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 Brief introduction on HEPS
e Schedule & Main milestones
* Accelerator progresses since Jan. 2020

* Summary



“Overview of HEPS
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» HEPS: a 4th_gen high-energy synchrotron LS 4

* One of the brightest fourth-generation synchrotron radiation facilities in the world

Landscape of the 4t"-gen storage-ring light source

Beam energy

Circumference 1360.4 m
NTLE Hori. natural emittance <60 pm-rad
,gﬂm pj%fg’wg‘??"’ . Brightness >1x10% BU
i ' Beam current 200 mA
< Injection mode Top-up -

E S (EU).
ABE 02 el

3EM

BU: phs/s/mmz/mradz/o 1%BW
1023

\

=

=

o
N
N

=

o
N
=

N
o

=
(@]
=

=

o
[
o]

Brightness (ph/s/mmz/mradZ/O.l%BW

=
o
[
(o8]
o

10t 10
Photon Energy (keV)




& HEPS: a powerful light source :

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

While providing conventional technical support for the general Sl
users, HEPS will operate as a platform to analyze the Bafvance Materials

structures, as well as the evolution of structures of
engineering materials in the whole process, by in-situ, multi-
dimensional and real-time observation.

industry

Microelectronics



LocatiOn ~80km away from IHEP main campus ¢4

* Huairou Science City (an area of 233 acres)

- Five big science facilities: HEPS, SECUF (Synergized Extreme Condition User Facility),
CMP Phase |l (Chinese Meridian Project Phase II), EarthLab (the Earth System Numerical
Simulation Facility), Multi-mode, Multi-scale Biomedical Imaging Facility

- Series research platforms in energy, environment, biology, materials, etc.
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3 Design goals of HEPS :

Main Parameters Value
Storage Ring

C=13604 m

48 hybrid 7BAs Beam energy §) GeV

w/ ABs, and AB/BLG cell
€~ 34 pm @ 6 GeV

Circumference 1360.4 m
_______ Booster
C=454 m 0.5-6 GeV . . .
D0 lattice Hori. natural emittance <60 pm-rad
| €~ 36 nm @ 6 GeV
________ \ LB :‘)'n—haxis swap-out injlec"cion + Brlghtn ess > 1 X 1022 BU
RB igh energy accumulation
+dump
Beam current 200 mA
Injection mode Top-up -

BU: phs/s/mm?/mrad?/0.1%BW



'Schedule (2019-2025) :

I - * -
 The construction period was muoARGY | dprowd . repertapmoved | appowed  culconeion s
. 28.09 15.12 28.12 22.05 29.06
estimated to be 6.5 years. 2017 2019
2018 | 2019 ‘ 2020 | 2021 ‘ 2022 ‘ 2023 | 2024 ‘ 2025
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- Date of Groundbreaking
: *
ceremony: Jun. 29, 2019 1" bear Project
o nasinoooomtery]  (Linacand Booster o completed
- Project is scheduled to be (6.5Y)

completed in 12.2025 [23%4} ) -[Zggs]_ '[2235]

Joint Commissioning [\ Pre-operation

All the buildings delivered
for installation

Storage ring
installation completed

Storage ring
Commissioning started

' ,szﬁlﬂ Aug. 8, 2022, the installation in the
booster tunnel began.

Jun. 28, 2021, HEPS Installs First
Piece of Accelerator Equipment in
Linac Tunnel.
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ceremony g sealing in the tunnel
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installed in the
storage ring tunnel

June 28, 2021 Nov. 18, 2021
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Utility installation in Roof-sealing work for the ancillary buildings
completed

T

";,* o - ol
s o '4 :. e
N

beam
completed

July 1, 2020
The first steel beam
was installed

Sy 9! Accelerator Equipment in
NO.2 Hall commenced main ring building completed linac Tunnal.




HEPS LINAC

Beam Energy

Bunch Charge

Trans. Efficiency

500 MeV
2.61 nC
94 %

The first electron beam of the HEPS was
accelerated to 500 MeV with better than 2.5 nC of
bunch charge by the Linac on March 14, which was
a key milestone of the HEPS project—HEPS beam
commissioning had begun.

Milestones of the HEPS Linac
29/06/2019: Design completed

28/06/2021: Electron gun, the first piece of accelerator
equipment, was installed in the Linac tunnel.

