
Cp_To9E
iR gL
Radiation

‘Auto conditioning

Cnd of i)

Pulse Pulseduty

8.000 %

Delta T 2

Max NbTi Flange(T11,T12) 12.869 K

70.417 %
1.149 bara
29.588 SLM
1.491 g/s

Liquid Levle: LI6104_2
He Pressure: P16210_2

Coupler He Flow: FI6213_2

Total He Flow: FI4201

Local

INTL AP loop Freq. loop Tuned Local

Phase_set I
Cav_Vac_in E
Cav_Vac_out E
Cp_TO4SHA 47.0°C
Cp_TO9E 27.2°C
Radiation m

Auto conditioning

Cnd of i

Pulse Pulseduty

10.000 %

Cooldown

4.851K
4.347K
0.887 K

Delta_T_3
Max NbTi flange(T11,T12)
Liquid Levle: LI6104_3 70.417 %
He Pressure: PI6210_3
Coupler He Flow: FI6213_3 21.413 SLM

Total He Flow: Fl4201 1.491g/s

o

HH
HH

Tuned Local

NTL AP loop Freq. loop

w
Amp_set
Phase_set
Cav_Vac_in
Cav_Vac_out
-
Cp_TO9E
cir_mL
Radiation

Auto conditioning

Cnd of i

Pulse Pulseduty

50.000 %

Cooldown

5.123 K
4513 K
0.906 K

Delta_T_4

Max NbTi Flange(T11~T13)

"
5

71.463 %
1.149 bara
28.615 SLM

1.491 g/s

Liquid Levle: LIE104_4

He Pressure: PI6210_4

Coupler He Flow: FI6213_4

Total He Flow: F14201

INTL AP loop Freq. loop Tuned Local

Vc 1.20 MV
Amp_set

Phase_set

P_fwd
P_refl

Cav_Vac_in 1.0E-7 Pa

n
o
<
5
"
-]
=
Ll

Cplr_vac
Cp_T04A Sk 53.9°C
Cp_T09% 26.6 °C
CIR_RL
Radiation 14.12 uSv/h

Auto conditioning

Cnd of i

Pulse Pulseduty

6.000 %

o
o
o
a
o
£
3

4.727K
447T1K
0378K

Delta_T_5

Max NbTi Flange(T11-T13)
Liguid Levle: LI6104_5 70.537 %

1.149 bara
29.572 SLM

1.491 g/s

He Pressure: PI6210_5
[Coupler He Flow: FI6213_5

Total He Flow: F14201

Tuned Local

NTL AP loop Freq. loop

w
Amp_set
Phase_set
Cav_Vac_in
Cav_Vac_out
-
co.o
Radiation

Auto conditioning

Cnd of i

Pulse Pulseduty

10.000 %

Delta_T_6

Max NbTi Flange(T11~T13) 9.389K
Liquid Levle: LI6104_6 70.945 %

He Pressure: PI6210_6

[Coupler He Flow: FI6213_6 30.512 SLM

Total He Flow: F14201 1.491 g/s

o
HH

INTL AP loop Freg. loop Tuned Local

v
Amp_set
Phase_set
Cav_Vac_in
Cav_Vac_out
Cp_TOARSHA
cp_TO6
cir_aL
Radiation

Auto conditioning

Cnd of i

Pulse Pulseduty

50.000 %

Cooldown

4.342K
4.283 K
0.203 K

Hﬁ

Delta_T_10

Liquid Levle: LI6104_10 92.018 %

1.149 bara

8.019 SLM
1.491 g/s

He Pressure: PI6210_10
Coupler He Flow: FI6213_10

Total He Flow: FI4201
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Beam commissioning
& operation



Beam commissioning

* Aug. 12, 2025, SR beam commissioning began Admin. vacuum threshold

* Aug. 18, 2025, first bunch lengthening achieved (166MHz + 500MHZz) Ll e oL R caylies
« Sep. 12, 2025, beam current reached 100mA, beam power 310kW (HHC ON)

« Jan. 8, 2026, beam current reached 120mA, beam power 380kW (HHC ON)

