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From the first ASSCA in 2019 to the sixth ASSCA in 2025, the superconducting and cryogenics technology have
been made great progress, the quantity of superconducting accelerator and research infrastructure under
operation or under construction also from zero to around 20, China's superconducting accelerator is in its
golden age of history.



Typical superconducting and cryogenics facilities in China
_——_——_-

BEPC-II
ADS Injector I
PAPS

HEPS
CEPC
CSNS IT

THEP
THEP
THEP

THEP
IHEP
THEP

kW @ 45.K
100W@2K
300W@2K

2kW @ 45, K
4*18KW@4 .5K
IKW®@2K

Operating
Operating
Operating

under construction
planning

Under construction




SRF Accelerator Projects at IHEP

Operation Construction Design & R&D
BEPCII upgrade CEPC
Collider Elcz:PAi:/Ils(iifegzcég\é’) (2.35 GeV, 4 CAYV, (45.5-180 GeV,
’ complete in 2024) 288 ~ 980 CAV)
Synchrotron BSRF (2.5 GeV, HEPS (6 GeV, 10 CAY,
Light Source 2 CAV, since 2006) complete in 2025)

Proton & Heavy ADS injector | (10 MeV, CSNS-II (300 MeV, 54  CSNS-IlI (1 GeV)
lon 14 CAV, since 2016) CAV, complete in 2028)




Superconducting RF Systems at IHEP

Light Sources & FELs HEP Colliders High Intensity Proton Linacs

BSRF, HEPS, CW FEL, ERL BEPCII&U, CEPC, ILC ADS, CSNS-II, v factory

» - , - W 2 i & i \\1‘\7.
166 MHz (HEPS) 500 MHz (BEPC-IlI&U, HEPS) 325 MHz (ADS)
World’s first very low freq In-house-made, long-term operation World's first spoke cavity linac
B=1 module in large scientific facility

1.3 GHz (FEL, CEPC, ILC) 650 MHz (CEPC, ADS, CSNS) 324 MHz (CSNS-II)
World’s first mid-T high Q module World'’s first 650 MHz cryomodule China’s first double-spoke module
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BEPCII
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O Beijing Electron Positron Collider II
(BEPCII) and Beljing Spectrometer (BES
I), first superconducting accelerator in
China, and also the first time
superconducting magnets were used at
the collide point.

O BEPC II have past the government
acceptance test in 2008
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BEPCIlI SRF System

« BEPCII SRF system stable operation since 2006 with two imported cavities from Japan and in
collaboration with KEK, reached design luminosity of 1x1033 cm=?s?1 (910 mA @ 1.89 GeV) in 2016.

« |In 2017, east cavity replaced with in-house-made cavity and module, stable operation till now.

« Three imported sub-systems (SRF cavity and module, LLRF, RF power source) have been replaced
with in-house-made ones.

In-house-made 500 MHz cavity and module Digital LLRF system 200 kW SSA
made in 2011, stable operation since 2017 Stable operation since 2019 Operation since Oct. 2023
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BEPCII-Upgrade SRF System

« BEPCII-U: Add two cavities and SSAs in 2024.
* Further R&D in 500 MHz cavity, LLRF and SSA.

West RF hall East RF hall
West RF hall East RF hall
200kW 250kW 250kW 200kW
250KkW 250kW sopadl 38R
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BEPCII colliding mode

East RF hall

=0

(a) West RF hall (BEPCII) (b) West RF hall (BEPCII-U) (c) East RF hall (BEPCII) (d) East RF hall (BEPCII-U)




BEPCII-Upgrade SRF System

Table 1: Main parameters of BEPCII and BEPCII-U. Table 3: RF parameters for BEPCII-U (breakdown).

Parameter Symbol BEPCII BEPCI-U Unit Parameter Existing To be added Unit
Circumference C 237.53  237.53 m RF frequency 499.8 499.8 MHz
Beam energy Ly 1.89 2.35 GeV Number of cavities 2(+1) 1 -
Beam current Iy 910 900 mA RF voltage per cavity (V) 1.65 1.75 MV
Bunch number Ny, 120 120 - Cavity unloaded Q) at V" >5e8 >1e9 -
Total energy loss per turn Utor 0.116 0.277 MeV Operaﬁng temperature 4.2 4.2 K
Total power loss to SR Psp 106 250 kW Nominal RF power per cavity 145 145 kW
Parasitic loss Proy 7.7 30 kW Loaded Q 2e5 2es -
Total beam power Dy 114 290 kW Cavity loaded bandwidth 2.5 2.5 kHz
Revolution frequency frew 1262.1 1262.1 kHz Number of RF stations 2 7 _
Synchrotron tune Vg 0.03 0.04 - Number of transmitters 0 ) )
Bunch length 0z 14 12 mm Transmitter type Klystron SSA -
Mmpentum compaction factor «, 0.018 0.017 - Nominal power per transmitter 250) 200 KW
RF frequency f‘jjf 499.8 4998 MHz Min. output power per transmitter 165 165 kW
Total RF voltage L L& 3.3 MY (including 15% transmission loss)

Rad%at%on damp%ng t%me (X) T 24.2 12.6 ms FPC designed power (CW) 200 200 KW
Rad}at}on damp}ng t}me (y) Ty 25.8 13.4 ms Number of LLRF > 1 -
Radiation damping time (z) T, 13.4 6.9 ms . . )

PR : : Specified amplitude noise (pk-pk) =+1 +0.5 %o

3 function at straight section 3, 15 20 m Specified phase noise (pk-pk) 1 105 .