08/03/2022: Installation in the Linac tunnel begun

12/05/2022: Linac vacuum-sealing in the tunnel
completed

23/09/2022: Linac online RF conditioning completed
09/03/2023: Linac commissioning began



® Beam size optimization

® Wakefield-free steering (WES)
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Booster 12

RF conditioning started on May 25, 2023 and beam
commissioning began last month.

The Booster was vacuum-sealed on Jan. 13, 2023.

Sep. 30, 2022, The pre-alignment of the booster
installation cells completed.

Aug. 8, 2022, The installation in the booster tunnel began. i

Dec. 14, 2021, Booster tunnel building moved to
installation phase.

1 32 pre-alignment cells




Booster commissioning 13

Beam energy ramping to 6.0 GeV (with RF)

HEPS Booster B 5 ¥ RARME

@ Beam sizes:
- JURTT 56663 001

yuml 25884 4048

X centrad 103.71

fcertrod «12.00
Emittance:

yooml 1208

Energy Spread:
0.00213

RF Total
Booster Energy

Al 1.274 mA

Booster Energy

6001 MeV

SSEOW (0148 mA pe
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Progress of storage ring

Storage ring

1776 magnets 288 girders

The installation of a 7BA cell of the
storage ring on the experiment bench
was successfully finished to optimize
process flow.

The pre-alignment for the storage
ring magnet girder began on July 13,
2022.

The tunnel installation of the storage
ring started on Feb. 1, 2023.

Up to date, ~75% qirders has been
installed.



Progress of storage ring

19 Insertion devices
(including I1AU, IAW, CPMU
and IVU AK Mango) were
manufactured and received.



«£9» Accelerator Physics

16

Storage ring: 48 hybrid
7BAs w/ ABs, and
AB/BLG cell, g5~ 35 pm

6 GeV

Booster: FODO lattice,
g~ 16 nm @ 6 GeV

Booster 0.5-6GeV
C=454m

LB

Storage ring
C=1360.4m

)
dump _
Linac: 500 MeV,

w/ mature
technologies

On-axis swap-out injection +
high energy accumulation
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To deal with challenges from technical and engineering
design, the accelerator physics designh was updated

» Storage ring lattice: enlarged drift space in arc (1.1 m
more space/7BA), slightly larger magnet aperture (25-
>26 mm), emittance preserved (34.2->34.8 pm) with
however smaller dynamic acceptance

* Booster design: higher bunch charge (2->5 nC), and
emittance reduced by more than 50% (35->16 nm)

* Linac design: higher bunch charge (5->7 nC) and
optimized layout

* Transfer lines: updated accordingly



3 Storage-ring magnets .

BLGY QD4 ABF} FC2 BD1 GFY BLGZ QD3 §D2 OCT1 GQF2 8F1 ABF1 EH apz BLG1 QD F |

» Magnets “"WABVY/ AAC

- 37 magnets in one 7BA cell
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~BLG  0.11-1T
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— Fast Corr 008T I Anti-B / Focus Quad. I Dipole / Def. Quad. ’ Octu. @ H/VFastCorr. % Trim coils

ABF2/3



Magnetic field measurement 18

* Measurement and pre-alighment move on schedule

- Measurement of the dipoles, quadrupoles and dipole/quadrupole combined function magnet
will be finished by the end of November

- All sextupoles, octupoles and fast correctors have been measured

- Fine tuning of the BLGs field integrals is performed by using adjustable screw. All the BLGs are
within 5x10~ after tuning

Measurement progress of the longitudinal gradient dipole Measurement progress of the quadrupole and dipole/quadrupole combined magnet
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3 Magnet power sup

19
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« All power supplies installed (total number 2804) at 10 PS Halls and M01-48
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Magnet power supply

* All power supplies are digital-controlled with self-designed DPSCM(Digital
Power Supply Control Module) and DCCT(two scales with 20A and 300A).

