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HEPS: High Energy Photon Source

* |Introduction to HEPS & its RF system
 Hardware development highlight
 |nstallation, commissioning & operation
 Summary

Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France
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HEPS in general

* Project outline  HEPS accelerator complex
- A diffraction-limited SR light source (4th-gen) - Linac: 500 MeV, 49 m
- 15t high-energy SR light source in China - Booster: 500 MeV to 6 GeV, 1 Hz, 454 m
- Location: Huairou Science City, Beijing - Storage ring: 6 GeV, top-up, 1360 m

- Construction time: 06.2019 — 12.2025
- Commissioned in 10.2025, in pilot user op.
e o = - 53 ‘.‘.’;"‘_"—-j:;_c.-..~<,__.‘ﬁ

Parameter  |Value |Unit
6 GeV

Beam energy

Circumference 1360.4 m
Lattice type Hybrid 7BA

Hori. Natural emittance W pm-rad
Brightness >1x1022 *

Beam current 200 mA

Y S = , s Injection mode Top-up -

[1] Y. Dong et al., IPAC2026, TUI2MO02. *: phs/s/mm2?/mrad?/0.1%BW
[2] . Jiao et al., IPAC2026, TUP2601, TUP2602. 12M02
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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 (baseline)
& on-axis accumulation injections (in the future)

« Superconducting RF 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

Booster
(0.5-6 GeV)

(mm) 166.6MHz SRF

(=) 499.8MHz SRF

HI 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).
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Main RF parameters
Parameter | Booster) ___ SR(main)l ___ SR(HC)| Unit

499.8 166.6 499.8  MHz
Normal-conducting Superconducting Superconducting -
S-cell B=1 quarter-wave 1-cell elliptical -
Mature product In-house new dev. In-house dev. -
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
£1%, +1° +0.1%, +0.1° +0.1%, +0.1° i
Digital LLRF (in-house dev.) i
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RF cavities
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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]1 T. Huang et al., “Design modification and high-power tests of the 500 MHz normal-conducting 5-cell cavities for HEPS”, JINST 19, P06031 (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 1%499.8MHz
) 260kW SSA
- WR1800 rectangular waveguide for 500MHz \ oY
» High-power circulator for each SR RF station _ 4 “‘3\
2B0KN SSRGS 1%499.8MHz
Booster RF SRFcavily

6X499.8MHz 100kW SSAs

1%X499.8MHz
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@ LLRF rack cabinets

’ .
F. p
L Ny e
W Jw R 5x166.6MHz  RF hall surface
{ 1X499.8MHz SRF iti .
LLRF rack cabinets u:*“ w SRF cavity e area: 2400 m?

6%499.8MHz copper cavities (in tunnel)

RF hall surface area: 1600 m?2

P. Zhang et al., Radiation Detection Technol d 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

»| Tuner controller

. Cavity
Circulator

RF switch

Pt

SSA interlock

RF signal

Power, Temp, etc.

Signal

Display

>E
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<ff—

RF Beam trip
Database Diagnostics

Beam
signal

Cryo ready e

Operator

Other cavities et

Interface

Pf! Pra Pt
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Pre-amp

1l Directional coupler

EPICS
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Reference signal

(NS

control system studio
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& HEPS Storage Ring RF System T — o
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166 HOM Power 4055 W RISCAV2 RIGCAVI  R36CAV2 RITCAVI  R3TCAV2 R3BCAV1 R40CAV2

Beam Current 10175 mA
Total Beam Power  297.56 kW

Total Beam Power(166MHz)  366.21 kW
Total Voltage(166MHz) 433 MV
500 HOM Power 1049 W Total Voltage(500MHz) 1.04 MV

RISRFZ (S00MHz SCC) R36RF1 (166MHz SCC) R36RF2 (166MHz SCC) [R37RF1 (166MHzSCC)  R37RF2 (166MHz 5CC) R3BRF1 (166MHz SCC) R4ORF2 (500MHz SCC)

