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Light source, evolution & 4GLS




Development of X-ray light sources

X-ray tube usedy
WilhelmRdntgenn 1895

X-ray machine
(scientific research, industry,
medicine)

Modern Xray machines
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Synchrotron radiation

The most widely used and
advanced Xray source.




Synchrotron light sources

A Synchrotron light source: a physical device that produces synchrotron radiation.

A Synchrotron radiation (SR): Electromagnetic radiation emitted by relativistic charged particles
OY20Ay3a |G aLISSRa Of2aS (2 GKS ALISSR 2F tAIKGZT ¢
magnetic field. It is called "synchrotron radiation" because it was first observed in synchrotrons.

A Brief history of SR and SR light source:
A 1895: German scientist WilhelRntgendiscovered Xays.

A 1947: American scientists first observed synchrotron radiation in a synchrotron.

A F.R. Elder, A.MGurewitsch R.V. Langmuir, H.C. Pollock, Radiation from Electrons in a Synchrotron, (198/ysical Revieywol. 71,
Issue 11, pp. 829830.

A Late 1940s to early 1950s: Russian and American scientists proposed the use of undulators to enhance
synchrotron radiation.

A G.N.Kulipanoy, invention of undulators and their role in modern synchrotron radiationsoucrcesand free electron lasers,
Phys.Usp 50, 368 376 (2007).

A H.Motz, Applications of the Radiation from Fast Electron Beamdopurnal of Applied Physic22 (5): 527 (1951).

From Baidu Google, Wikipedia, lightsources.org




Synchrotron Light Source: Wide Applications

Investigating matter, materials and living matter

Fields of application

Investigating matter, materials and living matter

Fields of application

Understanding matter down to the single atom
links many scientific disciplines at Synchrotrons:

T &

Solid-state Life
physics Chemistry Medicine sciences
« Atomic structure « Structure / dynamics + Pharmaceutical « Protein

« Magnetic / electronic of new materials molecules cristallography
properties of materials « Structure of + New therapy + Protein dynamics
interfaces protocols

Understanding matter down to the single atom
links many scientific disciplines at Synchrotrons:

%

Engineering Material Earth Environment Cultural
science sciences heritage

* Development « Structural » Structure and *Behaviour of * Non-destructive
of new manufacturing /|  properties of high- formation of earth’s bacteria under X-ray imaging

processing technologies performance crust extreme conditions + Artefacts

« Material failure materials * Geo-dynamics + Heavy Metals in the + Palaeontology
« Soft-condensed Environment: origin,
matter interaction and

remediation




Brightness of Synchrotron Light Sources

A Brightness, or namely Brilliance

A For a specific wavelength, the number of photons received per unit time, per unit phase space volume, and
within a specific bandwidth range, unit: ph/(s mm mrad? 0.1%BW)

B Ny
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A Higher brilliance: The primary goal of light source design Increasing the number of
photons per unit time, i.e.,

increasing the power of
the photon beam.
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Increasing the number of photons Reducing the phase space volume

within a specific bandwidth. 4GLS

the diffraction limit of light).




Evolution of the Light Source

A Key factors forgenerational transitions of light sourcesareinnovation in accelerator design
andadvancement of radiation technologies and mechanisms

/

HEPS, Beijing

SSRF, Shanghai
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4GLS: mainly Driven by Accelerator Design

Acc. Physics: Compact MBA design

Flat beam Elliptic beam
SRR

AR l . . I

Acc. Technology: Smallaperture magnet e ‘

1 mm

Brightness increase
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et
Challenges in Physics Design

Multibend achromat
PO4%

Ultra- low emittance

—
High brightness -




et
Challenges in Physics Design

b

Optimization of dynamics
On- axis injection

Error control, state of the art

mig Loend achromat '-» error correction and
AR il feedback

Ultra- low emittance New modeling of magnets

High brightness 4,-» in lattice and optics re
matching

Impedance optimization

-» Bunch lengthening w/ HC
bunch- by- bunch feedback




Novel Magnet and Vacuum Technology

Small aperture magnet and vacuum chamber are essentially required
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Small-aperture NEG-coating vacuum chamber