/3 function at straight section 3, 15 20 m PEctlied phase NOTse pr-p :

12



BEPCII-U 500 MHz Cavity and Cryomodule

e One 500 MHz cavities for BEPCII-

Yo oetormation (@) TABLE V
i Lo Wil 30194 BUCKLING PERFORMANCE OF THE CAVITY UNDER TWO DIFFERENT
U and two 500 MHz third PO v
. .y ;
hormonic cavities for HEPS. b Conditions & @ oy
057 . (Bare)  (Stiff.)
! e ‘}\ Cell (LBP side) BPs fixed 29.3 83.7 16.1
1 1 1 ‘ = ey * LBP LF 10.5 30.2 )
* Prevent cavity buckling by thicker S il L
8: Eigenvalue Buckling 16.1
Total Deformation 4 (C) LBP LF 12.8 36.9
Nb sheet (2 Smmto3.7m m) , : ety LBP wbe BPs fxed 332 32 -
i LBP LF 17.2 31.0 ’
: : : . 1 Max
deep drawing instead of spinning, " n:
. . . . g:z the cavity LBP side is free to move longitudinally while the SBP side
ad d I n g Stlﬁe n I n g rl n gs Y 5 E 045 is fixed. “Bare” stands for bare cavity without any stiffening rings, and
' 026 I g;; “Stiff.” stands for cavities with one pair of stiffening rings added on the
013 ™ oo 30890 fmem) on 0 000 508,00 ()
0 Min — - 0 Mi - - cell.
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Accelerating gradient (MV/m) 500 MHz KEKB-type single-cell SC cavity module




BEPCII-U 500 MHz Cavity and Cryomodule

B Two 500MHz superconducting cryomodule online operation

B Another two cryomodules have been installed in the tunnel for the upgrade of BEPC-II

B The cavity related construction of BEPCII-U have been finished and waiting for the cool down and
beam commissioning

14
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BEPCII cryogenic system

B Two parallel
500W@4.5k cryogenic
system

B One system for the
SRF with two 500MHz
super conducting
cavities

B The other system for
the superconducting
magnets in the collide |
point

B BEPCII-U cavity side
cooling capacity
Increased to
1KW@4.5K
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BEPCIlI SRF cryogenic system operation

Helium liquid level £ 1%

SRE&—Alstp Graph

Helium pressure £ 3mbar
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BEPCII superconducting magnet
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BES I11 detector superconducting magnet
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MBS Q3

Two super conducting insert magnets
Two new designed SC magnets have past test and
installed in the tunnel for the upgrade of BEPC-11

The system cool down is undergoing from 1st March 2025
17
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BEPCII-U IR SC magnets development

« BEPCII upgrade project (BEPCII-U) started in 2021,Maximum beam energy increased to 2.8 GeV
« Two multi-function SC magnets need to be developed; One SC magnet includes
Quadrupole (SCQ), Anti-solenoid (AS1/2/3), Correctors: VDC, SKQ
« Magnet position, length and external dimensions are the same as BEPCI|I
® Main differences of BEPCII-U IR magnet, compared with BEPCII IR magnet
1. Maximum field gradient of SCQ is increased to 25T/m
2. Remove SCB coil (No synchrotron radiation mode in BEPCII-U)

E 1120 —
" ol Anti-solenoid  Max 2.85T  630-1500  ---mm- 1130
oo (1/2/3) AS2/3 need trim
1:‘2’ . currents
- SCQ 25T/m 961-1457 400 530
“L VDC 0.059T 904~1514 380 27

L 1 1 L 1 L L 1 L ]
700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0 1600.0

z(mm) SKQ 0.937T/m 954-1464 400 47

18
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BEPCII-U IR SC magnets development




BEPCII new designed superconducting magnet




BESIII Detector magnet

5100
(2373}

The large superconducting solenoid magnet(SSM) of the detector serves as a key component of the large
electron collider, providing a uniform and stable magnetic field for the detector.
SSM is designed with cold bore of 3 m in diameter and 3.5 m in length and provides 1T magnetic field.

S

4100

__JaE,E _

[_EMC—,

BESIII detector

20+ 0.05

€00FELE

10+ 0. 60

NbTi/Cu

L / M—F
R0.35+ 0.05

Pure Al 74 1.26 4.2 ’1‘ 29 0 Rl

Al-stabilized
supercondutor

€00FLIE

Service Port

Chimney
Superconducting Coil

Vacuum Vessel

4K Cold Mass Axial

Heat Shield Suspension Support

LHe Tube
LN2 Tube

The main structure of SSM
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BESIII Detector magnet

Main parameters of the SSM

_—— LHe tubes

Items Value

Central field 1.0T ,

Uniformity in the tracking region 5% Support cylinder —“\.\ "
Operating current 3600 A Ground insulation —. , -
Inductance 70 Al-stabilized Su d | ‘_| ‘ ‘ ] | ™
Stored energy 11 MJ : perconductor — || . ‘

Winding structure Single layer Eﬂﬂlﬁﬂ‘ﬁ i i ﬂ‘lg 2t
Winding length 3532 mm Ground insulation - ||| § i
Winding mean radius 1490 mm K]
Total turns 850

Structure of the coil cross-section

Inner-Winding of coil Assembly Insert to the detector Field measurement

)



Operating status

3 N

> Operating stably for nearly 20 years.

» More than 40 quenches in total, caused by cryogenic failures, vacuum failures,
power grid fluctuation, or other equipment failures.

» Improvements aimed at the aging problems.
Maintenance of the vacuum system;
Replacement of the power supply;

Update of the quench protection system;
Development of new valve box as spare parts.