* Mar. 7, 2026, beam current reached 150mA, beam power 468kW (HHC ON)

m
U (SEEE] Q. i SR:R45:DCCT:R45DCCT:Current SR:R45:DCCT:R45DCCT:Current
oz 09-12,100 mA - Beam current 01-08, 120 mA Ls
S+ 1 e~ k=
len 1 | Q.
EREA -
g3 of g
‘= " o2
el%sa) £
":j;?ﬁf A
olm= 1 U
Rz gel =&
& 8™ %o
o U L
I g
FLEDY Cryo sys. power loss c ' ; TEE
4= 1 . I H f~wn
ENSE | —_—! ryo sys. issue Cryo sys. maintenance ¥ RF conditioning P
ColZ a7 ) : Y]
e ine | : ! Partial warm-up £
e " 319 1 ~
aoiu.qo..‘ VU
U 34k -y
Eridg. | iEg
880G At
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Bunch lengthening

» Nearly ideally flat bunch distribution at - phasecont™® | HC control loop
arbitrary beam current . @ 2 @Cise _ .
-e.g. ~1.2 nC/ bunch, 28 mA @ 108 wsswgeos  ravgeros | COSIPS)=POAIDTVC)
. : e e Control target: d®Ps<1
bunches, ~ 3.2 times bunch lengthening <55 05 readback Ra0@s easbask | RE O tuning step: 0.05°
Courtesy Haisheng Xu (IHEP). — — Enable when 1b>30mA
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RF operation parameters at 100mA

HEPS Storage Ring RF Sy

; HEPS

2025/10/29
260kw 260kWw  260kw 260kW  260kw 260kW 260kW ERERAI] oGV
Beam Current  101.75 mA
Beam =i I-LI > |l| |'L| > Ill IJ-I > I-LI > I-LI > Total Beam Power ~ 297.56 kW
u u u |_| u u u Total Beam Power(166MHz) 366.21 kW
R35CAV2 R36CAV1 R36CAV2 R37CAV1 R3TCAV2 R38CAV1 R40CAV2 Total Voltage(166MHz) 4.33 MV
Total Voltage(500MHz)  1.04 MV
INTL OnfOFf  Local INTL On/OFF  Local INTL OnfOFf  Local INTL On/OFf  Local INTL On/OFf  Local INTL OnfOff  Local INTL  On/Off  Local
o @ s
Ve 0.01 MV Vc 0.90 MV Vc 0.86 MV Vc 0.89 MV Vc 0.77 MV Vc 0.92 MV Vc 1.02 MV
LLRF_Phase -146.79 ° LLRF_Phase 172.81° LLRF_Phase 8.11° LLRF_Phase -8.70° LLRF_Phase 121.32° LLRF_Phase 6.89° LLRF_Phase -153.49°
Cav_Phase(°) -122.9 Cav_Phase(") -6.1 Cav_Phase(") -78.4 Cav_Phase(®) 42.3 Cav_Phase(’) 119.3 Cav_Phase(®) 144.3 Cav_Phase(") -21.7
P_fwd 0.0 kw P_fwd 73.7kw P_fwd 87.4 kw P_fwd 78.9kw P_fwd 83.8 kw P_fwd 76.7 kw P_fwd 14.3 kw
P_refl 0.0 kw P_refl 5.7kw P_refl 5.5 kw P_refl 5.5kw P_refl 9.1kw P_refl 4.8kw P_refl 82.4 kw
P_beam -0.0 kw P_beam 67.4 kW P_beam 82.4 kw P_beam 71.8kw P_beam 73.3 kW P_beam 71.3kw P_beam -68.6 kw
synpha-c 91.1deg synpha-c 42.2 deg synpha-c 19.5 deg synpha-c 37.4deg synpha-c 19.9 deg synpha-c 40.1deg synpha-c 131.2deg
Cplr_vac 1.1E-7T Pa Cplr_vac 1.5E-7 Pa Cplr_vac 1.4E-T Pa Cplr_vac 1.6E-7 Pa Cplr_vac 1.8E-7T Pa Cplr_vac 2.0E-7 Pa Cplr_vac 1.3E-7 Pa
Vac_up 1.8E-7 Pa Vac_up 9.8E-8 Pa Vac_up 2.4E-8 Pa Vac_up 8.5E-8 Pa Vac_up 2.9E-8 Pa Vac_up 1.1E-7 Pa Vac_up 7.2E-8 Pa
Cav_Vac_in 5.1E-8 Pa Cav_Vac_in 1.1E-7 Pa Cav_Vac_in 1.7E-7 Pa Cav_Vac_in 1.0E-7 Pa Cav_Vac_in 0.0EO Pa Cav_Vac_in 1.9E-7 Pa Cav_Vac_in 5.3E-8 Pa
Cav_Vac_out 5.2E-8 Pa Cav_Vac_out 1.9E-7 Pa Cav_Vac_out 9.8E-8 Pa Cav_Vac_out 1.5E-7 Pa Cav_Vac_out 1.6E-7 Pa Cav_Vac_out 3.3E-7 Pa Cav_Vac_out 5.6E-8 Pa
Vac_down 2.2E-6 Pa Vac_down 2.4E-8 Pa Vac_down 2.1E-6 Pa Vac_down 2.9E-8 Pa Vac_down 2.0E-6 Pa Vac_down 1.1E-7 Pa Vac_down 2.5E-6 Pa
D etu ne d Rad 223.69 usv/h Rad 223.69 usv/h Rad 206.29 usv/h Rad 206.29 uSv/h Rad 1294.15 usv/h Rad 0.01 usv/h
RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock
2025-10-26 14:11:30, 17kW, cplr_arc 2025-10-20 06:16:13, 62kW, cav_vacout 2025-10-26 14:11:30, 44kW, eplr_are 2025-10-20 13:58:09, 55k W, cir_ry 2025-10-20 05:36:47, 3kW, eav_vacout 2025-10-29 03:45:29, 72kW, cav_vacout 2025-10-28 11:26:23, 24kW, cir_ry
MPS Fast Interlock MPS Fast Interlock MPS Fast Interlock MPS Fast Interlock MPS Fast Interlock MPS Fast Interlock MPS Fast Interlock
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RF operation parameters at 150mA