WL owoff Ll ML onoff  Leal W owoff  Leal WL owoff el WL onfo  Loal

°* @ ) ) J

W owol  Leal WL owolt  Leal

’ 2 ’ ’ J ’ ") - J ’ 4 y "] s

J
ve 0.01 MV ve 090 MV ve 086 MV ve 0.89 MV ve oTTMV ve 0.92MV ve 1.02 MV
LLRF_Phase -146.79° LLRF_Phase 172.81* LLRF_Phase 811° LLRF_Phase -8.70" LLRF_Phase 12132* LLRF_Phase 6.89° LLRF_Phase -153.49°
Cav_Phase(") -122.9 Cav_Phase(’) 61 Cav_Phase(’) -78.4 Cav_Phase(’) 423 Cav_Phase(’) 1193 Cav_Phase(") 1443 Cav_Phase(’) 217
P_fud c.okw P_fwd TLTRW P_fwd ST.4kW P_fwd T89KW P_fwd 83.8kw P_fwd T6.7kW P_fwd 14.3kW
P_refl o.0kw P_refl S.TkW P_refl 5.5kw P_refl 55kw Prefl 2.1kw Prefl a8kw P_refl 82.4kw
P_beam 0.0kW P_beam 6T.4kW P_beam s2.4kw P_beam TIBKW P_beam 733 kW P_beam TIIKW P_beam ~68.6 kW
synpha-c 1.1 deg synpha-c 42.2deg synpha-c 19.5 deg synpha-c 37.4deg synpha-c 19.9 deg synpha-c 40.1 deg synpha-c 131.2 deg
Colr_vac 1.1E-TPa Cple_vac 1,567 Pa Colr_vac 14E-7Pa Cplr_vac 1.6E-7Pa Cplr_vac 18E7Pa cplr_vac 2.06-7Pa Colr_vac 13E7Pa
Vac_up 1.8E-TPa Vac_up 9.8E-8Pa Vac_up 24E-8Pa Vac_up 8.5E-8Pa Vac_up 25E8Pa Vac_up 11E7Pa Vac_up 7.2E8Pa
Cav.Vacin  S1E-BPa Cov.Vacin  11E7Pa CavVacin  1TETPa Cav.Vacin  1.0E-7Pa Cav.Vacin  00EOPa Cov.Vacin  19E-7Pa Cav.Vacin  53E8Pa

Cav_Vacout  5.2E-8Pa Cav_Vacout  1.5E-7Pa Cav_Vacout  1.6E7Pa Cav_Vacout  33E-TPa Cav_Vacout  S.6E-BPa

Vae_down 2.2E-6Pa Vac_down 24E-8Pa Vac_down 21E-6Pa Vac_down 2.9E-8Pa Vac_down 2.0E-6Pa Vac_down 11E-7Pa Vac_down 2.5E-6Pa

Cav_Vacout  19E-7Pa Cav_Vacout  9.8E-8Pa

Rad  1033.29usv/h Rad 223.69 usv/h Rad 223.69 usv/h Rad 206.29 usv/h Rad 206.29 uSv/h Rad 129415 uSv/h Rad 0.01 usv/h

RF Interlock RF Interlock RF Interlock
30, 1T ok . st

RF interlock

Beam trip diag.

Q. Wang et al., IPAC2023, THPAO08S.
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Hardware development
highlight



166MHz cavities: demanding requirements

 Low frequency SRF: 166.6MHz, 3=1, superconducting cavities
 High current: 200mA — heavy HOM damping: Q,<1000

 High RF power: 190kW per cavity

« Compact: limited straight section space (6 meters for 2 cavities)

« Reasonable cryogenic heat load and acceptable loss factor

« Stable operation (user facility): large margin in RF parameters

—p
—

e : - « QWR, unconventional acceleration path
| | E HQY Jb « New application of SC QWRs as main acc. cavities
— I —
|
|
|
-

—> Low- QWR : Y
: — e First of its kind
| - Crab cavity
Va ‘ —== 166MHz =1 New development

P. Zhang et al., Phys. Rev. Accel. Beams 29, 032002 (2026).
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F QWR

HOM-damped 166MHz =1 SR

Electric field

V/m
1. 03e+07
9e-06
8e+06 —
Te+06 —
6e+06 —
5e+06 —A

4e+06 —

3e+06 —

O L H
Parameter Value

RF frequency 166.6
4.4
1.5
1.2
32
50
139
>1e9
>5e8
ExternalQ L
170
108
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Absorber
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403 - = —
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505 '
I. . ':
! 270 ! \
' 880
" Unit M2, 464 MHz, R/IQ =45 Q, Q =576
1E+05
MHz 28
2§ 1E+04 F
K Lt g’? —2th_1C(no_HC)
[ T evos BesENEN —2Zth_1C(w_HC)
MV 16405 | w2 a4 2o 28 4530 o ZL_SingleCavity (Simu)
MV F, ~ ¢ ZL_SingleCavity (CM1_meas at RT)
— 1E+04 @}\ — ¢ ZL_SingleCavity (CM1_meas at 4K)
MV/m S : g i o ZL_SingleCavity (CM2_meas at RT)
e [ ® ZL_SingleCavity (CM3_meas at RT)
& 1E+03 ® o
mT § ! F 5 A ZL_SingleCavity (CM5_meas at RT)
Q g' 1E+00 ! ” & o o OOO o e® o ZL_SingleCavity (CM4_meas at RT)
- + 3 O
3 e o o
- E . o Average HOM power
- B0 % o 7.3 kW / cavity
- 1E+00 [ I P S PR (hlgh_Charge mOde)
kW 400 900 1400 1900
Hy F(MHz) 2.6 V/pC (0,=5 mm)