> Goal: Continue operating stably for another ten years.

e The noise of the original Supply  =====The noise of the new Supply
9000

8000
7000
6000
35000
24000 l
3000
2000

r’t
=
1000 e — ﬁ
0 r’(ﬁ
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 ""2;‘
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Time (h) ¢
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New valve box 24



ADS Injector I

Injector II

RFQ
162.5MHz

iptical 063
) ": 650MHz
i 8 cavities

34 MeV 178 MeV 367 MeV 1500 MeV

Main Li
ain Hinac Tasks of IMP

Tasks of IHEP

2011-2017 “Strategic Priority Research Program of the Chinese Academy of
Science”“Accelerator Drive Subcritical System (ADS) ”

The task 1s undertaken by two institutes IMP and IHEP

The first time several superconducting cavities and magnets integrated in one cryomodule,
which lays the foundation for the future large scale superconducting accelerators

Now the new CIADS project in under construction in IMP Huizhou campus

Injector I



IHEP ADS Injector SRF System

xxxxx

ECRIS  LEBT

3.182 mev 3,205 |mv |10.03 w 1,621 mA 100. 00 %

860 {3

S 1.5
s £
340 g - CM EXIT CURRENT
Aa20 {~0.51 J 0
= 1
0 ‘m . . ] ; ] ‘ . . L

0
“03:34:26 03:50:00 04:03:00 04:16:00 04:29:00 04:42:00 04:55:00 05:09:47
Time

14 spoke012 cavities accelerate 2 mA CW proton beam to 10 MeV in Injector-I at IHEP.

6 spoke021 cavities increase CW proton beam to 25 MeV in Injector-1l at IMP.

% 3.22 R A w 10.2 10 4
£3.21 il /| \10 15
53.2 910 1
2310 ELL |t R 210.05 m W
£3.18 " | £10
03171} ‘ "’ 9 95
o' ‘
= $3:37:05 04:16:00 04:42:00 05: 09:47 %03:37:05 04:04:00 04:32:00 05:09:47
Time Tlme
[—RFQ exit energy —CM entrance Energy|

100y E3 ]
= +5 ]
Leo | 525 CW START: CW END: / 0.01:
= 52 | 2017-1-6 04:46 2017-1-6 05:09 ;

SHeTET Duty factor
BPM1 3106 degree BPMS5 2259 degree | CBPM14 279.4 degree | 100
BPM2 [220.4 degree BPM6 323.6 degree TestBP 1453 degree | o

RFO exit CM ent. energy CM exit energy CM exit Current DUty faCtor
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ADS Injector SRF System

Spoke012 4.2K VT, Designed Q= 5 x1 0° @ Epea = 31.5 MV/m

 Batch production of Spoke012 and Spoke021, meet spec . . ALl
* SSR024/040, HWR325, MB082 prototypes 10° :_ ; — » s : WODOT
S & S ot S P e, 5 1000 052

0 2 4 6 E EtMVIm)m 12 14 16

scc

Spoke021 4K VT, Designed @ =5 x10° @ Epeak= 65 mT
. 100000

650 MHz 5-cell (o | <dl 1
cavity (beta 0.82) 3 | 3 o
® ) o !
10" Fa g2 20144 _— o O R 1000
- Fw #3 20146 B oo
Ol [+ #4 20154 § - Wy o0
| 4 #5-4K_2015.9.8 F .t
| » #6_2015.7.20 “
® #7_2015.7.6
- ® #8 2015.7.10 1
= #10_2016.2.20
- 4 j -
10’ ) 0.1
0 20 40 60 80 100 120
Bpeak (mT)
325 MHz Spoke 325 MHz Spoke 325 MHz HWR e Lo L E -(M-V-/%?) ------ S IR
cavity (beta 0.21) cavity (beta 0.40) cavity (beta 0.14) e
£, (MV/m)

Radiation [uSv/hr]



ADS Injector I 2K superfluid helium cryogenic system

40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 249 23 22 21w 20 12 18 17 16 15 14 13 12 11 10 9 8 7186 5 4. 1.3 2 1

Layout of ADS injector I

Quadrupole Buncher Wire scanner Beam stopper Spoke cavity BPM  Solenoid Valve Slit FirstEMslits FCT  Second EM slits

Valve ! o an o " ) ) e /| o FCT DCCT  FCT SFM. BPM SFM 1PM Beam dump
' t f f i o ! -

FCT FCT: ACCT

> Il OImiNMIOIXTt=Ilw X|r XIZ/0I1™

®lO _Qlmiml Th=lu X | L12101%
T

Ly

Fmp—

y

...... TESTBPM1~ TESTBPM2 Dipole - Quadrupole Steering.
L 2142 s 4761.47 - 2150 e 10773(=5485+5288) i Faraday cup 12827
ECRIS+LEBT RFQ MEBT CM1+CM2 Beam dump line
32653
& 1] 39 38 37 36 35 31 33 32 3T 30 29 28 27 26 25 24 P 22 2 & 20 19 18 17 16 15 4 I 7T 12 1 10 9 R 7 1T & 1 5 4 T 3 1T 2

e 2 cryomodules, each with 7 superconducting spoke cavities and 7
superconducting solenoid magnets

* 4K/2K cryogenic system

* Refrigeration capacity 1000W@4.5K

* 100W@2K for cryomodules, 100W@2K for test station

* Pressure fluctuation@2K inside cavity helium vessel is not more than = 10Pa
* Vertical and horizontal test station

* The first self design hundred watts 2K super flow helium system
28



2K pumping system

|swoase | | swoa | | swos | [ e | Local || DatA | | man |

* The total capacity 8000m3/h
e 3sets for the cryomodules
e 2 sets for the test stations

29
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ADS Spoke cavity cryomodule

Vacuum coupler Diameter=® 1424 x 12 Gate valve

vessel Length=5485
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ADS project first realization of 2K superfluid helium
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ADS Injector I 2K cryogenic system stable operation
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IHEP HEPS
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(HEPS | High Energy Photon Source)

AR NIRRT, R, BRELTEITENBIIRES,

I HA: 6.5, 201957H-2025512R;

EANBGL: PRI SREYIEAR A,

Figit e JCRMERFRAERZ O X ;

ittmEmi: 976m;