BST_RF_to_CC

260kwW

I_Y_I

HEPS Storage Ring RF System

260kw

260kwW

260kw

260kw

260kwW

l_LI

Beam =i

LI

P

R35CAV2

v
LI U

R36CAV1

R36CAV2

R36RF2 (166MHz SCC)

v
LI O

R37CAV1

R37TCAV2

R37RF1 (166MHz SCC)

INTL  OnfOff  Local
Ve 0.88 MV
LLRF_Phase -126.71°
Cav_Phase(’) =711
P_fwd 111.9 kW
P_refl 5.6 kw
P_beam 106.3 kW
synpha-c 34.1deg
Cplr_vac 1.7E-7 Pa
Vac_up 6.8E-8 Pa
Cav_Vac_in 9.6E-8 Pa
Cav_Vac_out 1.TE-7 Pa
Vac_down 3.0E-8 Pa

L

R38CAV1

R37RF2 (166MHz SCC)

INTL  Onfoff  Local
Ve 0.88 MV
LLRF_Phase 12731°
Cav_Phase(") -125.4
P_fwd 104.9 kW
P_refl 17.4 kw
P_beam 87.5 kW
synpha-c 47.1deg
Cplr_vac 1.7E-7 Pa
Vac_up 3.0E-8 Pa
Cav_Vac_in 0.0E0 Pa
Cav_Vac_out 1.5E-7 Pa
Vac_down 2.5E-6 Pa

2026/03/07 22:12:09.816

; HEPS

INTL  OnfOoff  Local INTL  OnfOff  Local
L ) J
Ve 0.03 MV Ve 0.88 MV
LLRF_Phase 169.94 ° LLRF_Phase 173.81°
Cav_Phase(’) 1471 Cav_Phase(") 8.1
P_fwd 0.0 kW P_fwd 116.5 kW
P_refl 0.2 kW P_refl 3.2kw
P_beam -0.1 kw P_beam 113.3 kw
synpha-c 91.8deg synpha-c 28.1deg
Cplr_vac 9.4E-8 Pa Cplr_vac 1.4E-T Pa
Vac_up 1.3E-7 Pa Vac_up 9.4E-8 Pa
Cav_Vac_in 4.2E-8 Pa Cav_Vac_in 1.0E-7 Pa
Cav_Vac_out 1.0E-9 Pa Cav_Vac_out 1.8E-T Pa
Vac_down 2.8E-6 Pa Vac_down 2.2E-8 Pa
Detuned
RF Interlock RF Interlock
MPS Fast Interlock MPS Fast Interlock