[1]1 L. Guo et al., Rev. Sci. Instrum. 95, 074702 (2024).
[2] H. Zheng et al., IEEE-TAS 34, 3500309 (2024).

0.8 V/pC (0,=30 mm)
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166MHz SRF cavities: VT performance

« Established BCP recipes for bare cavities, no chemistry required for jacketed cavities,
excellent cryogenic performance demonstrated, optimized procedure ensuring no
field-emission on onset & considerably reduced multipacting

« Series cavities outperformed qualification criteria

Vertical test results of 166MHz SRF cavities

1010 & Q0 (CAVI, VT, jacketed, 2K)

® Q0 (CAVZ, VT, 4K)
O Q0 (CAVZ, VT, 2K)

o

Admin. Vc @ VT: 2MV

sond s aau

lolﬂ -

’Qk‘;+ _;xxxX

Operation Target X + o

I
b |
£
+X

+

{107
E ]O(i
1 10°

3 10°

Umg 1 10°
10° __,,,,,,,,,,,,,,,,,,,,,,,!!kp,.’,ﬁVTTargettf,,,.,!l..-x, ,,,,,,,, E ,
: 110

1 10!

110!

10° o Q

; 10°

Radiation (uSv/h)

1100

m Q0
o Qo
o Qo
4 Q
< Q0
< Q0
A
A Qo
A Qo
> Q0
v Q0
v Q0

(CAV2, VT2, jacketed, 2K)
(CAV3, VT2, 4K)

(CAV3, VT2, 2K)

(CAV3, VT, jacketed, 2K)
(CAV4, VT, 4K)
(CAV4, VT, 2K)

(CAV4, VT, jacketed, 2K)
(CAV5, VT2, 4K)

(CAV5, VT2, 2K)

(CAV5, VT, jacketed, 2K)
(CAV6, VT2, 4K)
(CAV8, VT, 4K)
(CAVS, VT, 2K)

Radiation
Radiation
Radiation
Radiation
Radiation
Radiation
Radiation
Radiation
Radiation
Radiation

(CAV1, VT, jacketed, 2K)
(CAV2, VT, 4K)
(CAVZ, VT, 2K)

(CAVZ2, VT2, jacketed, 2K)
(CAV3, VT2, 4K)

(CAV3, VT2, 2K)

(CAV3, VT, jacketed, 2K)
(CAV4, VT, 4K)
(CAV4, VT, 2K)

(CAV4, VT, jacketed, 2K)

Radiation (CAV5, VT2, 4K)
Radiation (CAV5, VT2, 2K)
Radiation (CAV5, VT, jacketed, 2K)
Radiation (CAV6, VT2, 4K)
Radiation (CAVS, VT, 4K)
Radiation (CAVS, VT, 2K)

Note: CAV06-bare has welding
defect observed after BCP

[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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166MHz SRF module

Compact: limited straight section space (6 meters for 2 cavities), accessibility for maintenance

Gate valve

HOM absorber

Collimating

taper transition Thermal break beam tube

Magnet|c Sh|e|d o— : Thermal Sh|e|d s Dressed cavity ~ Gate valve
— /4 TWO-phase p|pe Tapertransitio/: ) g V 7 ‘ _
Vacuum 0 © Shielded bellows 1~ = A N , gusldstiotions
vessel #— A !
0 LHe |eve| gauge e t¢ 'l ) W Thermal break beam tube
Vacuum pump
¢ ? |
Jacketed cavity
a
O g
e Strong back
&

Support posts

1 |
] (1] H

i Pi— 1540 mm -

2792 mm >
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(2651 mm, between gate valve flanges)

[1] P. Zhang, et al., Phys. Rev. Accel. Beams 29, 032002 (2026).
[2] X. Zhang, et al., NIM-A 1059, 168972 (2024). [3] R. Han, et al., NIM-A 1070, 170000 (2025).