EAmA: 12.55%K,

Main parameters Value Main parameters Value

Beam energy 6 GeV Emittance < 60 pm-rad
Circumference 1360.4 m Brightness >10%2

34



HEPS RF System

Parameter
Beam energy 6 GeV
Circumference 1360.4 m
Beam current 200 mA
Lattice type 7BA -
Number of sectors 48 =
Natural emittance 342 pm-rad
Natural bunch length 5.06 mm
Energy loss (bare lattice) 2.64 MeV
Total no. of IDs (Phase I) 14 =
Total beam power 850 kw
Radiation damping time (x/y/z) 10.85/20.62/18.76 ms
RF frequency (main, 34 harm.) 166.6, 499.8 MHz
Main RF voltage (w/ harm. cav.) 5.16 MV

2 C S| —(— 3604 m
‘ RF frequency (f;) 166.6 MHz
499.8MHz 499.8MHz g 499.8MHz
> 2600kW.SSK 160K 85 Sarage fing Z50RW SSA Total energy loss per turn (U,) 4.14 MeV
4@ BS2CAV5 BS2CAV4 BS2CAV3 BS2CAV2 BS2CAV1 BS1CAV1 Total beam power (P ) 850 kW
(I | O [ I » b
Initial Total RF voltage (Vge) 5.16 MV

Booster commissioning

- 3x 499.8MHz 100KW SSA Number of main RF cavities 5 -
409.0MHz Cucavity |20 | [SaaeRine —
9= 1D40 D39 D38 D37 D36 D35 RF power per main cavity 170 kW
2 J ||| ZDED €D @D | Cavity type SRF cavity -
A Reserve for phase 2 ‘ A A A A A HOM control Heavy damping -
499.8MHz TR E—— 5 x 166.6MHz 260kW SSA z‘z;%?('\?vMskgA "
260K SSA ge ring Harmonic RF frequency (f,,c) 499.8 MHz
BS2CAV5S BS2CAV4 BS2CAV3 BS2CAV2 BS2CAV1 BS1CAV1 Nu mber Of RF Stations 5 + 2 -
3 | [0 0T 000 000 (@00 Nominal Transmitter power per RF station 260 kW
: 1 W 1
WV Solid-state amplifier 7_6?)\‘\“ A A A A A A Spemtien ; : : 5 - o ® -
Booster  6x499.8MHz 100kW SSA Field noise (pk-pk) +0.1%, 0.1




IHEP HEPS 166 MHz Cavity and Cryomodule

Low frequency: 166.6 MHz, =1

High RF power: 180 kW per cavity

High current: 200 mA — heavy HOM damping: Q, < 1000
Compactness: limited space of the straight section (6 m for 2 cavs)
Stable operation (user facility): large margin in RF parameters

z,@)

107 T T T I T I 3
f \./ 1 ~— Impedance threshold (w/o HC)
. 1 - |mpedance threshold (w/ HC)
10°¢ | - Cavity impedance !
f 1
i 1 !
I |
I
| |
! 3
|

M Wakefield (CST)
941~10239MH
| ( 8 : Wakefield (ABCI)
0 'Eigenmode : (10239~23060MHz)
1

! (300~941MHz)
2 4 6 8 10 12 14 1 18 20 2
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IHEP HEPS 166 MHz Cavity and Cryomodule prototype

Qo

1.E+10 +
1.E+09 ~
1.E+08 — ;
0 0.5 1.5 2 25 3 35
Accelerating voltage (MV)

1 1.E+4

1.E+3

1.E+2

T 1.E+1

1.E+0

1.E1

1.E-2

Radiation (uSv/h)

= QO (PoP, 4K)

o0QO (PoP, 2K)

* QO (CAVS3, 4K)

0 QO (CAVS, 2K)

4 QO (CAV1 jacketed, 2K)

o VT target

o Operation target
Radiation (PoP, 4K)
Radiation (PoP, 2K)

» Radiation (CAV3, 4K)

» Radiation (CAV3, 2K)
Radiation (CAV1 jacketed, 2K)
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HEPS 166.6MHz and 499.8MHz cryomodule

s

""""""

B Two 166.6MHz have past horizontal test, another
three will be test in the next 3 or 4 month.

B Two 499.8MHz cryomodule have past test, one
of which had been installed in the tunnel for
HEPS first round commissioning.
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HEPS cryogenic system

Helium cryogenic system 250N 29N 2500
B cool down fivel66.6MHz and two
499.8MHz superconducting cavities:

<2,
[7)
",

A
v

o e e L

™~
H CQOHng Capacity ~ZOOO W@45K, > 166MHz SC cavity
B Auxiliary system, impure helumgas X/ 3 N
recovery and purify system. s

e 4

b "f’o\&‘
- 250KW
LN2 cryogenic system S—
1. Engineering Materials 60-170keV
| d C P |\/| U d C y | - 2. Hard X-ray Multi-analytical Nanoprobe (HXMAN) < 10nm; in situ nanoprobe; 200m long
. COO Own a n r OSta 3. Structural Dynamics Beamline ( SDB) Single shot for irreversible; 200m long
Monoch romator, Cryogen |C deV|CeS 4. Hard X-ray Coherent Scattering DI, XPCS
5. Hard X-ray High Energy Resolution Spectroscopy NRS, Raman and RIXS
Of Bea m | I n e Statl O n e ’ 6. High Pressure Diffraction; 150nm, ultrahigh pressure
] ] 7. Hard X-Ray Imaging Up to 300keV, 300mm beam size, 350m long
. P reCO O | I n g Of th e refrl g e ra to r1 8. X-ray Absorption Spectroscopy Sub-micron, quick XAFS
9. Low-Dimension Structure Probe (LODISP) Surface and interface