INTL  On/Off  Local
Ve 0.88 MV
LLRF_Phase -1.70°
Cav_Phase(’) 84.2
P_fwd 92.9 kW
P_refl 8.9 kw
P_beam 84.0 kW
synpha-c 49.1 deg
Cplr_vac 1.3E-7 Pa
Vac_up 2.2E-8 Pa
Cav_Vac_in 1.9E-7 Pa
Cav_Vac_out 9.1E-8 Pa
Vac_down 2.7E-6 Pa
RF Interlock

2026-02-25 13:10:18, 3kW, cplr_vac

MPS Fast Interlock

2026-03-07 20:29,MPSFast intl not by RF

RF Interlock

2026-02-25 14:41:18, 54kW, cir_ry

MPS Fast Interlock

2026-03-07 20:29,MPSFast intl not by RF

RF Interlock

2026-02-25 11:47:49, 7T8kW, cav_vacout

MPS Fast Interlock

2026-03-07 20:29,MPSFast intl not by RF

S SR Energy 6 GeV
Beam Current 146.00 mA
|l| - Total Beam Power  425.22 kW
|_I Total Beam Power(166MHz) 467.56 kw
R40CAV2 Total Voltage(166MHz) 4.40 MV
Total Voltage(500MHz) 1.16 MV
INTL  OnfOff  Local INTL  OnfOff  Local
Ve 0.88 MV Ve 113 MV
LLRF_Phase -22.20° LLRF_Phase 161.06 °
Cav_Phase(’) -154.9 Cav_Phase(°) -78.9
P_fwd 81.0 kW P_fwd 349 kW
P_refl 4.5 kw P_refl 77.1 kW
P_beam 76.5 kW P_beam -42.2 kW
synpha-c 53.4 deg synpha-c 104.8 deg
Cplr_vac 2.2E-7 Pa Cplr_vac 1.1E-7 Pa
Vac_up 9.8E-8 Pa Vac_up 5.7E-8 Pa
Cav_Vac_in 1.8E-7 Pa Cav_Vac_in 4.4E-8 Pa
Cav_Vac_out 3.3E-7 Pa Cav_Vac_out 5.0E-8 Pa
Vac_down 9.6E-8 Pa Vac_down 3.0E-6 Pa
|
RF Interlock RF Interlock
MPS Fast Interlock MPS Fast Interlock
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RF control performance at 100mA

« Excellent stability performance achieved and attributed to: high-performance LLRF
systems, low phase-noise SSAs, well-designed cavities, and proper grounding

Delta Marker 2

Ref Level 0.00 dBm ® RBW 3 Hz
¢ X%
* 1AP Clrw

Att 10dB SWT 145 (~1.5s) VBW 3Hz Mode Auto FFT
1 Frequency Sweep
o D2[1] -91.23 dB
Y 100.0 Hz
M1[1] -13.85 dBm

166.600 380 0 MHz

(a) Amplitude stability (166MHz SCC, R36CAV2)(100mA)

Beam current; 100mA
166MHz SCC (R36-2)

0.02 0.03 0.04 0.05 0.06 0.07

0 0.01
Time (s)

(b) Phase stability (166MHz SCC, R36CAV2)(100mA)

0.02
o 0.01
o
(@]
% 0 | 149 dfim L1 § 1o 0 Ik Sk i y 1 ' i :‘l|l' | L
= CF 166.600 38 MHz 1001 pts 2.0 kHz/ Span 20.0 kHz
2 -0.01 2 Marker Table
’ Type Ref Trc X-Value Y-Value Function Function Result
M1 1 166.60038 MHz -13.85dBm
-0.02 D2 M1 1 100.0 Hz -91.23dB
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 D3 M1 125%Hz 10873 68
Time (s)
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Cavity performance check: no degradation
166MHz HTS HEPS tunnel HEPS tunnel HEPS tunnel
(2023, 2025) (2025.08) (2025.11) (2026.04)
Cay # SL DL Rad DL HL tot Rad DL DL Rad
(W) | (W) (uSv/h) | (W) (W) | (uSv/h) | (W) (W) (uSv/h)
/ / /