Cylindrical magnetron deposition

Circumference | Circumference | Circumference | Circumference | Circumference | Circumference
<250 m 0-300 m 300-750m | 750-1000m | 1000-1500m | >1500m for vacuum chambers
. o p—
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Comprehensive considerations become
necessary

3d generation MBA generation

——




4GLS design: Optimization problems of
multi-objective complex systems

Finding the optimal balance point among multiple parameters of light sources
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Evolution of Synchrotron Radiation Light

Sources
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Status of 4GLS facilities

A 3 in operation, 8 under construction, more in design
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Emittance

emita.nce/*f:2 (pm.rad)
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Circumference (m) Adapted from R. Bartollini

L. Liu, H. Westfahl Jr., IPAC2017, TUXAL.



Emittance

Petralll |

emitance/*f:2 (pm.rad)
S

- ® in operation
~ ® planned/study
o cunstructmnfcornmlssmnmg
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| 1000
Circumference (m) Adapted from R. Bartollini

L. Liu, H. Westfahl Jr., IPAC2017, TUXAL. Standard MBA vs. hybrid MBA
 Fourth Generation Light Source(4GLS) ~ YiJAO, jiaoyi@ihep.acen 19




Emittance-Cont.
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Brightness
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4GLS Design and Construction

Taking HEPS as an example




Overview of HEPS

Long Beamline

Booster

TF=>1x102%2 _  6GeV

BrighthKré? Béa@\energy
DY

Storage-»*Rfﬁg and 1360.4m ~90
Exﬁeriment Hall Circ‘il"g‘\ference Beamlines
== ,/ b — = = /Aé -
- Laboratory Bdildin = . one of the brightest

fourth-generation SR facility
in the world:

The first high-energy

nchrotron radiation light source
in China
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HEPS:. 1st High-energy SR source

Beijing Synchrotron A In operation: 5 light sources (3 SRs + Rinacg High Energy Photon Source
Rstsniiauhdsill A Under constr.: 4 light sources (3 SRs + 1 Linac)
A Planning, R&D: 4 light sources (3 SRs + 1 Linac)

9 Under construction
9 In operation

@ Planning, R&D

Shanghai Synchrotron e LT UTS,;SQ W‘HPSV TNE; SXFEL
Radiation Facility (3- gen) “ Uy R S T

S o b R
A P |




- A diffraction- limited SR light source (#-gen)

High Energy Photon Source (HEPS)

A Project outline

The 18 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 (~$652M) (incl. materials, civil
constr. & commissioning,excl. labor cost$ + 0.1M

RMB/person/year (CAS)

Support: Central government NDRC 80% +
Local government Beijing 20% + Chinese

Academy of Sciences labor costs
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Powerful light source

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

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

Advance Materials

While providing conventional technical support for the general
users, HEPS will operate as a platform to analyze the structures,
as well as the evolution of structures of engineering materials

in the whole process, by in -situ, multi -dimensional and real -
time observation.

Energy and Environment

Diffraction patterns

Microelectronics
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HEPS design & construction

2011 2013 2015 2017 2019 2021 2023

2007

2009

Project planning

Lattice design and studies for a 3GLS

Design and studies for HEPS-TF

physics design, key
tech. R&D

MBA lattice studies for a
A4GLS

Equipment fabrication, installation,
& pre-commissioning preparations
Accelerator & beamline