. S h I e | d S Of th e S u pe rCO n d u Ctl n g 10. Biological Macromolecule Micro-focus 1pm, serial crystallography

11. Pink SAXS pink, least optics

o ]
Cav I tl eS C ryostat 12. High Res. Nanoscale Electronic Structure Spectroscopy| ARPES, 200-2000eV

. . 13. Tender X-ray Spectroscopy, BM beamline
. COO | I n g Ca pa Clty - 4 6 k\/\/@ 8 O K. 14. Transmission X-ray Microscope Nano imaging and spectroscopy

15. Test beamline X-ray optics test




HEPS helium cryogenic system
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SC Cavity SC Cavity SC Cavity — GHe 10K-300K
Valve Box trrLr. Valve Box 111 ValveBox 1L GN2
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LHe Dewar

499.8MHz SC Cavity

166.6MHz SC Cavity
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=
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HEPS key equipment with LN2 cool down

Cryostal—
I\/Ionochromator

LN2 phase separator

o | I
e e

# r“.x

LNZ2 sub cooling
cold box
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HEPS cryogenic system site construction
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HEPS cryogenic system commissioning and operation

= : ; (& —
R [
Rep, |
Uiy
e o e
Uiy > 6 R
BN ) . 4 ¢ TS sl

B HEPS project have finished the first round beam commissioning and beam light experiment, the
cryogenic system stable operation support the whole process.
B The SRF cryomodules will be installed in the tunnel in June 2025, and then is the beam and light

commissioning, the goal of this year is to realize the technical acceptance.
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China Spallation Neutron Source B
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CSNS'“ and FUture Plan January 2024—October 2029

50keV 3MeV 80MeV 165MeV 300MeV 1 GeV
H- RFQ gy MEBT g DITL e Ko 300Mev & . 1Gev
B=0.5 B=0.62 ‘ 120m SC

324MHz 648MHz
10cryomodules 8cryomodules

CSNS
15t Target Station i Beam Power on |100
B — £ target [kW]
I E———— Proton energy 1.6
Linac upgrade from 80MeV to 300MeV /m.:\ g [GeV]
/‘}:— """"""" | Average beam 62.5
» K iRapid Cycling M, /A\ current [uA]
~ Beamr poy\(er S : Synchrotron el Pulse repetition |25
: \ 7 rate [Hz]
Sl Linac energy 80
-y 4 [MeV]
*\ Linac type RT
-
g L\\ . Linac RF 324
A e frequency [MHz]
Spectrometers 3
9 neutron instruments Proton & muon

Experimental station



CSNS-Il SRF System

Tanks Zone un ok Refrigerator

=il s u.x.@f

Nodum Pressers T

mnm Cotgbon

Helium Recovery & Purification System Control System

Y wr . T
P Lttt _t_t_%t_¢t
-t —11 —ﬂ T ﬂ“—nﬂ —1Tu i —'“”u—

| 10 Double Spoke SC Cavities Cryomodule —— Transfer line

 CSNS-Il upgrade (2023-2028)
* Linac energy: 80 MeV — 300 MeV
* Linac beam current: 15 mA — 40 mA
» Linac beam pulse length: 400 ys — 600 us

« 20 324 MHz 3=0.5 double-spoke cavities

» Prototype cavities meet design spec
» Prototype cryomodule under assembly at PAPS

« 24 648 MHz 3=0.62 6-cell cavities
» Prototype cavity in fabrication, module in design

*—%—w'?-wwn'h

e Beam line 8 Medium B 3 X5 cell SC Cavities Cryomodule

TR
i f (MHz)

TTF
Bo
Eacc (MV/m)

Ep/Eacc

Bp/Eacc
mT/(MV/m)

R/Q (Q)
G (Q)

0.79
0.5

7.3(9)
3.44

8.86

401.8
118.6

Parameter Value

f (MHz)
TTF@Bg
Bg
Eacc (MV/m)

Ep/Eacc

Bp/Eacc
mT/(MV/m)

RIQ (Q)
G (Q)

Beam tube
diameter (mm)

Cell-cell
coupling (%)

e T ey

0.7
0.62

14

2.53

5.45

309
177

105/120

1.35
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CSNS-Il Double-Spoke Cavities

6 1 2 8 4 b5 B T B 9 10 11 12 I8 14 15 16
1E11 — T — T i T T T T T ™3 1000
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v : - : g i ®
VYVYv u
"v. ]
l 2# Q WL‘Fh vessel = >
o] resitio JRNEERgR
1E10 Lt ddld C E Nt
F = : . 5
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< | | 4(.6
o R~
o
I v v <
A 7 ~=
” @ A A A A A » ..
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| L 1 1 1 " 1 1 1 1 1 1 1 L 1 1 1 1 1 1 | . 1 1 ED(MV/HI)
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L " 1 " 1 N 1 " 1 " 1 " 1 " 1 " 1 1 1 " 1 " 1 N 1 Bp(mT)

0 1224 36 48 60 72 84 96 108 120 132 144
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Prototype of 324MHz double spoke cavity cryomodule
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648MHz elliptical cryomodule

Liquid level gauge,

60K thermal temperature sensor, and superconductin  Two phase C-type roller Seven-channel Square flange at the
shield, heater components g cavity tybe adjusting outlet pipe end of the beam
Al6068-T6 po / mechanism assembly tube
lp . SEEE, S : ~EREES
| /
7K NT = 2
thermal barrier g ; m i - T g
qﬁ iy T
60K == I
v FTINES |
thermal barrier =1 1 | = H 1
| I = —
[ = | | /
T = = / - = = =T A e
H
. = 8Kcircuit,
locking \ SS316L,
structur‘e/| — ®21.3%1.5
w o o s o a CD,
vacuum chamber, Support wheels tuner POST Bottom limit Strongback bottom SS316L,
2 (G610, ®200) support room adjustment ®21.3%1.5
SS304, ©1374+1 and lateral : structure temperature T ’ '
sliding blocks [ | base plate |
T O
4454 mm
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« 100 km circular collider, Higgs (Z / W [/ ttbar) factory, in China. Run at /s ~ 90, 160, 240, 360 GeV. Possible
pp collider (SppC) of /s ~ 50 - 100 TeV in the far future.