~efie/\Vi 359 6.7 1.6x10° 0.10 5.3 2.0x10° 45.1 0.03 / /
~efe/\V2 327 7.0 15x10° 0.10 7.3 1.4x10° 47.2 0.03 / / / / /
~eyle/\ViN 353 6.3 1.6x10° 84 5.8 1.8x10° 445 12.50 / / 7.2 1.5x10° 74
~Eyle/\VP’N 33.4 51 2.1x10° 0.11 55 1.9x10° 383 12.59 / / / / /
=klle\VA 32.7 5.6 1.9x10° 0.09 6.2 1.7x10° 38.9 0.03 5.2 2.0x10° / / /
—j; °°"j~ 5] meeckccond.(1iS) WSRIcond. [HEFS) HEPS 166MHz SRF Modules: quality factor at 1.2MV
mm 4K cond. (HEPS) —0-Cooldown (HTS) =¢-Warm-up (HTS) 2 5E+09
30 12 B = HT at PAPS (2025)
% 3 » HEPS (2025.08)
3 25 10 = 2.0E+09 = HEPS (2025.11)
20 g ® HEPS (2026.04)
}% i % 1.5E+09
315 6 3 -
2 £ 5
:S 10 4 %s 8 1.0E+09
§ 5 2 1§ 5.0E+08 Op. spec
8
° R36CAV1 R36CAV2 R37CAV1 R37CAV2 R38CAV1 ° 0.0E+00
(166CM1) (166CM2) (166CM3) (166CM5) (166CM4) R36CAV1 R36CAV2 R37CAV1 R37CAV2 R38CAV1
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Beam trips during S2 CX & 3 pilot user runs

2025.08.11~2026.05.01

Total beam trips (RF recorded): 245

2025.08.11~2026.05.01 Beam trips by Genre RF interlock system recorded
® Ve m oA s leop m ey omLomoceokne o= ocne coneniives s ovecese [NtErlOCK events causing beam trips
Jher (2025.08.11~2026.05.01)

116 4%
26 119
s 2%
2 @
5 0%
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Beam trips during S2 CX & 3 pilot user runs

2025.08.11~2026.05.01

Others, 22, 9% Utilities, 4, 2% Others, 4, 5%

Cryo, 2, 1%

Temperature
, 13, 16% Vacuum,

28, 34%

Circulator,
20, 25%

Arc, 16, 20%

Total: 245 Total: 81

Beam trips (RF-recorded) Beam trips (RF caused)

Note: Beam-related trips include all non-RF and non-RF-interfaced subsystems, such as beam orbit, fast
orbit feedback (FOFB), magnet power supplies, kickers, vacuum systems, beamlines, etc.
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RF-caused beam trips in pilot user runs

Pilot User Run 1 Pilot User Run 2 Pilot User Run 3
(2025.12.03~2025.12.25) (2026.01.18~2026.02.11) (2026.04.04~2026.05.01)
(22 days) (24 days) (27 days)

Loop, 1, 8%

SSA, 1,
8% 4

Coolant,

Vacuum,

1, 50% 6, 46%

Vacuum, 9, 82%

Total: 11 (6.5%) Total: 2 (6.0%) Total: 13 (TBA)

« Signal interference: occasional (2 times in Run2, 1 time in Run3)

« Beam-loss-induced arc events: significantly reduced after implementing
logic-based arc discrimination, though still occasional occurrence

« Cavity vacuum trips: occasional, some linked to beam loss
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Open issues

Beam-loss induced arc Trigger MPS  Logic-based arc discrimination (impl.)
events » Plastic optical fiber to be installed
2888 SSA temp. & interlock signal  Trigger MPS Shielded closure to be installed in
interference (EMI) summer shutdown in 2026
S Higher FPC temperature for  Risk of failure » Coupling elements in procurement
two booster NC cavities * Reduced cavity voltage in operation
B SSA PSM high failure rate Not yet affecting  Under investigation
operation
One 166MHz circulator Not yet affecting  SAT to be completed, reinstallation for
returned to vendor for operation operation in summer shutdown in 2026
improvement
Piezo broken Not yet affecting  Experiments on low-voltage piezo
operation underway
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Summary

