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Development of X-ray light sources
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X-ray tube used by 
Wilhelm Röntgenin 1895

Synchrotron radiation
The most widely used and 

advanced X-ray source.

X-ray machine 
(scientific research, industry, 

medicine)

Early X-ray machines Modern X-ray machines



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

ÅSynchrotron radiation (SR): Electromagnetic radiation emitted by relativistic charged particles 
όƳƻǾƛƴƎ ŀǘ ǎǇŜŜŘǎ ŎƭƻǎŜ ǘƻ ǘƘŜ ǎǇŜŜŘ ƻŦ ƭƛƎƘǘΣ Ǿ Ғ Ŏύ ǿƘŜƴ ǘƘŜȅ ǘǊŀǾŜƭ ŀƭƻƴƎ ŀ ŎǳǊǾŜŘ ǇŀǘƘ ƛƴ ŀ 
magnetic field. It is called "synchrotron radiation" because it was first observed in synchrotrons.

ÅBrief history of SR and SR light source:

Å1895: German scientist Wilhelm Röntgendiscovered X-rays.

Å1947: American scientists first observed synchrotron radiation in a synchrotron.
Å F. R. Elder,  A.M. Gurewitsch, R.V. Langmuir, H.C. Pollock, Radiation from Electrons in a Synchrotron, (1947) Physical Review, vol. 71, 

Issue 11, pp. 829- 830.

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

Å G.N. Kulipanov, invention of undulators and their role in modern synchrotron radiation soucrcesand free electron lasers, 
Phys. Usp. 50, 368- 376 (2007). 

Å H. Motz, Applications of the Radiation from Fast Electron Beams,Journal of Applied Physics, 22 (5): 527 (1951).
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From Baidu Google, Wikipedia, lightsources.org

Fourth Generation Light Source (4GLS)



Synchrotron Light Source: Wide Applications
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Brightness of Synchrotron Light Sources

ÅBrightness, or namely Brilliance
ÅFor 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 mm2 mrad2 0.1%BW)

ÅHigher brilliance: The primary goal of light source design
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Increasing the number of 
photons per unit time, i.e., 
increasing the power of 
the photon beam.

Reducing the phase space volume 
ƍ

the diffraction limit of light).

Increasing the number of photons 
within a specific bandwidth.

Fourth Generation Light Source (4GLS)

4GLS



Evolution of the Light Source

ÅKey factors for generational transitions of light sources are innovation in accelerator design
and advancement of radiation technologies and mechanisms.
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4GLS: mainly Driven by Accelerator Design

Acc. Physics: Compact MBA design

Acc. Technology: Small- aperture magnet 
(high- gradient quad) and vacuum chamber, 
injection, etc. 

Flat beam Elliptic beam

Brightness increase



Challenges in Physics Design
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Multibend achromat Sensitive to 
errors

Cross- talk effect

Strong collective 
effects

Small dynamic 

acceptance

Ultra- low emittance
High brightness



Challenges in Physics Design
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Multibend achromat Sensitive to 
errors

Cross- talk effect

Strong collective 
effects

Small dynamic 

acceptance

Optimization of dynamics
On- axis injection

Error control, state of the art 
error correction and 
feedback

New modeling of magnets 
in lattice and optics re-
matching

Impedance optimization 
Bunch lengthening w/ HC 
bunch- by- bunch feedback

Ultra- low emittance
High brightness



JIAO Yi, BAI Zheng- He, LI Xiao. PHYSICS, 2024, 53(2): 71- 79. DOI: 10.7693/wl20240201

Small- aperture magnet and vacuum chamber are essentially required

Using high- permeability pole 
material or permanent magnet 
material near the poles 

Novel Magnet and Vacuum Technology
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APS 85 x 42 mm Ą APS-U 26 x 26 mm

Fourth Generation Light Source (4GLS)

Small-aperture NEG-coating vacuum chamber

O.B.Malyshev,ASTeC

Cylindrical magnetron deposition 
for vacuum chambers



Comprehensive considerations become 
necessary
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Fourth Generation Light Source (4GLS)



R. Hettel, PAC2013  

Finding the optimal balance point among multiple  parameters of light sources

More extreme or 

novel accelerator 

technologies:
Å Magnet

Å Vacuum

Å Injection

Å ...

