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1. BACKGROUND

① Fourth generation sources, diffraction-limited sources

② Challenges in beamlines

③ Final solution: active optics
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New Era for Large X-ray Source

 MAX IV Laboratory since 2016
 Accelerator: 7-BA, 20 periods

 3 GeV Ring, Emittances: 339.4 pm rad

 EBS since 2020
 Accelerator: H-7-BA lattice design
 6 GeV Ring, Emittances: 110 pm rad
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New Era for Large X-ray Source

Reference: Liu L., Neuenschwander R. T. and Rodrigues A. R. D. 2019Synchrotron radiation sources in Brazil, Phil. Trans. R. Soc. A.3772018023520180235



6MEDSI2023 · Beijing · Fugui Yang, yangfg@ihep.ac.cn

What is new with advanced light sources
Refer: Harald Reichert’s talk, 2021

Increase in the Flux and Flux density, coherence fraction, beam stability
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Fourth generation source should be excellent

Temporal resolution
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Fourth generation source should be excellent?
As a builder of light sources in the field of high-energy physics, particularly in X-
ray optics, the question you've raised is of utmost importance. As light source 
developers, we need to continually examine and address the following questions:
 Performance Requirements for the Light Source: It is essential to precisely define the 

required performance of the X-ray light source, including wavelength range, 
brightness, pulse width, and other parameters. These specifications directly impact 
the feasibility and outcomes of experiments.

 Optical Element Design: The design of X-ray optical components is crucial. This 
encompasses the selection and optimization of lenses, reflectors, and other optical 
elements to ensure they meet the desired performance criteria.

 Numerical Simulation and Optimization: Utilizing numerical simulation tools allows 
you to model the performance of the light source, optimize the optical system, and 
even conduct virtual experiments. This helps reduce the cost and time associated with 
actual experiments.

 Mechanical Design and Manufacturing: The mechanical design of optical instruments 
needs to consider stability, precision, and environmental factors. A suitable 
mechanical structure is crucial for ensuring the long-term performance of the optical 
system.

 Automation and Artificial Intelligence: AI can be employed for automating 
experiment control, data analysis, and optimization processes. It plays a crucial role in 
enhancing efficiency and ensuring the precision of experimental results.

 Experimental Validation: Ultimately, you need to carry out experimental validation to 
ensure that the light source meets the required performance and can support your 
high-energy physics research.

In your research, staying attentive to these questions and 
continually improving the design and performance of the 
light source will be vital for achieving successful 
experiments and research outcomes. X-ray optics is a 
challenging field, but it also offers opportunities to push the 
boundaries of science.

CHAT- GPT told us, people in this meeting are very important !
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Fourth generation source should be excellent

Temporal resolution
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Taking HEPS for an example

APS-U,2025, Chicago

SPring-8 II, 2030, Hyogo

Petra-IV, 2029, Hamburg

EBS, 2020, Grenoble

1990s
ESRF\Spring-8\APS

2015 - now
EBS\APS-U\HEPS
\Spring-8 II
\PETRA-IV

HEPS, 2025, Beijing, now
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Taking HEPS for an example

s = 20μm

p = 40 m q = 0.1 m𝑠ᇱ ൌ 𝑠 𝑞𝑝 ൌ 𝟓𝟎 𝒏𝒎

𝑠ᇱ

It is very easy to achieve sub-micron spatial resolution in advanced sources with low-
emittance theoretically.

Beamlines B4 
@HEPS

P02
@PETRA-III

Horizontal Source size 
rms (μm) 10.0 141

Vertical Source size 
rms (μm) 5.2 6.0

Horizontal Diver. 
rms(μrad) 5.5 9.1

Vertical Diver. 
rms(μrad) 4.7 6.1
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Taking HEPS for an example

Hard X-Ray Nanoprobe (HXN) beamline @ NSLS-II,
Courtesy: Yan, Nano Futures (2018)

However, the real beamline is not so simple:
 Function: imaging, scattering, spectroscopy(energy scanning), 

diffraction, zooming spot
 Performance: large energy range, spatial resolution, 

System setup includes:
 Source: Undulator, wiggler, bend magnet;
 Transport Optics: mirrors, monochromator, lens
 Sample: detector
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Taking HEPS for an example

 The magnification M  is not a problem even for sub-micron spot in 
HEPS

 The performance of the system is affected by selection of optics 
(error) and the beamline design (q).