166MHz SRF modules: HT performance

NI - Comfortable margin for all CMs
DX 2 1516 W _Rpyoiage: > 25%

Q, @ Vc_op > 5e8 1.5~2.1€e9 -
HELIEUTOR@RA ] < 500 0.08~84 uSv/h

- FE radiation: no FE ~ 1/6 of spec. thresh.

<21 5~7 W 166MHz cavities & CMs: HT and VT results at 4K

- Quality factor: a factor of 3~4

101 r T e e e 107 G Q0 (CAVZ, VT, K)
: : O Q0 (CAV3, VT2, 4K)
Admin. Vc @ HT: 1.6MV § s 2
. - 1. 110 AV4, VT, 4K
OOWQQQQOOOOOOOOO @ 2% EEAVSZ vi2, 3)
336&&88 daa_C000 410 ¥ Q0 (CAVS, VT, 4K)
‘qﬁ Ooo
LY\V.V.V.Y.V. VYN Waa e le) D Q0 (CM1-CAV1, HT)
AAAAEEEEB 388'82 °°oo 1 10t B Q0 (CM2-CAV3, HT)
“éee bt v 200 < Q0 (CM3-CAV4, HT)
é ﬁné AR Ji0 ~ | Ao (om-cavs HD)
v 2 2 00 Am < @ (OM5-CAVZ, HT)
; # ; L Opg J12 & | x Radiation (CAV2,VT)
‘ = n £ | x Radiation (CAV3,VT)
IO O A O A O R * I<> ,,,,,,,,,,,,,,,,,,,, 1100 & | * Radiation (CAV4,VD)
i 8 x Radiation (CAV5,VT)
| VT Target Jip0 B x Radiation (CAV8,VT)
= Radiation (CMI-CAVI,HT)
73_{ 4 100 % + Radiation (CM2-CAVS, HT)
+ ot + Radiation (CM3-CAV4,HT)
Operation Target o + Radiation (CM4-CAV5, HT)
i Y %x 310 + Radiation (CM5-CAVZ2,HT)
; + X % 410°
0 x XX
X3 o X 00K 3 X 0 o e R o e O X R o 410
||lll|l||||||A|||1||A|l|||ll||l||||||l10’5
0 2 1 6 8 10 12 14 16 18 20 FEacc (MV/m)
I|..I‘..I...I...l...l...I...l.:.l...l...l...I...IVC(MV)
0.0 0.2 04 06 08 10 L2 L4 L6 L8 20 22 24

.|.|.|.|.|.1.1.|.|.|.|.|.Epeak(MV/m)
£ 55 60

I I I 1 I 1 1 I I Bpeak(mT)
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Installation & RF commissioning



Milestones

Booster ring
I 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 uUg. 2025, Storage-ring SRF system commissioned

« Since Nov. 2025, HEPS in pilot operation & machine study

Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France
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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

150Ky,
y

: ' 260kW
Booster <
(0.5-6 GeV) (0.5-6 GeV) (0.5-6 GeV) R36
\ 4 260kW

(mmm) 166.6MHz SRF (mm) 166.6MHz SRF (W) 166.6MHz SRF
([=3) 499.8MHz SRF (=) 499.8MHz SRF [E3) 499.8MHz SRF
[ 499.8MHz NCRF Storage ring [ 499.8MHz NCRF Storage ring [ 499.8MHz NCRF Storage ring

¥ Solid-state amplifier (6 GeV) ¥ 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 (2025.08~2025.10)

Vacuum scrubbing
Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France 18
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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)

150K,
N
GO¥ L4
2 ‘

SR cavity parameter 500NCC 500SCC ST - =
2 1

No. of cavities

« Vacuum threshold (Stage 1)

Rf frequency (MHz) 499.8 499.8 - 500SCC_cav < 1e-6 Pa, 500SCC_FPC < 1e-6 Pa
- - 500NCC _cav < 3e-5 Pa
Vc per cavity (MV) 1.1 1.65
180 Staqe 1: 2.>< SOONCC +|1 ><50IOSCC: V_tot|=3.85IIVIV, ncl) HC
Cavity wall loss 41 kW ~0 kW 170—PI(NCC)l e
e | a0 Y G = ol
Coupling p=2 Qe=8e4 b R
U0 (w/o IDs) 2.64 MeV 2
Forward power per cavity 88 kW 143 kW %
Reflected power per cavity 3 kW 75 kW W saoMHz cavities
Beam power per cavity 44 KW 68 kW e 1

0 10 20 30 4I0 5IO 60 70 80 90 100
Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France BCEI U 19



SR commissioning: stage 2 (since 08.2025)
Equipment relocation & install.