| Physics, hardware, engineering
2008 48DBAs, 1200 m, 5 GeV, 1500 pm ) i : _ .
design and iteration for HEPS Commissioning
009 ot ontimiat s B | Vo | V2o | V20 | a0 |
MBA lattice wj small magnets (MAX-IV) onlinear optimization R 6 6 6 5
5. Leemann, et al, PRST-AB 12, 120701 (2009), mA 200 200 200 200
2010 648/60 680/63 680/63 680/63
) ) ‘ m 1295.6 1360.4 1360.4 1360.4
Theoretical sltudv .M modified TME unit cell merad B W e T
MBA lattce w/ global cancellaton (PEPX) | ‘ &long. gradient dipoles ASHIBA  AS'HTBA  AS'MHTBA  S*MHTBA
Y. Gal, et al, PRST-AB 15, 054002 (2012). 2011 116.16/4112 107.37/82.43 114.14/10623 115.15/104.29
32745, 1260m, 5 Ge\, 75 pm 48/0 48/0 24/ 24/24
3017 367BAs, 1520m. 5 GeV, 51pm m 6.0 615 6.072/6.004  6.086/6.086
w/ alternative high- and low-/3 sections 9/3.2 89/41 10.12/9.64, 8.18/5.0,
Hybrid-MBA lattice (ERSF-U) S— 2800191 2.56/231
L Fanvacque etal, IPAC2O13, p. 79.81 2013). & ;3 367BAS, 1360m, 5 Ge\, 51 prm w/ just two high-f sections 3 EE%"IT 10 3 343 156 L83 EPICS
407T8As, 1280 m, 5 GeV, 460 pm Z Riibd  MeV 1995 1.959 2.89 2.64 !Q..
* H7BAUIhybrid-78A. I 77BAZ K MH7BA, Blmodified hybrid 7BA. il L5 78R4
014 44 7BAs, 1296 m, 6 GeV, 88 pm (61 pm@5GeV)
MBA attice w/ antbend & superbend (5L52) 48 HTBAs, 1296 m, 6 GeV, 108 pr (75 pm@5GeV
A, Streun, NIM A 737, 148-154 (2014), ) ) = T e
e 48 HTBAS, 1295 m, 6 GeV, 60 pm ‘ 1, " A £ 7N
Start MOGA optimization based on H7BA lattice ? L O 1[0 oK) )
Viection section sorage ing extaction secton s -‘ | % S N
PSO & MOGA iterative optimization = = i Db eeet
2016 48 HTBAs, 1296 m, 6 GeV, 50 pm —_—
Hybrid-MBA lattice w/ antibend (APS-U) - 48 HTBAs, 1317 m, 60 pm, w high-f insertion for off-axis injection oot Pf""‘. 'v"“.‘ ‘,"‘*..’ |
M. Borland et al. NAPAC16, WEPOBDT (2016). 60 HIBAs, 1836 m, 6 GeV, 10 pm O 3 &' ) ! 1O )
Lo 4 | o ’
2017 48HTBAS, 1360m, 6 GeV, 58 pm R B I N
48 H7BAs w/ antibends & superbends, 1360 m, 6 GeV, 34 pm




HEPS Beamlines

A Brightness of 5 1022 phs/s/mm2/mrad?/0.1%BW at the photon energy of 21 keV, can
provide X-ray with energy up to 300 keV

A 14 user beamlines + 1 test BL in Phasel, HEPS can accommodate up to 90 BLs
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Beamlines Layout in HEPS phase |

—' 14 public beamlines + 1 optics test beamline

IDO7
IDO8 1D09 2. HEPS fioreverer
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Y. Jiao et al., J. Synchrotron Rad. 25, 16117 1618 (2018).




HEPS Accelerator

A Accelerator complex
Storage RInd - Linac (500 MeV)
C=1360.4 m - Booster (500 MeV to 6 GeV, 1 Hz)
48 hyorid 78As - Storage ring (6 GeV, topup)

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

Booster Parameter Value Unit

_______

om Do Beam energy 6 GeV
B . Efgiﬁni:@z‘g%ﬁﬁm Circumference 1360.4 m
~dump Lattice type Hybrid 7BA

Hori. Natural emittance <60 P MAT ¢
Brightness >1 1022 =
Beam current 200 mA

[1] Y. Jiao et al., J. Synchrotron Rad. 25, 1611i 1618 (2018). |I’lj€CtiOﬂ mode Top-up -

E} L'.ii(ioétRa[l).,Tl\RA[fT’l\?lg?, (2270921'02)é7 (2023). *. phs/s/mm 2lmrad?/0.1%BW



Injecto
o Linac (high bunch charge 7nC)

a total length of about 49 m, 500MeV

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

an electron gun, a bunching system, and $and

accelerating structure system.