« CEPC CDR published in 2018, TDR will publish in late 2023. Will propose to the government to begin
construction around 2028 during the 15th 5-year-plan period.

 CEPC SRF system has unprecedented challenges in high RF voltage (20 GV) , high current (1.4 A), high
power (100 MW .RE power, Z-pole 1 MW per cavity) , high HOM power and beam-cavity interaction issues,
with requirement of mode switching. State-of-the-art technology in high gradient, high Q and high power.

CEPC
Technical Design Report

Chapters 1-10 (v4)

~ 1000 pages —
CEPC TDR Review, June 12-16 2023




CEPC 650 MHz SRF System R&D

Q Radiation (uSv/h)
T T T T T 10°
011 ‘MMMA Fi 104
Adasa k|
®eqe, °4 “AAA“
®oevens 110°
[ I ° ° °
‘. 1107
Mid-T furnace baking: A Q, & Rad
100} {ColdEP: ® Q, © Rad oo 3 10'
¢ CEPC VT spec P
o 110°
o
08np0p080407000000R000468880 O © S0k 1107
109 1 I 1 1 I 1 | I . 1072
0 5 10 15 20 25 30 35 40 45
Eyye (MVIm)
0 1 2 3 4 5 6 7 8 9 10
Ve (MV)

[IJ 2I0 4I0 6I0 BIO 10(21_'_) 12‘0 14‘10 160 150
High G High Q 650 MHz 1-cell Cavity
EP treated: 2.3E10@41.6 MV/m@2 K

Mid-T treated: 6.3E10@31 MV/m@2 K

r-'— "_ ' m-ﬁ!'
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Full size 650 MHz Module Design

(D VALYE JT VALY six maintenance windows SK@3bar valve Thermal shigld valve
= cryogenic pipeling

gate vacuum valve 7 — — lon pum
e e & B =
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IHEP 1.3 GHz SRF R&D

Early research
Technology R&D

2016-2020

Technology transfer
Performance breakthrough

1-cell and 9-cell cavities
ILC test cryomodule

Important collaboration
with PKU, KEK, INFN-
LASA, FNAL, JLAB,
DESY ...

HERT 11 TESLA 9-cell cavities

EP 36 MV/m (reach ILC spec)
Mid-T 5SE10@21 MV/m (world record)

4 BCP + 4 mid-T high Q cavities
delivered to SHINE

2021-2025

Cavity mass production
Cryomodule prototyping

SHINE

88 9-cell cavities
by HERT

DALS 1.3 GHz high Q cryomodule

l Cavity and cryomodule
mass production

Engage in these projects:
SHINE (600 CAV, 75 CM)
S3FEL (208 CAV, 26 CM)
Other CW FELs

CEPC booster (352 cavities)

ILC (8000+8000 cavities)

High Q high gradient and new
material R&D
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IHEP 1.3 GHz SRF R&D

]
" 1 HOP Publishing Superconductor Science and Technology
< e Supercond. Sci. Technol. 34 (2021) 095005 (7pp) hitps://doi.org/10.1088/1361-6668/ac1657
(] L
o * L) 1
5E10 F SEISEE 250 » ] - -
F oV v . 1
: AEincscEsstre : Medium-temperature furnace baking
< < P ]
[ 3 PR PRV ] .
A ' f 1.3 GHz 9-cell d
SEREIRAS SR ARG NR I 1 GRS « ] orT 1. z 9-cell superconducting
4E10 | PV, g8 oo™ SEE .
FESE ISP a8 % [T t t IHEP
AP b paE ol T o e | cavities a
L d ]
° A% @ s > N10EP 1
o A NS mid-T [
o F g o1 - . . . .
3E10F = F cePe spec 7 Nemie T Feisi He'>*#, Weimin Pan'>*#*, Peng Sha'?***®, Jiyuan Zhall’z'“, Zhenghui Mi'>34,
" * e o N8midT | ] Xuwen Dai'~, Song Jin'>**®, Zhanjun Zhang'~*, Chao Dong'**, Baiqi Liu'*”, Hui Zhao'*,
E Nomid-T |3 Rui Ge'?*#, Jianbing Zhao'~, Zhihui Mu'?, Lei Du'>?, Liangrui Sun'??, Liang Zhang'~,
] -11-| mid-’ 1 . . .
Fop [ a® LCLS-I&SHINE spec  LCLS-II-HE spec bonomen 3 Conglai Yang"3 and Xiaobing Zhengm
L o : ]
r | Y r'y < N12mid-T| ]
2E10 C r v v ; .‘ e A, A N13 mid-T| - ! Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049,
F v A ] » ry + v N14mid-T| ] People’s Republic of China
LR 3 'Y o : mg ::5; 2 Key Laboratory of Particle Acceleration Physics & Technology, Institute of High Energy Physics,
;.. » v A Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
Ld .= > .V o 3 3 Center for Superconducting RF and Cryogenics, Institute of High Energy Physics, Chinese Academy of
1E10 F [ B, A, v - Sciences, Beijing 100049, People’s Republic of China
[ Note: stainless steel flange loss corrected EXFEL spec > [J *ILC spec # University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
5E9-'""""""""""""""""'."""'-
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High average Q, of 4.5E10 at 16 ~ 21 MV/m.
Mid-T bake recipe has distinct advantages
over nitrogen-doping
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World'’s first Mid-T 1.3 GHz Cryomodule with Record High Q,

i [

odule R DItage S
Avg. Qy @ 16 ® U
AVQ. Qg © 0 0
\ : ‘.\\;v E)‘k‘-} AN i ’l
Y 4
LCLS-II CEPC Booster
IHEP : LCLS-II-HE :
Parameters Mid-T CM (SHINE, S°FEL) Spec Higgs mode
Spec Spec
1 Avg. usable CW E,;; | >23 MV/m 2.7x101°@ 2.7E10 @ 3.0x101°@
’ Avg. Q, @ 21 MV/m 3 6x1010 16 MV/m 20.8 MV/m 21.8 MV/m
! - ~
g ~RF le ep eSl ReVIE 0 emDne DA Olleague