More extreme or 

novelaccelerator 

physics design 

methods:
Å Lattice design

Å Dynamics optimization

Å Injection methods 

Å ...

4GLS design: Optimization problems of 

multi-objective complex systems
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Fourth Generation Light Source (4GLS)

Evolution of Synchrotron Radiation Light 
Sources



Status of 4GLS facilities
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Å3 in operation, 8 under construction, more in design



Emittance
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SPring- 8

SPring- 8- II

HEPS

L. Liu, H. Westfahl Jr., IPAC2017, TUXA1.



Emittance
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SPring- 8

SPring- 8- II

HEPS

L. Liu, H. Westfahl Jr., IPAC2017, TUXA1. Standard MBA vs. hybrid MBA



SPring
- 8

SPring-
8- II

HEPS

L. Liu, H. Westfahl Jr., IPAC2017, TUXA1. V. Smaluk, JSR, 32, 595- 604, 2025.

Emittance-Cont.



V. Smaluk, JSR, 32, 595- 604, 2025.

Brightness



4GLS Design and Construction
Taking HEPS as an example
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Overview of HEPS



Hefei Advanced Light Facility 

High Energy Photon Source

Shanghai Synchrotron 
Radiation Facility (3rd- gen)

Hefei Light Source
(2nd- gen)

Beijing Synchrotron 
Radiation Facility (1st- gen)

Southern Adv. Photon Source

Å In operation: 5 light sources (3 SRs + 2 Linacs)
Å Under constr.: 4 light sources (3 SRs + 1 Linac)
Å Planning, R&D: 4 light sources (3 SRs + 1 Linac)

HEPS: 1st High-energy SR source 



ÅProject outline

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

- The 1st high- energy SR light source in China 

- Location : Huairou Science City, Beijing

- Construction time : 06.2019 12.2025

- Land: 650,667 m2, Building: 125,000 m2

- Budget : 4.76B CNY (~$652M) (incl. materials, civil 
constr. & commissioning, excl. labor costs) + 0.1M 
RMB/person/year (CAS)

- Support : Central government NDRC 80% + 
Local government Beijing 20% + Chinese 
Academy of Sciences labor costs

80 km from IHEP campus

45 km

NDRC: National Development and Reform Commission

High Energy Photon Source (HEPS)



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

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.

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.

Powerful light source
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HEPS design & construction



Å Brightness of 5 1022 phs/s/mm 2/mrad2/0.1%BW at the photon energy of 21 keV, can 
provide X- ray with energy up to 300 keV

Å 14 user beamlines + 1 test BL in Phase 1, HEPS can accommodate up to 90 BLs

Y. Jiao et al., J. Synchrotron Rad. 25, 1611ï1618 (2018).

3 long BLs

350m longest

19 IDs  6 types

HEPS Beamlines



Parameter Value Unit

Beam energy 6 GeV

Circumference 1360.4 m

Lattice type Hybrid 7BA

Hori. Natural emittance <60 pmĀrad

Brightness >1 1022 *

Beam current 200 mA

Injection mode Top-up -

*: phs/s/mm 2/mrad2/0.1%BW

[1] Y. Jiao et al., J. Synchrotron Rad. 25, 1611ï1618 (2018).

[2] Y. Jiao, RDTM 4, 399 (2020).

[3] H. Xu et al., RDTM 7, 279ï287 (2023).

ÅAccelerator complex
- Linac (500 MeV)
- Booster (500 MeV to 6 GeV, 1 Hz)
- Storage ring (6 GeV, top- up)

HEPS Accelerator



Linac (high bunch charge 7 nC)
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 S- band 

accelerating structure system. 

Booster  (high bunch charge 5 nC)
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 8.8- meter- long dispersion- free straight 

section.

Injector



1700 + Magnets

500 + BPMs

~1300 vacuum chambers

19 IDs

a circumference of 1360.4 meters 

48 seven -bend achromats , meticulously 
designed to achieve a horizontal natural 
emittance of ~35 spɓudgat a beam 
energy of 6 GeV .