DCCT: DC Current Transformer (

Accuracy < 2 ppm

: o g [
[ m— A ‘,
: a ‘ |
- |
| '!
4
- ¢ 4 ¢ Y 2
=
t

WL L

|
o :d GGGGG




“&» Storage-ring vacuum 21

* The vacuum components in the storage ring are being mass-produced, and the
vacuum equipment of a standard arc cell have been installed and verified

4 >
R 7 < T
T

: e ARG .":7»‘-' 5
Stainless steel chamber with Cu-Cr-Zr /dispersion-Cu RF shielding bellows with
pumps, photon absorbers and end crotch photon absorber double-fingers type, and

mask, and copper is coated inside. BPM module is integrated.



y NEG coating facilities 22

« 3 sets of NEG coating equipment have been built
- 1 for coating small aperture circle vacuum chambers, and 6*3.5m vacuum chambers can be coated simultaneously
- 1 for antechambers paralleled with 4 groups in a length of 1.5m, and the NEG coating have been verified in a slit
height of 6mm with a length of 1.2m
- A 6m long vacuum chamber can be coated in the 3™ setup by moving solenoid vertically.

NEG coating pumping speed ~ 0.72 L/(scm?)(H2)

. 'v 1 /HV

, }Jl lllﬂ




3 Girder & Magnet support .

SR magnet support system

* Prototypes developed and engineering design scheme
finalized

* Contradiction between the precise motion and stability
compromised effectively

- Eigen frequency: >71Hz
- Motion resolution : 1um

e Concrete plinths grouting finished in tunnel and passed the
final test acceptance.

e Girder mass production finished and installation is in progress,
70% completed.

LA & BS mechanical support

* All the mass production and tunnel installation have been
completed




<3 Insertion Device In-air IDs R

* The APPLE-Knot undulator is an innovative device which can achieve both
circular polarization and low on-axis heat load. The “Mango” wiggler is
designed to offer a big radiation spot size for Large - field X-ray diagnosis and
flaw detection. They are both successfully realized and through expert review.

 The development of 6 in-air IDs (4 IAUs+ 2 IAWS) is finished, ready for tunnel
installation.

Merged APPLE-Knot: 15t 4 Array AK Mango: Scan range 0.6mrad*0.6mrad




" Insertion Device s

 The mass production of 11 in-vacuum IDs (6 CPMUs + 5 [VUs) completed
* The batch tuning is underway

Short period 12mm

>
kK /)
\

CPMU in Tuning IVU in Tuning IVU in Baking



& RF cavities ”

2022.12, all six 500MHz 5-cell copper cavities passed SAT at PAPS (c.w. 120kW)

2023.07, three 500MHz 5-cell copper cavities installed in the Booster tunnel and commissioned
2021.11, first 166MHz bare SRF cavity passed vertical acceptance tests

2022.006, first 166MHz jacketed SRF cavity passed vertical acceptance tests

2023.06, first 166MHz cryomodule assembled and moved into the horizontal test stand
2022.12, four 500MHz bare SRF cavities produced and passed vertical acceptance tests

500MHz 5-cell copper cavities 500MHz SRF cavity string
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'High-power RF system 27

« 2021.10, 166MHz-260kW and 500MHz-150kW prototype SSAs passed essential tests at PAPS

« 2023.04, 166MHz-260kW and 500MHz-260kW series SSAs production complete and passed FAT
« 2023.07, 500MHz-100kW series SSAs complete and passed SAT at Booster RF hall

« 2023.06, first 5 00MHz-150kW circulator installed at Booster and passed SAT




Low-level RF system 28

e« 2022.12, XILINX-based LLRF in-house developed

 2023.05, integration of cavity, SSA and LLRF at
Booster complete

« 2023.07, commissioning of booster RF complete
 2023.04, RF EPICS database start archiving data
« 2023.04, Booster RF control OPI developed
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3 Cryogenics system .

e Layout of the cryogenics system finished and met the technical requirements of
HEPS micro-vibration requirement

* All cryogenic equipment of cryogenic hall, tank area and HEPS zone installed

== ~ S

Transport line from cryogenic hall to HEPS Tank area and cryogenic hall



“Linac microwave and power source 30

 Cathode-grid Assembly R&D

- Assembly emission current satisfied E-gun of HEPS linac
- Reliability and lifetime of assembly are under tests

23.1% porosity basement sintering with 5um tungsten 15 T T T
Unscreened tungsten powder 5pm tungsten powder
_powder —m— H#f1-102 Pulser 400V 1
14 | [-®— [1571-98 Pulser 400V g
A [1811-162 Pulser 400V 1
< 13 | [y~ F#T1-iE Pulser 400V i
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—<1— Heatwave Pulser 950V

: ] 12 | l-o— @#f2-15Pulser 950V &
50pm = ~%r— Eimac Pulser 950V 1
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Linac microwave and power source 31