» Relocate: 2xNC cavities (SR—BS) 2025‘(‘)-(?;;20025-05 20252-835%%% 6230256(3) (;)S\(/:vgrd
+ Relocate: 1x150kW SSA (SR—BS) gkt " : x s x s

- 2x500NCCs 5x166SCCs 5x166SCCs
* |nstalled: 5x166MHz SRF cavities 1x500SCC 1x500SCC 1x500SCC

in SR to support 200mA current TEAYOY 60mA (2.64MeV) 100mA (4.14MeV) 200mA (4.14MeV)

6] =T -3 500SCC: 1.65MV 166SCC: 1.2MV 166SCC: 1.2MV
S500NCC: 1.10MV 166SCC_ttl: 6MV  166SCC_ttl: 6MV
Total: 3.85MV 500SCC_ttl: 0.9MV 500SCC_ttl: 0.9MV

. Stage 2: 5x166MHz SCCs, V_tot = 6MV, X=-1O°, w/ HC

| [——Forward power
—Reflected power

< 180 200mA 1 ST\l 500SCC: 143kW  166SCC: 112kW 166SCC: 193kW

< 160 . S500NCC: 88kW  166SCC _ttl: 562kW 166SCC _ttl: 964kW
’g 140 Total: 319kW HC_Pb: -52kW HC Pb: -104kW

o 120

gmo S1 S2

100mA

" - 4 z
AU gy, z, . . 2
Booster s ‘ Booster

166MHz cavities | T

(0.5 - 6 GeV)

0 25 50 75 100 125 150 175 200 225 250 275
Beam current (mA)

Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France
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RF installation

Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France

Booster RF
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Transportation of SRF modules

« Maximum recorded shock: < 0.5g in all directions for all 166MHz modules during the entire

transportation & installation process

« All cavities transported under cavity vacuum via active pumping, vacuum integrity well preserved

Loading on truck

Pei Zhang | IPAC2026, May 17-22, 2026, Deauville, France

Freight transport (air-suspension)

Max rel. acc. (g)
© © o o o
- o] w B [3)]

o

Transportation of 166MHz modules from PAPS to HEPS:
maximum recorded shock (horizontal)

BS1:FPC
BmS2: LBP taper
mS3: LBP GateValve

I H I I DS4: SBP GateValve
ol ) e il e

R36CAV1  R36CAV2 R37CAVI  R37CAV2  R38CAVA
(166CM1)  (166CM2)  (166CM3)  (166CM5)  (166CM4)

Transportation of 166MHz modules from PAPS to HEPS:
maximum recorded shock (vertical)

mS1: FPC
mS2: LBP taper
mS3: LBP GateValve

Wﬂ WWWH IHM‘NHHI'"W'H IWWHIH mmmm 0S4: SBP GateValve

R36CAV1  R36CAV2  R37CAV1  R37CAV2  R38CAV1
(166CM1)  (166CM2)  (166CM3)  (166CM5)  (166CM4)
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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: 10-8 Pa (cavity), 102 Pa (vac. chamber); Upon opening: worst vacuum 5x10-7 Pa; Recovery: a few mins

g g A
g =

. CR:ISO 6 static, ISO 7 dynamic -

‘J ,: ; ‘, ‘ \ - ‘ \
Purge w/ dust-free nitrogen Vacuum connection
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166MHz SRF modules in the tunnel

24



500MHz SRF module |n the tunnel

166MHz 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 500MHz)

166CM
@ Cernox-CU, Front < Beam direction Front View 1 §_
O Cernox-CU, Rear
Cernox-CU, Rear
[=}
O
~
TOT T02°T03, 3
TO6!T T08
= @ o-

-100

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

T04 TO:

cryo:eq:B10:TavgA:ai [K]
—4|00 —3?0 200

-500

—6:2)0
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],
cryo:eq:B5:TavgA:ai [K], cryo:eq:B6:TavgA:ai [K], cryo:eq:B1:TavgA:ai [K],

-700

Use TO1-T10 to calculate AT
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Average temperatures
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Maximum temperature

differences on helium jacket

B2~B6: 166MHz cavities
B1, B10: 500MHz cavities
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SR:RF:R37CAV2:VAC2
07-31, 4E-7 Pa

T

el
[++]
o
—
o~
-1
<
=
0
—
[+4]
—
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Cavity vacuum pressures