CEPC Cryogenic System Brief Introduction

@ CEPC is a positron and electron collider, and the beam is accelerated to 30 GeV by linear acceleration
section, and then further accelerated to 120 GeV by RF cavities in the Booster and Collider ring.

@ Cryogenic system is designed to provide a reliable and stable cooling environment (4.5K or 2K) for RF

cavities and SC magnets.

Booster ring:
>1.3 GHz 9-cell cavities, 96 cavities
»>12 cryomodules

>3 cryomodules/each station
> Temperature: 2K

Collider ring:
»>6Db0MHz 2-cell cavities, 240 cavities

»32 cryomodules for Higgs 30MW,
56 for Higgs 50MW

>8 or 14 cryomodules/each station
> Temperature: 2K

Layout of CEPC Double Ring

l¢l

Ip_ce(LSS1
Inj(LSS8) Inj(LSS2)

SRF cryomodule: 4 X 15kW@4.5K

' (s |{
i tation RF Station(LSS3) (¥
(1IN {9}

W

Estr(LSS6
) Tp_ceLSS3) Estr(LSS4)

f
N

IR magnets:

>4 IR magnets , 32 Sextuple
magnets (room temperature)

>4 cryostats
> Temperature: 4.5K/2K

Detectors:
> 2 detector magnets
> HeI/Thermosiphon cooling
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EDR—Flow chart of SRF Scheme

ground surface

RF shaft

Tanks zone

Compressor
group

15kW@4 5K

Control
cabinet

B 5K@3bara supercritical helium is subcooled to 4.5K in the lower coldbox,
and then further be cooled to 2.4K@3bara by a large heat exchanger
(~90g/s of each, total four HX):

B 2.4K@3bara helium is transferred to the beam tunnel, then is throttled
by JT valve inside CM to produce the 2K superfluid helium;

B Return GHe goes through 2K HX and cold compressors to recover the

AuX|I|ary tunnel

—_— cold quantity, then returns to CB and compressors LP side to finalize
the whole cycle:

B 40-80K thermal shield is set to reduce the radiation loss.
B 5-8K circuit is set to cool down the coupler (conduction cooling).

10m
3 cryomodules 8x1. 3GHZ 9-cell cavities each
20m
G
']-'-- - ‘-: 12 : & :_'__ _ ‘_ __ 'Hj'__
' Cryomodples — |
80m 7 : 3 p— g seperator

-224m >

14 cryomodules, 6x650MHZ 2-cell cavities each
Collider Ring 58



CEPC MDI SC magnet cryostat design

O The superconducting magnets Q1a,Q1b and Q2 are supported on the inner wall of the solenoid. =

O The anti-solenoid is supported by a ring on the inner wall of the helium tank.
Thermal shield

LHe tank- 4

1915 Support-
m . )
m Anti-solenoic
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CEPC detector cryogenic system

mmESiEE
GHe

Yoke + Ref-TDR is based on
SCM t : ot -
(3T/azg_;rr;e Muon (PS+SiPM) this configuration -y e

HHREE

PFA HCAL

(Scintillation Glass)
LumiCal

____________________________________________________________

Crystal PFA ECAL
(Transverse bar)

7 & OTK
(AC-LGAD)

_1

TPC i
(Pixelated readout) i

FRzieieingg

Vertex

(MAPS SiPixel) ITK

(MAPS SiPixel)

______________________________
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Introduction
SRF accelerator projects
R&D and infrastructures at IHEP

Summary
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Platform of Advanced Photon Source Technology R&D (PAPS)

H l el ||| = .
l“_ll e --.’.Jlmmﬂ

HEEWAS  RF system

e “Platform of Advanced Photon Source

IER T & JE .
Accelerator Technology R&D”, The goal of the PAPS

FHNFEATM L platform

SHHEFL K§BTBER 4 Magnet technology project is to provide a good foundation and
Platform of

Advanced Photon condition for R&D, engineering testing and
RWWARS  Beam test

Source
Technology R&D
(PAPS)

verification for the high energy phone
source (HEPS) project to be completed on

: schedule and to achieve the expected
XEHEB AT & XHTER B RS X-ray optics

s X-Ray platform d ES|gn ta rget.
XEFERERM R4 X-ray detection

e Budget: 590M CNY funded by Beijing Gov.

XABRRE ey apelicaton e Construction: 2017.5-2021.6






PAPS SRF Infrastructure Testing Capability and Status

Facilities _ Tests _
Devices Related Projects

(capability per year) since 2021

Cavities: 166 MHz, 325
(324) MHz, 500 MHz, 650 ~ 200
(648) MHz, 1.3 GHz

Cavity vertical test stand
(400 cavities per year)

HEPS, BEPCII-U, CEPC, CSNS-II,
SHINE, DALS, RAON ...

Cryomodule assembly and Cryomodules: 166 MHz, ) )
horizontal test stand 324 MHz, 500 MHz, 650 ~ 20 (H;EEEQE DALS, BEPCIFU, CSNS-l,
(20 modules per year) MHz, 1.3 GHz

Couplers: 166 MHz, 324
MHz, 500 MHz, 650 MHz, ~ 40
1.3 GHz

Coupler high power test stand
(200 couplers per year)

HEPS, SHINE, DALS, CSNS-II,
CEPC ...