𝛿 ൌ 𝛿ௗᇱଶ  𝛿′ଶ ~𝛿′ 𝛿′ ൌ 𝑞 ∗ 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛ሺ𝑒𝑟𝑟𝑜𝑟ሻ

0.18um*0.28um 0.18um*0.88um

Ideal optics Non-ideal optics

𝛿 ൌ 𝛿ௗᇱଶ  𝛿′ଶ
𝛿′ௗ ൌ 𝑠 ∗ 𝑀𝛿′ ൌ 𝑞 ∗ 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛ሺ𝑒𝑟𝑟𝑜𝑟ሻ

 The focal spot size 

where,

𝜹𝒓𝒆𝒂𝒍 ൌ 𝜹𝒊𝒅𝒆𝒂𝒍𝟐  𝜹𝒅𝒊𝒇𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝟐  𝜹𝒊𝒏𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚𝟐  𝜹𝒔𝒉𝒂𝒑𝒆 𝒆𝒓𝒓𝒐𝒓𝟐 𝜹𝒉𝒆𝒂𝒕 𝒍𝒐𝒂𝒅𝟐  𝜹𝒂𝒍𝒊𝒈𝒏𝒎𝒆𝒏𝒕𝟐  𝜹𝒄𝒉𝒓𝒐𝒎𝒂𝒕𝟐  ⋯
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Taking HEPS for an example

 High heating load in High energy source

 High Flux：long ID 𝑁ଶ 、High energy 𝐸ଶ  Heating load：Long ID N-L、High Energy 𝐸ସ - power density  𝐸ଶ - total power

 High-energy electrons and a high X-ray flux introduce a 
higher thermal load. 

 Compared to medium to low-energy light sources, for the 
same insertion device, the thermal load issue is 4 times 
(total power) and 16 times greater (power density)

LN-monochromator White beam mirror
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Taking HEPS for an example
 Fabrication high quality X-ray optics(CRL\mirror\crystal) is not easy.

 For mirror, only few venders can provide, but mass order around world

 Key: Metrology and Fabrication

 Instrument integration: bender\mount\clamping\cooling

(Siewert, OE, 2012) (Vannoni, JSR, 2016)

Static

Dynamic
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The challenges of the beamline is universal

6th DLSR Workshop, LBNL, October 2018
From Point view of OPTICS

source

Optics devices and 
instruments

光源与光束线建模
Modeling partial coherence, optimizing design, and setting tolerances

稳定性和准直
Can mirrors be held to nanometers and nrad over time?

波前传感
Can we provide accurate feedback for adaptive correction in real time ?

X射线主动光学
Can stable, fast AXOs compensate the wavefront errors we expect ?

X射线监测与反馈
Can we adequately monitor the beam position and give feedback?

光学器件工艺
Can a limited number of vendors meet worldwide demand?

器件污染
Can we preserve mirror surface quality, and keep mirrors clean?

离线检测
Can it keep up with demands for speed and accuracy?

热负载器件
Can mirrors preserve wavefront quality under varying high power densities?

Metrology and 
commissioning
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We have done something

Beamline

Design

risk

cost

functionschedule

perform
ance

In the past several years, we dedicated ourself to serve for the physical design for 
beamlines and their instruments.
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The challenges of the beamline is universal

source - optics - detector

Fourth generation Facilities are precision optical systems
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We conclude, active optics is ultimate solution!

The Corrective Optics Space Telescope Axial Replacement (COSTAR) instrument for Hubble space telescope

If we admit it, then: active optics is the ultimate solution for engineering problem
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We conclude, active optics is ultimate solution!

X-ray Wavefront Correction Scheme

1 imperfect optics

2 active optics

3 corrected wavefront
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In fact, the x-ray active optics has a long history

Reference: Susini J, Labergerie D R, Hignette O. R&D program on bimorph mirrors at the ESRF[C]//Optics for High-Brightness Synchrotron Radiation Beamlines II. 
SPIE, 1996, 2856: 130-144.
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The performance is promising!