« Vacuum scrubbing phase using 500MHz RF system completed

« Booster RF and Storage-ring RF systems in nominal configuration and fully
operational

- Newly developed 166MHz SRF cavities in beam operation, demonstrated success

- First active SRF harmonic cavity operational in the first week, routinely elongating
bunch by a factor of 3

« Key issues identified and analyzed, countermeasures developed and being
Implemented

Commitment of RF WP to HEPS project success fulfilled.
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Ancillaries: beamline components

» Design considerations: heat loss, warm-end temperature (>dew point),
mechanical properties (stress/buckling), compact geometry

Thermal anchor (Cu)

LBP

Warm flange:
connect to Damper

= Total length

¥ Thermal break beam
tube (SS316)

Structural parameters and simulation results

Parameters LBP side SBPside Unit
Total length 440 284 mm
Wall thickness 2.5 1.5 mm
Position of thermal anchor 260 120 mm
Temperature of warm flange 290 288 K
Static heat load to 4 K 6.2 1.3 \\%
Static heat load to 80 K 87 6.1 W
Peak von Mises stress 49 11 MPa
Buckling load factor 24 207 -

A: Static Structural

_ Stress under 1.5 bar
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
. 48.997 Max
43.555

38113

3267

27.228
21.785
16.343

10.901
I 5.4583
0.01589 Min

B: Linear Buckling
Total Deformation
Type: Total Deformation
Load Multiplier (Linear): 24.118
Unit: mm

Buckling under 1.5 bar

1.0046 Max
. 0.89297
0.78135
0.66973
_ 0.55811
0.44649
‘ 0.33486
0.22324
I 0.11162

0 Min

» Aperture (505 mm to 63 mm)
 Collimating from 63 mm to 45 mm is required to
create shadows for downstream components

Parameter Value ﬂ
Taper: SS316
N

® of collimators (mm) 45

Water jacket & cooling

Spot length/height (mm) 34.5/0.7 channel: OFHC
Angle () 0.182 ColimnéloniCutizy
Safety distance (mm) 5 >
Irradiated power (W) 238 | :t
Power density (W/mm?) 11.63 P g
k; (VIpC) 5.324 ¢ ;‘7 +
B AT s
Max temp. on the spot of SR | 2. El .

incidence: 64 °C

A: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1

. 64.318 Max

59.616
54914
50.212
4551

” 40.808
36.106

31.404
I 26.702
22 Min

235W
11.75w/mm?2

200.00 400.00 (mm)
—

100.00 300.00
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Magnetic shielding

« Cavity beam axis placed in the east-west direction Locations of SRF
« Magnetic shielding consists of two layers, one outside of the cavities at HEPS
jacketed cavity at 4.2 K to prevent interference with LHe flow, i SR 0

and the other inside the cryostat at room temp. to enhance
shielding performance

« Maximum residual magnetic field measured inside the inner
shielding region was 30 mG, met the specified 40 mG and
consistent with simulation predictions

500MHz
T/ cavityx2

Residual magnetic field on the cavity Magnetic field measurements

e Meas., two layers e Meas., outer layer ¢ Meas., inner layer
---Simu., two layers ---Simu., outer layer ---Simu., inner layer

Shield at room Temp.
permalloy 1J85

-42.96 ’
- 40 - 1E+03 E‘—E— Cryomodul : :
35 el j Cavit S o s e g es
~3 : o™ :
- 30 © o E \\:\\ ° E ,/'/’ i ; &®
- it ik * : .-
25 (g +\‘ E ;\ 5 9 i i ’,«
- 20 = DS e P s
[11] : - ey N N W ,4".’
' Pl S N e e g 32 :
o 1E+01 N TR
- 10 \ )/
L 5 e i
b L ]
. -~ 0.31 i 1E+00 Lo oo b et 4o el 1 b 1 ba b b |
Shleld oy 1. Gt M3 - 0 40 80 120 160 200
| L (cm)

permalloy 1J79
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Frequency control and frequency tuning