SR:RF:R38CAV1:VAC2
08-01, 1E-8 Pa

T
2025-07-23

T
07-25

T
07-27

T T
07-29 07-31

08-02

SR:RF:R36CAV1:VAC2 [Pa], SR:RF:R36CAV2:VAC2 [Pa],

SR:RF:R37CAV1:VAC2 [Pa], SR:RF:R37CAV2:VAC2 [Pa],

SR:RF:R38CAV1:VAC2 [Pal, SR:RF:R35CAV2:VAC2 [Pa],
SR:RF:R40CAV2:VAC2 [Pa]
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Conditioning at 4K

Vacuum threshold during 4K conditioning: 3x10-° Pa

EAFxaa@i X

g- 1 ~7 - SR:RF:R36LLRF1:Vc_Pt3
o] 1 @4 ©J SR:RF:R36LLRF1Vc_pt3 2143, 0.6 MV
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o 1 § V- .
Jd1<d . _J—'—JJI.mﬂ X Cavity voltage
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i o 2- “w %)
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SRF cavities after RF conditioning

R35RF2 (500MHz SCC)

INTL  APloop Freq.loop Tuned Loca
v=
Phase_set
Fto
Preft
Cav_Vac_in
Cav_Vac_out
Gains
Cp_To4RS
Cp_ToS
cIR_RL
Radiation

Auto conditioning

Cnd of )

Pulse Pulseduty

10.000 %

Cooldown
4.467 K
4.381K
0.111K

Hﬂﬂ
!ﬁﬁ

Liquid Levle: LI6104_1 91.424 %
1.147 bara
8.014 SLM

1.491 g/s

He Pressure: PI6210_1

Coupler He Flow: FI6213_1

Hl
Hl
:
:
:

Total He Flow: FI4201

R36RF1 (166MHz SCC)

INTL  APloop Freq.loop Tuned Local

e
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<o 008
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o
o
3
a
o
£
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4.355K

Delta_T_2
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Liquid Levle: LI6104_2
He Pressure: PI6210_2 1.149 bara
29.588 SLM

1.491 g/s

Coupler He Flow: FI6213_2

Total He Flow: F14201

HEPS Storage Ring RF System

R37RF2 (166MHz SCC)

R36RF2 (166MHz SCC)

INTL  APloop Freq.loop Tuned Local
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Phase_set
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<o 008
iR R
Radiation
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R37RF1 (166MHz SCC)
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o
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He Pressure: PIG210_5
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Freq.loop Tuned Local
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26.6 °C
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6.000 %

13)
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29.572 SLM
1.491 g/s
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R38RF1 (166MHz SCC)

INTL AP loop
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Amp_set

Phase_set

P_fwd

P_refl

N
2
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[
~
5

Cav_Vac_out
Cplr_vac
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CIR_RL
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Pulse

Cooldown

Delta_T_6

Max NbTi Flange(T11-T13)

Liquid Levle: LI6104_6
He Pressure: PI621 ﬂ_ﬁ
Coupler He Flow: FI6213_6
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Freq. loop
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1.20 MV

48.8 kw
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49.6 °C
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Auto conditioning

Cnd of ) )

Pulse Pulseduty

50.000 %

Cooldown
4.342 K
4.283 K

Delta_T_10 0.203 K

Hﬁﬁ
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8.019 SLM

1.491 g/s

He Pressure: PI6210_10
Coupler He Flow: FI6213_10

Total He Flow: F14201

R40RF2 (500MHz SCC)

INTL  APloop Freq.loop Tuned Local
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Phase_set
Felod
Preft
Cav_Vac_in
Cav_Vac_out
SrlrLess
Co_ToARS K
Co_TOsH
cIR_RL
Radiation
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Cavity performance check: no degradation

mm Measurement at HEPS tunnel (20250805)
Ve(MV)| Q0 |[Vc(MV)| Qo0 |Dyn.(W)|Stat. (W)| HL_tot (W) | Rad (uS/h)
R36CAV1 12 20E+09 5.3 39.8 45.1 0,03

R36CAV2 1.2 1.4E+09 7.3 39.9 47.2
R37CAV1 =1.1 2 5e8 1.2 1.8E+09 5.8 38.7 44.5
R37CAV2 1.2 1.9E+09 5.5 32.8 38.3
R38CAV1 1.2 1.7E+09 6.2 32.7 38.9 0.03

14.12

mmmRT cond. (HTS) ~ mmm4K cond. (HTS) === RT cond. (HEPS) HEPS 166CMs: quality factor at 1.2MV
mm 4K cond. (HEPS) —0-Cooldown (HTS) =-¢-Warm-up (HTS)
R [ ®HT at PAPS (2025) = Meas. at HEPS (20250805) |
T o
225 102 2.0E+09
[e] [=
= S
@