Cavities and cavity
Clean assembly and HPR strings: 166 MHz, 324 - 180 HEPS, CEPC, CSNS-II, SHINE,
(2 assembly lines and 2 HPRS) MHz, 500 MHz, 650 MHz, DALS, BEPCII-U ...

1.3 GHz
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IHEP PAPS SRF Infrastructure in Huairou, Beljing

» Magnet R&D
* Mechanical & alignment
. KIystron Test

AU “' =
3 < _l ""I’:'I'l“ll

ll|

* SRF test hall
* Vacuum assembly & coating mfmﬂl

= o
™
(™ ¥
. -
: * i
3 8% |
‘|

Accelerator key technology R&D and Testing platform:

» SRF cavity and module » High efficiency Klystron
» High precision magnet » Mechanics and alignment
» Vacuum assembly & coating » Beam test facility




IHEP PAPS SRF Infrastructure Fully Operational

—JZ, ~500m2 —J2, 78.6m x 49.8m, ~ 4000m2
Second floor First floor

2m 1]
Door - q
A wami | Py : :
B Stairs/WC uPw / rlmt :
. PUTR - g
Jis 5 s £ i v ) i A% 4 35 B AE T X %
AT Clean room for cavity and cavity-string Cryomodule assembly and storage zone o
BLWE A :
LLRF and EB;E
microwave Optical
|Inspection b o
Jyasnananunana s anaseenses B v e
{ "B Tee| 92 i 1
MABEINE CeanS By [ FE - X :
Coupl H . H
ﬁ’ﬁ%f Stnruapgeeh room for couplers | meeting §- % E E | R, 1A
e Control room ranm : %g 3ot —__ 1 Al
Office — 5l ER i O T8 & N
-5 SR LR RR laomem
creeees Do 0 Bes logand3g,rot
%Ef’ <’,jiﬂ= . ‘:s EE Y3 EI :\I:ailable[ ¢
e S 1
wep g Bus N Zel X
S : 166/500/650MHz [, #)600F = s g 5|3,
b envitis O I e i s Bl R B S
N-doping % £ e £ %nZ % £ 3% fic H[E
and Nb3Sr. ﬁ-_'i %g- - E Eg Power
‘ oven KA %8 = mE = distribution
KIr7il Cooling =§ =
piIN] water B E Z PG b
: HE control roo

IHEP EP system in Ningxia- ™



Important achievement based on PAPS

1.3GHz high Q cryomodule reached the highest level, which would contribute to the
undergoing facilities such as SHINE S3FEL and even future CEPC
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1.3GHz cryomodule integrated and cryogenic test

74h, 3X+

A
200 - Automatic cooling successfuliy achieved;
280
260 |
240
2200 | _ar ‘ ‘
! « Phasel: 300K~150K;
200 — A cooling illy E T — 11 o
180 — | achieved; '
1+  GRP: radial temperature gradient !
160 — | <15K; axial temperature gradient 0 |
1 <50K; single point cooling rate h
140 — ! <10K/h; i
i Restricted by safety valve seal, S A B ittt )
120 — ' source pressure 4.2bara, small flow | 1 Phaselil: 50K to 9.2K until
' rate, slow cooling; 3.4K/h, 44h ! ! 4.5K, H
00— o __ T oo It 1 | + high flow rate and rapid '
L | emmmemmmmmee e de e e e mmmmm e m =i ' cooling, H
80 H Phasell: 150K to 50K transition zone; | !+ 10min, then starting 4K H
) coollng Includlng coldscreenand 5K 1 1 accumulation )
60 — H loop temperatureall in place, subcooler | SSSSm— | b---—— oo oo !
S | accumulation on the liquid,; v I
40 — ! « atotal of 10h (superconductingcavity | a2k
20 |- ! wall temperature down to 50K took 5h) [
| [ I | |l
2023/5/23 2023/5/24 2023/5/24 2023/5/25 2023/5/25 l 2023/5/26
20:00 8:00 20:00 8:00 pm==2000- - ¥______ B8:00
!+ 4Kaccumulationof !

2023/5/23 L Sehatine 1 2023/5/26
13:30 L » 15:30
Start . " 2K quﬁtglevel

cooldown Time duration to 90%, end of

cool down
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IHEP SRF Modules

166 MHz 1+4 CMs 500 MHz 4+1 CMs 325 MHz 3+N CMs 1.5 GHz +1 CM
(HEPS) (BEPC-Il & U, HEPS, HALF) (ADS, RAON 7/6xSSR) (HALF, passive)

1.3 GHz 1+1 (N) CMs 650 MHz 1+1 CMs 324 MHz 1+9 CMs 648 MHz +8 CMs
(CEPC, FEL, ILC, ERL) (CEPC 2/6x2-cell) (CSNS-Il 2xDSR) (CSNS-II 3x6-cell)
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IHEP Dongguan SRF Infrastructure

17 Door 4.5m
1 L
1 1 < e ——
KRB i = % :
Water - i vertical tgst workstation plasma processing
pump | \ -
MR AHENAE EWR EESEFRE
B Laser Aok . Loading Cryomodule
1 teit aren High power test area area storage area {ERER
g Cryogenic
> workshop
(2}
BSRAT "
g ) SC RF hall L {GRT
- Clean room EWorksiation Cryogenic hall
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Summary

B 20 years blooming SRF accelerator R&D at IHEP, we are in a golden era of

large SRF accelerator facilities design and construction.

B Many challenges in the design, development, construction and operation of

accelerators for the colliders, light sources & FELs and proton linacs.

B There is still a lot of room for the improvement of technological level.
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