18 lines of piezoelectric elements

 There are several type of adaptive optics based on 
different effects, e.g. piezo-electric, mechanical, 
heating, and refractive

REAL( Resistive Element Adjustable Length) 

Diamond Light Source!
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 The basic concept: very simple and effective
 Target of the X-ray optics: low cost, low technique challenge, high performance
 The challenge of thermal deformation-based active optics lies in the various 

technical aspects involved in the engineering implementation process.

Thermal adaptive optics as a new approach

Surface figure error compensation
(taking laser heating as example)

Heating 




2. Surface Profile Modulation

① Thermal heating performance verification

② Laser-heating scheme

③ Electric-heating scheme
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Modulation Performance: linear superposition 

Through laser-heating measurement, the response is linear
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Modulation Performance: bandwidth and power

Surface-source-driving Scheme

1. Width of the response comparison 2. Driving power consumed

9 times

5 times

Body-source-driving Scheme

The surface driving feature has improved the modulation 
performance, including spatial bandwidth and efficiency.
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Modulation Performance: modulation

Response functions

FEA model
FEA results

28 units
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Modulation Performance: modulation

 Similar evaluation method used 
in optical imaging system

 For target shape with different periods, the modulation 
performance has been proved.

 The low residual error and driving power can be achieved 
for low frequency error.  
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Modulation Performance: mirror compensation

 In our previous study, residual error at low spatial 
wavelength is shown to be the main contributor.
data from DABAM (Data Base for Metrology), ESRF

 Hu, W., Cui, X., Li, M., Sheng, W., Zhang, W., Jia, Q., & Yang, F. (2022). Study on the 
X-ray mirror quality specification in advanced light source. Frontiers in Physics, 801.
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Modulation Performance: mirror compensation

Real mirror compensation example 

Before 
correction

after 
correction powerlengthMirror

 The fabrication error can be well 
compensated by the active optics, 
down to 0.5nm RMS
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Device-1: laser heating scheme

 Laser-heating based deformable mirror: it has been proposed in our lab.
(Fugui Yang, OL, 2016)

Advantages
★ Precise and real-time
★ High spatial resolution
★ Simple and low cost

But, Efficiency and safety for 
high power?
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Device-2: electric heating scheme

p/n-type doping in the top 
of the substrate

①

②

③

Side view

Top view

1. Material modification of Si substrate

(Gan,2007）

(Tinker, OE, 2005)

Silicon Photonics

Coating film on the mirror

2. Thin film on the top of mirror

① Mirror layer:
Reflect X-ray

② Heater: low resistance layer
Generate heat

③ Substrate: high resistance layer
Generate surface deformation
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Preliminary Test:

Samples (2020-now)

Comparison of samples’ PV values

Absolute deformation:
Si < Fused Silica

In air, the stabilization time is about several minutes.
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Preliminary Test:

Samples (2020-now)
 In experiment, the feasibility of the surface has been 

proved, but the measurement is not good.

Collaboration with Le Kang and Zhijia Sun, Spallation Neutron Source 
Science Center, IHEP



3. Surface Profile Metrology

① System development

② Performance test

③ Ongoing experiment



36MEDSI2023 · Beijing · Fugui Yang, yangfg@ihep.ac.cn

 Previous Interferometer measurements
 Low repeatability due to temperature gradient

 Low precision due to instability of the environment

Metrology Issue：



37MEDSI2023 · Beijing · Fugui Yang, yangfg@ihep.ac.cn

In – vacuum surface profile metrology system 

Test beamline @SSRF

Optical headScanning stage

Vacuum cavity

Mirror under test

In comparison test，the difference reaches 87nrad RMS
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In – vacuum surface profile metrology system 

In heating deformation test, the profile agree with FEA simulation well! 
2023.10.26



4. Summary and Outlook
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 The fourth generation source challenges beamline techniques
 Active optics is the ultimate solution for 4th generation SR
 Thermal-deformation based X-ray active optics is effective:

 High performance: spatial resolution

 Low cost, low techniques issues

 The engineering implementation is currently in progress! 
 Thanks for all your support

Summary
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 Successful application of Active Optics will lower the cost and 
technique risk of the beamline
 40 beamlines, 1 million, we will have 40 million

 For undulator, flux saved 10% will contribute 10% cost = 100 million

 In the following beamlines, we will consider the x-ray active 
optics more seriously, given the budget,…

Future
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