520 8 £ 2 1.5E+09
s a o
315 6 2 -
© D ®
o £ g 1.0E+09
<10 4 =
= c
© 2 5.0E+08 :
g 5 & Spec.: 5e8
< 8

0 0o © 0.0E+00

R36CAV1 R36CAV2 R37CAV1 R37CAV2 R38CAV1 R36CAV1 R36CAV2 R37CAV1 R37CAV2 R38CAV1
(166CM1)  (166CM2)  (166CM3)  (166CM5)  (166CM4) (166CM1)  (166CM2)  (166CM3)  (166CM5)  (166CMd)
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Beam commissioning



Beam commissioning

* Aug. 12, 2025, SR beam commissioning began 1A ff&'_;‘-P‘;a]?;r“é“RtI? ';eas\zglei
* Aug. 18, 2025, first bunch lengthening achieved (166MHz + 500MHz)

« 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)

Y [==]=]

SR:R45:DCCT:R45DCCT:Current SR:R45:DCCT:R45DCCT:Current

wz100ma  Beam current 01-08, 120 mA

H.,
1E0

1E-2

[MV]

1E-4

Cryo Sys. power loss ___, Cryo sys. issue Cryo sys. maintenance ¥ RF conditioning
partial warm-up | . | “~ Partial warm-up

SR:RF:R38LLRF1:Vc_Pt3

Ty
1E-6

,
1E-8

Bunch lengthening

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

SR:RF:R37CAV2:VAC2 [Pa], SR:RF:R38CAV1:VAC2 [Pa]

SR:RF:R37LLRF2:Vc_Pt3 [MV],
0 02 04 06 08 10 12 1.4 16 18 20 22 24 26 28 30 32 34 3
PEPEFE EFEFEPERS ENEFEPENS EFEPEFERS BRI BN BRI EPEPEI SN ENENPE BN EEEPEPE BRI NI NI SN BN S

e ﬁmrw ‘ ”ﬂ

Cavity voltage

=
.
—
e S
1E-10

SR:RF:R36CAV1:VAC2 [Pa], SR:RF:R36CAV2:VAC2 [Pa], SR:RF:R37CAV1:VAC2 [Pa],

SR=RF-R36LLRF1:Vc_Pt3 [MV], SR-RF-R36LLRF2:Vc. Pt3 [MV], SR=RF:R37LLRF1:Ve_PE3 [MVI,
Ml |
1E-12

s7

-300 -280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120
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Bunch lengthening

« Nearly ideal flat bunch distribution at HC phase control HC control loop
arbitrary beam current o, | cos(®s)=Pbl(Ib*Vc)
- e.g. ~1.2nC /bunch, 28 mA @ 108 RIstargetos  Raowrgeros | CONtrol target: AQs<1°
bunches, ~ 3.2 times bunch lengthening efpen warses || RF phase tuning step:

R35 ®s readback R40 ®s readback 0.030,.,0.20 (3 gearS)
TUP2673 =™ 1| Enable when Ib>30mA

T T I I

RMS bunch length: 108.4510 [ps]

—
(@
()
o
()

4
0510 \ \ |

RMS bunch length: 34.0475 [ps] N gi?f;éegodsit.in

10.21 mm

T
measured data
- - centroid position

N
T

32.51 mm

N
O
T

o
(&)
T

()
number of macroparticles per bin [a.u.]

number of macroparticles per bin [a.u.]

-05 I | I I -2000 I I | | I
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 2000
longitudinal position at CCD of the streak camera [ps] longitudinal position at CCD of the streak camera [ps]
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RF operation parameters at 150mA