* Solid-state modulator
- Completely eliminate instability and limited lifetime of thyratron
- Solid-state modulator technology in-housed developed

Yo | Microwave phase stability of Linac K3
\/ VT 2 hours p-p stability: 0.4°
/ - 2 hours RMS stability: 0.07°
fffffffffffffffffffffffffffffffffff -
Modulators in HEPS Linac Gallery Pulse Repeat stability 0.018%

305kV/354.2A/30min



Linac RF system 32

* Features
- The accelerating structure adopts an round-shaped cavity, an elliptical cross-
section iris design, and the coupler design is a single port doubly fed structure
- The pulse compressor design is a dual cavity structure with dual hole coupling, and
internal water cooling
- The directivity of DC: 40dB, LLRF is fully digital

* Milestone

- 2019.6, microwave system design completed and begin to manufacture the
component

- 2021.3, complete the acceptance of the first accelerating structure

- 2022.4, complete the installation of the accelerating structure and pass the final
acceptance

- 2022.5, complete the installation and test of the microwave system and begin
online high-power practice

- 2022.9, the energy reaches 500MeV at linac exit

499. 8 MH=

3dB hybrid
directional coupler

Phase shift &
attenuation

Ref. Signal

Reference line

LLRF system

I15 KWR ;
D aME.
— — [ Gun } - [ SHET SHEZ

166.6 MHz 499.8 MH= 2998. 8 MH=

SiC load
The layout of the linac RF system Main components



3 Injection & extraction system 33

 Booster

- All hardware including Lambertson magnets, kicker magnets and pulsers were
delivered for installation in May 2023

- The low-energy injection system has been put into operation for beam commissioning

e
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3 Injection & extraction system

34

e Storage ring
- Kicker: All strip-line kickers delivered on 24/7/2023

- Septum: the full-size prototype was completed in Jan. 2023 and 2 sets of final
magnets are still under processing.

Fast kicker and pulser: pulse bottom width
(3%-3%) < 10ns, pulse peak = £15kV

+ half-in-vacuum Lambertson magnet wlf
septum widthcof2mm ©_o =R

5ceII _&trip-line kicker™




y - Alignment: Linac and Booster s

* The initial alignment and smooth precise alignment of the 50-meter linear accelerator were completed from
March to August 2022, with an alignment accuracy of 0.1mm.

* From October to December 2022, the initial alignment of the 454-meter circumference booster was completed.
From February to May 2023, two rounds of smooth precise alignment of the booster 's orbit were conducted
with an alignment accuracy of 0.065mm.

* All these alignment works have effectively improved the efficiency of beam commissioning and ensured stable
beam operation. Currently, the linear tunnel is operating successfully, and the booster tunnel has completed
beam commissioning. This demonstrates the correctness and practicality of the principle and procedure for
achieving smooth precise alignment of the orbit.

~r ;h

Smooth precise alignment of linear accelerator Smooth precise alignment of booster Initial alignment of booster



) Alignhment: storage ring .

* For the first time in China, the laser multilateration measurement method is adopted to the pre-alignment of
storage ring magnets of HEPS. The spatial coordinate measurement precision of 6um within a 6.5-meter
control range have been achieved. The system has reached a world-leading level in terms of stability and
measurement efficiency. By August 2023, 217 out of 288 girders have been pre-aligned.

* The initial alignment of the storage ring is currently underway. It is being carried out using a conventional
single tracker control network fitting positioning method. The deviations have been adjusted to 0.05mm, the
instrument control network fitting positioning error is 0.4mm, and the magnet position error is 0.5mm,
meeting the requirements for initial alignment. By August 2023, 156 out of 288 girders has been completed.

Pre-alignment of storage ring magnets Pre-alignment of storage ring magnets Initial alignment of the storage ring
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Mock-up of storage-ring standard cell

37

The operation space and interfaces have been checked, and pre-alignment scheme,
transport scheme and other critical problems have been thoroughly tested
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 HEPS Accelerator execution progression
- Engineering Design completed
- Procurement completed

- Delivery of main components almost completed (excepted storage-ring vacuum
chamber)

- Mock-up storage ring standard cell completed

- Storage ring magnet girder nearly 75% installed

- Linac and Booster commissioning well progressed

- COVID-19 caused the project 3~4 months delay and we try to catch up
- No show stoppers to start storage-ring commissioning next year
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