288 Girders

Linac

Storage ring

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

High energy accumulation:
effectively reduced single 
bunch charge requirement 
for injector

Bending magnet 
radiation source

booster

Storage Ring the main component of the HEPS accelerator complex



Hybrid 7BA

HEPS design

Unit cell w/ long. Grad. & 
reverse bending magnet

Reverse bending magnet

Emittance reduced~40%

Alternating high- and low-
beta straight sectionsĄ
Brightness increased 
~30% at half of sections

Y. Jiao, et al. JSR, 2018, 25, 

1611-1618

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

415ï424

New bending magnet source
Not need dedicated BM light source, 
avoid related physics and technical 
issues

Storage Ring Lattice: Modified hybrid 7BA



Small dynamic acceptance             

swap -out injection

Key: How to realize 

high-charge bunch

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

63 
bunches

HEPS: use booster at high energy 
as an accumulator

Å Reduced cost compared to 
dedicated accumulator

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

Injection: swap-out injection w/ booster high-
energy accumulation



ÅDetailed impedance modeling

Å Impedance contributions were evaluated and optimized based on iteration with hardware designs[1- 2]

ÅNumerical simulation on single and multi- bunch instabilities 

ÅHarmonic cavities (500 MHz) and fundamental cavities (166.6 MHz) are used to lengthen the bunches, so as to 
increase beam lifetime [3] and especially to mitigate IBS effect and collective beam instabilities [4] 

ÅWith the aid of feedback system and positive chromaticity, it is feasible to control the multi- bunch instabilities 
(coupled bunch instability [2], and ion instability [5,6,7]) for 200 mA operation

ÅNo beam loss at the max. target single bunch charge (14.4 nC/bunch, 63 bunches & 200 mA), however, 
brightness reduction (10~20%) is unavoidable [2]; also, injection transient instability should be careful [8,9]

1.33 nC/bunch 14.4 nC/bunch
w/ H.C.w/o 

H.C.

+5 chromaticity to cure TMCI

[1] N. Wang, et al., IPAC17, WEPIK078.         [2] N. Wang, et al., Atom EnergSciTechnol2019, 53(9): 1601- 1606. [3] S.K. Tian, et al., IPAC2017, TUPAB067.  
[4] H. Xu, N. Wang, FLS2018, WEP2PT024.   [5] N. Wang, et al., IPAC2018, THPAK014.                       [6] S.K. Tian, et al., IPAC2018 THPMF055.                       
[7] C. Li, et al., Phys. Rev. Accel. Beams 23, 074401 (2020).  [8] Z. Duan, et al., IPAC19, TUPGW053.    [9] H. Xu, et al., Nucl. Instr. Meth.. A 986 (2021) 164658.. 

Measures to ensure 200 mA operation



ÅUse collimators to localize the beam loss (due to Touschekeffect and active beam dump) in 
the ring

ÅFound 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)

ÅPlan to use pre- kickers [1, 2] (before active beam dump or beam extraction) to increase the 
beam size and decrease the energy intensity on collimators and other components

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

(a) (b)

(c) (d)

Electron beam distribution at 
the collimator after active beam 
dump

(a) w/o pre- kicker
(b) w/ horizontal pre- kicker
(c) w/ vertical pre- kicker
(d) w/ horizontal and vertical 

pre- kickers

The max. beam intensity at  
collimators reduced by about 
200 times with pre- kickers

[1] Y.L. Zhao, et al., HEPS- AC- AP- TN- 2020- 024- V0.
[2] Z. Duan, et al., HEPS- AC- AP- TN- 2020- 031- V0.

Beam loss control in the ring



Magnets



Vacuum System



Å3 sets of NEG coating equipment have been built;
ÅOne is used to coat small aperture circle vacuum chambers, and 6*3.5m vacuum 

chambers can be coated simultaneously;
ÅAnother is 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;
ÅA 6m long vacuum chamber can be coated in the third setup by moving solenoid 

vertically.

Vacuum System-NEG coating



Magnet Power Supply



Magnet Support



RF System