« 166.6 MHz cavities require precise frequency control throughout the entire production,
treatment, assembly, and operation process
« All five cryomodules were successfully tuned to 166.6 MHz at 4.2K

167.6 —
i | s
[ Q 7 j trimming position -a-CM1  -o-CM2
16741 = +-CM3  ~-CM4
: 3
- CM5
1672} :
N [ ] T LEP: left end plate
T 1670} Gl ™ Liiiel
s i R\ = REP: right end plate
s Q\ N\ Z = OC: outer conductor
L \ o o ale
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Tuner system mounted on the
cryomodule’s endplate and connected
to the large transition beam tube

.. Fixed on beam |
pipe flange §
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Cryostat: mechanical reinforcement

« Exceptional cavity movement under tuning force & vacuum force observed on CM01

« Cavity end plate fixed by SS triangular plate on support posts. Additional reinforcement connecting
the cavity to the cryostat and the support posts was implemented to mitigate cavity movement

« The design ensures that 60% of the tuning displacement measured on the large beam pipe (LBP)
can be utilized for cavity deformation, reduced tuning sensitivity, requiring precise freq. control
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Displacement during cooldown/warmup

« The displacements of the beam pipes and the FPCs during both cooldown and warm-up
processes were measured using digital indicators mounted for all five cryomodules

« These displacement values subsequently used for module alignment inside the HEPS tunnel

« Shielded bellows installed on each side of the cavity string are used to compensate some of
these displacements (in additional to alignment allowance)

PRI Unit: mm s Cooldown = \Narm-up 0.2~0.9
1.5~1.7 LBP 2.0~2.4 Cryostat 0.4~0.9 SBP 0.7~1.2
633.5 260 - 440 880
il [
0.2~0.6 F __D_ pT = — n 75 0.2~0.7
200 =% | 284 | MTa21
. H o o 1 . .

] Collimating | ] i Beam direction
aper P Il =8 (= @® —
| transition

( 2

L o o n i z
Q

Shielded| § | ] all L _ 0205 [ Themal | o § I
bellows | © | 1 7 H Th | 2| &

; HOM breairtr:ezm Jacketed cavity beam tube | |5 g;_ Y X

= absorber fuibs < 2

- FPC ¥l @
[ D ﬂ 0.2~0.6

Pei Zhang | TTC2026 Meeting, 9-12 June 2026, Gif sur Yvette, France 81



False arc events: beam loss induced

FPC of each cavity is equipped with one dual-channel arc detector
False arc events dominated RF interlocks during initial commissioning of BS and SR
Observations: False arc events often accompanied by beam loss (due to unstable orbit), but
did NOT present typical features of a real arc:

- vacuum deterioration, reflected power fluctuation, electron current, heating
Validation experiments confirmed: tunnel arc frequently triggered, and often associated with
beam instabilities
Cause: beam loss induced X-rays, generate real optical signals inside the optical fibers
Impact: degraded optical fiber sensitivity, increased RF system trip rate

20250811~20251029, HEPS interlock Original arc detection setup (before 2025.11.12)
events (RF recorded)

Coolant: 2 (1.5986) ‘
RL: 10 (7.94%)
m: 43 (34.13%
Optical fiber cable

BS Arc: 20, SR Arc: 32 (Tunnel Arc)

Tunnel

|
|

|

|

|

|

: (Coupler Arc)
|

|

: Dual ARC Interlock
|

|

Detector Unit Controller
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Mitigation of false arc events

« Solution 1: logic-based arc discrimination (implemented)
- Interlock rule: FPC_arc = “Y” AND Tunnel _arc = “N”"
- Implemented in Nov. 2025, false arc events significantly reduced, proven effective

« Solution 2: modified fiber configuration (plastic optical fiber + low-loss optical fiber)
- Radiation-hard plastic optical fiber for high-radiation zone (inside tunnel, 10 meters, higher loss)
- Low-loss multimode optical fiber for low-radiation zone (outside tunnel, 30 meters)
- Procurement underway, to be implemented during the next long shutdown

20250811~20251029 SR & BS interlock events (RF recorded) 20260101~20260315 SR & BS interlock events (RF recorded)

Current arc detection setup (after 2025.11.12)
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