Booster (high bunch charge 5nC)

454 meters in circumference 500MeV -> 6GeV

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




StO rag e R| N g the main component of the HEPS accelgrator complex

e

S

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

for injector

1700 * Magnets 19 IDs /—\%}7 Bending magnet
” booster radiation source
~1300  vacuum chambers @ .@t ~@t |
500" BPMs 288  Girders AN /
: A\ Linac
a circumference of 1360.4 meters High energy accumulation:
i A\ effectively reduced single _
48 seven -bend achromats , meticulously bunch charge requirement

designed to achieve a horizontal natural ™ _
N Otorage rng

emittance of ~35 s p b u dt@ beam ___i_____----:
energy of 6 GeV.




Storage Ring Lattice: Modified hybrid 7BA

Hybrid 7BA —H Hi
HEPS design ——H Hi

l I} New bending magnet source

Not need dedicated BM light source
avoid related physics and technical
Unit cell w/ long. Grad. & issues
reverse bending magne

Alternating highand low . Jiao, et al. JSR, 2018, 25,
beta straight section 161k1618

Brightness increased Y. Jiao, et al. RDTM, 4, 2020,

~30%at half of sections 415424




Injection: swap-out injection w/ booster high-

energy accumulation
Small dynamic acceptance e "~
—_— <\~~.-— ——,) MNP < \ !
swap -out injection (%i bfi

RO E NP TR

Key:How to realize
high-charge bunch | ™| HEPSuse booster at high energy

fBIRR A |
— =
%UJ%UE{%% tD%UE%%%Q
AR et AR AR B3| R ?
SENRHE? EHELEIL?

as an accumulator

A Reduced cost compared to
' dedicated accumulator

Timing mode requires high
charge bunch spacing~72 ns,
bunch charge-15nC

A Reduced requirement on bunch
charge compared to w/o high
energy accumulation

. .
,,,,,,,,




Measures to ensure 200 mA operation

A Detailed impedance modeling

A Impedance contributions were evaluated and optimized based on iteration with hardware desighs?

A Numerical simulation on single and multi bunch instabilities

A Harmonic cavities (500 MHz) and fundamental cavities (166.6 MHz) are used to lengthen the bunches, so as to
increase beam lifetimel3l and especially to mitigate IBS effect and collective beam instabilitiéd

A With the aid of feedback system and positive chromaticity, it is feasible to control the muitbunch instabilities
(coupled bunch instability[?l, and ion instability>-6:7)) for 200 mA operation

A No beam loss at the max. target single bunch charge (14.4C/bunch, 63 bunches & 200 mA), however,
brightness reduction (10~20%) is unavoidablél; also, injection transient instability should be carefu$!

«10° 1.33nC/bunch «10° 14.4nC/bunch

+5 chromaticity to cure TMCI

4
60 15'10

40.00 nC/bunch
30.00 nC/bunch
20.00 nC/bunch
15.00 nC/bunch
10.00 nC/bunch
0.001 nC/bunch
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[1] N. Wang,et d., IPAC17, WEPIKO078. [2] N. Waeg a/, Atom EnergSciTechnol2019, 53(9): 160411606. [3] S.KTian et al, IPAC2017, TUPABOG67.

[4] H. Xu, N. Wang, FLS2018, WEP2PT024. [5] N. Waatg/, IPAC2018, THPAKO014. [6] STkan, et al, IPAC2018 THPMF055.
[7] C. Li,et al, Phys. Re\Accel Beams 23, 074401 (2020)8] Z. Duan,et al, IPAC19, TUPGWO053[9] H. Xu, et a/, Nucl. Instr. Meth.. A 986 (2021) 164658..



Beam loss control in the ring

A Use collimators to localize the beam loss (due tdouschekeffect and active beam dump) in
the ring

A Found the beam deposition would be destructive on collimators in the cases of active beam
dump, and other components (e.g.Lambertsonseptum in the case of extraction failure)

A Plan to use pre kickers(t 2l (before active beam dump or beam extraction) to increase the

beam size and decrease the er =
.

~ ponents

Electron beam distribution at
the collimator after active beam
dump

Y (mm)
Y (mm)

Storage ring . 7 7 7 (a) wlo prg- kicker _
Booster 0.5-6GeV C=1360.4m |4 Y oxem " sEE e T e (b) w/ horizontal pre-kicker
& | e (c) wi/ vertical pre kicker
(d) w/ horizontal and vertical
0 pre- kickers

Y (mm)

The max. beam intensity at
collimators reduced by about
200 times with prekickers

4 collimators at the 2nd dispersi
1st, 13th, 25th, and 41th 7BA.