HEPS Storage Ring RF System 2026/03/07 22:12:09.816 ;s@

260kw 260kw  260kw 260kW  260kwW 260kw 260kw Sy 6 GeV
Beam Current 146.00 mA
Beam i Ill I~ |-L| Ill ~ |_LI Ill - |ll = Ill > Total Beam Power  425.22 kw
u |_| I_' |_I I_I |_| I_I Total Beam Power(166MHz) 467.56 kw
R35CAV2 R36CAV1 R36CAV2 R37CAV1 R37CAV2 R38CAV1 R40CAV2 Total Voltage(166MHz) 4.40 MV
Total Voltage(500MHz) 1.16 MV
INTL  On/off  Loaal INTL  On/Off  Local INTL  On/Off  Local INTL  OnfOff  Local INTL  On/off  Local INTL  OnfOff  Local INTL  Onjoff  Local
o @ £
Ve 0.03 MV Ve 0.88 MV Vc 0.88 MV Ve 0.88 MV Ve 0.88 MV Ve 0.88 MV Ve 1.13 MV
LLRF_Phase 169.94 ° LLRF_Phase 173.81° LLRF_Phase -1.70° LLRF_Phase -126.71° LLRF_Phase 127.31° LLRF_Phase -22.20° LLRF_Phase 161.06°
Cav_Phase(°) 1471 Cav_Phase(") -8.1 Cav_Phase(") 84.2 Cav_Phase(’) 711 Cav_Phase(") -125.4 Cav_Phase(") -154.9 Cav_Phase(°) -78.9
P_fwd 0.0 kw P_fwd 116.5 kW P_fwd 92.9 kW P_fwd 111.9 kW P_fwd 104.9 kW P_fwd 81.0 kW P_fwd 34.9 kW
P_refl 0.2 kw P_refl 3.2kw P_refl 8.9 kw P_refl 5.6 kW P_refl 17.4 kW P_refl 4.5 kw P_refl 771 kW
P_beam -0.1 kw P_beam 1133 kw P_beam 84.0 kW P_beam 106.3 kW P_beam 87.5 kW P_beam 76.5 kW P_beam -42.2 kW
synpha-c 91.8 deg synpha-c 28.1 deg synpha-c 49.1 deg synpha-c 34.1deg synpha-c 47.1 deg synpha-c 53.4 deg synpha-c 104.8 deg
cplr_vac 9.4E-8 Pa Cplr_vac 1.4E-7 Pa Cplr_vac 1.3E-7 Pa Cplr_vac 1.7E-7 Pa Cplr_vac 1.7E-7 Pa Cplr_vac 2.2E-7 Pa Cplr_vac 1.1E-7 Pa
Vac_up 1.3E-7 Pa Vac_up 9.4E-8 Pa Vac_up 2.2E-8 Pa Vac_up 6.8E-8 Pa Vac_up 3.0E-8 Pa Vac_up 9.8E-8 Pa Vac_up 5.7E-8 Pa
Cav_Vac_in 4.2E-8 Pa Cav_Vac_in 1.0E-7 Pa Cav_Vac_in 1.9E-7 Pa Cav_Vac_in 9.6E-8 Pa Cav_Vac_in 0.0E0 Pa Cav_Vac_in 1.8E-7 Pa Cav_Vac_in 4.4E-8 Pa
Cav_Vac_out 1.0E-9 Pa Cav_Vac_out 1.8E-7 Pa Cav_Vac_out 9.1E-8 Pa Cav_Vac_out 1.7E-7 Pa Cav_Vac_out 1.5E-7 Pa Cav_Vac_out 3.3E-7 Pa Cav_Vac_out 5.0E-8 Pa
Vac_down 2.8E-6 Pa Vac_down 2.2E-8 Pa Vac_down 2.7E-6 Pa Vac_down 3.0E-8 Pa Vac_down 2.5E-6 Pa Vac_down 9.6E-8 Pa Vac_down 3.0E-6 Pa
Detuned |
RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock RF Interlock
2026-03-07 16:23:28, 2kW, cplr_arc 2026-03-04 14:38:57, 17kW, cplr_arc 2026-02-25 13:10:18, 3kW, cplr_vac 2026-02-25 14:41:18, 54kW, cir_ry 2026-02-25 11:47:49, T8kW, cav_vacout 2026-03-07 20:23:28, 50kW, cav_vacout 2026-03-07 20:29:56, 10kW, cplr_vac
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 control performance

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

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

Att 10dB SWT 145 (~1.5s) VBW 3Hz Mode Auto FFT
-91.23 dB

1 Frequency Sweep

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

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (s)

+/-0.03% (amp), +/-0.02° (phase)

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

| Ir'lil’

1 [
2.0 kHz/ Span 20.0 kHz

{14, dfjm j L1, Itk ol i aiil b il
1001 pts

)
o
on
q.} 4 € I.I
= CF 166.600 38 MHz pas
g _ 2 Marker Table
Type Ref Trc X-Value Y-Value Function Function Result
M1 1 166.600 38 MHz -13.85 dBm
D2 M1 1 100.0 Hz -91.23 dB
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 D3 M1 1 A1 WHe A3 ®
Time (s)
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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%

Coolant, Vacuum,

6, 46%

1, 50%

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
SSA temp. & interlock signal  Trigger MPS Shielded closure to be installed in
interference (EMI) summer shutdown in 2026
Higher FPC temperature for  Risk of failure » Coupling elements in procurement
two booster NC cavities * Reduced cavity voltage in operation
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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