[1] Y.L. Zhaoget al, HEPSAC- AP- TN- 2020- 024- VVO.
[2] Z. Duan, et al, HEPSAC- AP- TN- 2020 031- VVO.

55 545 5. 5. K 57 -5 56 -555 -55 -5.
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Magnets

TN IR - Features of key magnets & system

BLG 245 - BLG: permanent magnet, field tuning to 50 ppm,
BD/ABE 204  temperature compensation to 50 ppm/°C

arap 686 - QF/QD: 80 T/m, By/B, < 4x10+, harmonics 3 r B
compensated by “Magic finger© - . it
SFISD 294 RCS: based on coordinate measuring machine  Measuring BD magnet with CMM
i ) i - based Rotating coil system
oct 98 (CMM), automatic alignment with 10 um precision I
196 - MCS: automatic alignment with 20 um precision ' .
Magnet field measurement system o

Imegral magnetic field dispe mion of the kagtudinal gradient dipoles of HEPS storage ring

3
Hall probe system HPS 3 'y ‘
Planar moving coil system [\" [ 1 - Measuring BLG magnet with Arm
e T ‘ — based planar moving coil system
Stretched wire system SWS 1 s s cm—i
QFE QDS GD? ABFA  OFS5 503 Blﬁd BD2 ABF3 BLG3 ABF2 BD1 BLG2 SD2 OF2 ABF1GD2 oDl GF1
Trans. field meas. system TFS 1

I‘ﬁ ;i g “’l"“ G A W ol

All magnets and measurement systems
developed in-house by the Magnet group.

T

g L




Vacuum System

SR requirement:
1.3e-7 Pa (dynamic)

y

Thickness of electron beam 0.1 mm 3/4
window (a)

Dimension of the booster 36"300.7  87/423
vacuum chamber (b) mm

Contact force of RF 125+25qg 42/1125

shielding bellows (c)
Material of photon absorber C10100 11/288

(d) C158715
C18150
Magnetic permeability of 1.02 7/532

Stainless Steel vacuum
chamber in storage ring (€)

Inner dimension of the Di22mm 27/1019
CrZrCu vacuum chamber (f) Di22mm w/
antechamb
er, Di8 mm,

efc.




Vacuum S stem-NEG coating

A 3 sets of NEG coating equipment have been built; ;
A One is used to coat small aperture circle vacuum chambers, and 6*3.5m vad®
chambers can be coated simultaneously;

A Another is for antechambers paralleled with 4 groups in a length of 1.5m, anég—
the NEG coating have been verified in a slit height of 6mm with a length of 1.2m;

A A 6m long vacuum chamber can be coated in the third setup by moving solenoid
vertically.




Mag net Power Su pply
Features of the magnet power supply system

Linac - High precision current-stable power supplies: long-term stability 10

Trans. 123 DC ppm, accuracy 50 ppm, repeatability 20 ppm

BS Bend. 4 DC+AC - High bandwidth high precision fast corrector power supplies: small-

BS Quad. DC+AC signal step response time 75us, current ripple 20ppm

m 6 DC+AC - High power dynamic power supplies: tracking error 0.1% vs.

84 DC+AC operating value, from injection to extraction point

- In-house developed digital power supply controller and DCCT:
all power supplies are fully digital-controlled with digital controllers

9
M 12 DC and mstalled DCCTs as the current feedback component

SR Quad. 60 DC
DC

384 DC+AC

SR Corr.
IDs related

All power supplies, DCCTs and
digital controllers developed in-
house by PS group

Storage ring PS hall Booster PS hall Digital controller




Magnet Support
SR magnet support system

- Ultra-high stability & micron-level motion resolution XY 5pm
->contradictory requirements Z <15pm
« Improve system stiffness : Self-developed wedge mechanism, Adjusting Xz +10mm
high-stiffness concrete plinth & grouting installation process Sl Y £7mm
Natural frequency 254Hz

» 288 support modules installed and met the requirements.
- Eigen frequency: 270 Hz
- Transmissibility: £1.05
- Motion resolution : 1 um

HEPS Magnet support stability
1st Natural Frequency & Transmuessibility
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