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발표자
프레젠테이션 노트
Today, I want to introduce the recent progress in the generation of isolated terawatt attosecond XFEL. 



Location of Pohang 
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Pohang Accelerator Laboratory(PAL) 

PAL-XFEL 

PLS-II 
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Pohang Accelerator Laboratory 
1988: Foundation 
1995: Pohang Light Source (PLS) construction 
2011: Upgrade of PLS to PLS II 
2015: PAL-XFEL construction 
 
# of regular staff: 189 (total ~ 300) 
 
Director: Dr. In Soo Ko 
 
Future project: 4th generation storage ring  
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발표자
프레젠테이션 노트
I want to answer about several questions. The first question is why attosecond hard X-ray pulse? The next questions are How to generate the TW-as X-ray pulse? what is the criteria on the realization of the Terawatt Attosecond XFEL? We need to increase the current spikes to get TW level photon pulse. So, the next question is how to enhance the current spikes? The last important question is ‘Can a single current spike produce an isolated TW-as hard X-ray pulse in XFEL? 



Nov. 2012 Dec. 2013 

Construction 
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포항가속기연구소 
Pohang Accelerator Laboratory 

PAL-XFEL Parameters 
30A 
2 ps 

300A  
200fs 

3kA  
22fs 

Main parameters 
e-  Energy                   10 GeV 
e- Bunch charge        20-200 pC 
Slice emittance 0.5 mm mrad  
Repetition rate         60 Hz 
Pulse duration  5 fs – 100 fs 
Peak current  3 kA  
SX line switching      DC (Phase-1) 
                                    Kicker (Phase-2)   

Undulator Line HX1 SX1 

Wavelength [nm] 0.1 ~ 0.6 1 ~ 4.5 

Beam Energy [GeV] 4 ~ 10 3.15  

Wavelength Tuning [nm] 0.6 ~ 0.1 (energy or gap) 4.5 ~ 3 (energy) 
3 ~ 1 (gap) 

Undulator Type Planar  Planar   

Undulator Period / Gap 
[mm] 

26 / 8.3  35 / 9.0 

Undulator parameter K 1.9727 3.3209 

Presented at IPAC18 by Dr. Min 
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발표자
프레젠테이션 노트
Based on 10 GeV S-band Linac, out vaccum undulator, thyratron switched PFN modulator



Requirements:  

  Vacuum : < 5x10-10 torr  

 Operating frequency: 2.856 GHz  

  Field balance(*Eh/**Ef)of π mode: ~1 

  Mode separation(fπ-f0): ~10 MHz 

  Coupling factor : ~1 

  Pulse repetition rate: >30 Hz  

Cold model test RF gun 

PARMELA simulation 

Cathode side 

Jpn. J. Appl. Phys, 49, p. 086401 (2010) (coauthor) 

Photocathode RF gun in PAL-XFEL 

RF gun+Wave guide 
Electric field distribution 
in the cavity 

JKPS, 58, p. 198 (2011) (corresponding) 
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SLAC Design PAL Design 

1.With 4 ports, we can make almost uniform electric field distribution. 
2. This model is easy to fabricate. 
3. Four ports is helpful to maintain the vacuum level. 
 
 

Race track shape 
Electron gun is designed with race track shaped cavity to make 
unformity in the electric field distribution. 

This design has a difficulty in the fabrication process.  

Collaboration job with Prof. C. X. Tang in Tsinghua University. 
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Linac Klystron gallery 

Undulator Hall Hard X-ray Experimental Hall 
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발표자
프레젠테이션 노트
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Brief Timeline 
• April 2011:   PAL-XFEL project started 
• Sep. 2012:   Construction started 
• Jan. 2015:  Building completed 
• Dec. 2016:  Installation completed 
• April 12, 2016: Commissioning started 
• June 14, 2016: First SASE lasing at 0.5 nm 
• Oct. 28, 2016: Lasing at 0.15 nm 
• Nov. 27, 2016: Saturation of 0.15 nm (project completed) 
• March 16, 2017: Saturation of 0.1 nm (design goal achieved) 
• June 7, 2017: First User Service 
• May 30, 2018: Self-Seeding Test 
• Nov. 2018:  Permission granted to operate up to 11 GeV 
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Hard X-ray Soft X-ray 

Saturation curve 
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포항가속기연구소 
Pohang Accelerator Laboratory 

PAL-XFEL Status 

  
 
 
 
 
 
 
 
 
 
 
 
 
 FEL position stability: 8~9% of beam size 
 FEL power stability:  ~ 4.0% RMS 
 E-beam energy jitter: < 0.02 % 
 E-beam arrival time jitter: < 20 fs 
 FEL pulse energy: >1 mJ at 9.7 KeV 
                
 

Presented at IPAC18 by Dr. Min 
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First Publication by First User 

Confirmation of the Existence of the Widom Line ! 

Science, Vol. 358, p. 1589 (Dec. 22, 2017) 15 



FEL Intensity Stability 

3.1% 

QBPM sum data calibrated by 
e-loss measurement 16 



FEL Beam Position Jitter 
(measured at a 40-m downstream YAG-screen from last undulator) 

- FEL beam divergence angle: 1.6 µrad   
- Angle jitter: 0.14 µrad in rms  

7.4 % 
of photon 
beam size  

7.8 % 
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Central Wavelength Jitter 

 SASE central wavelength jitter:  2.9 E-4                               

          (= 2 eV / 6.99 keV)   <  FEL parameter (5.0 E-4). 

2 eV 

May 30, 2018 
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HX FEL Intensity 
1.85 mJ at 9.7 keV   
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Self Seeding for Hard X-ray 

Diamond  

chicane  Stepwise tapering 

62 GW 

FEL radiation with few GW level  

Parameter Unit Value 

Electron energy GeV 8.126 

Radiation wavelength nm 0.15 

Total charge pC 100 

Peak current kA 4 

Undulator period mm 26 

Undulator parameter 
K 

  1.96 

Normalized 
transverse emittance 
(rms) 

mm-mrad 0.15 

Seed radiation with few MW level  

Bandwidth: 17 eV 

Without self seeding With self seeding 

FEL power 

Bandwidth: 0.4 eV 

Nucl. Insrt. And Meth. A 798, p 162 (2015) 

Collaboration job with Dr. J. Wu in SLAC. 

FEL power is increased by the seeding. 
FEL bandwidth is decreased by the seeding. 
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Self-seeding fat PAL-XFEL 

(diamond) 

Monochromator 
(Diamond crystal) Si-attenuator 

Chicane magnet 

Electron beam 
Photon beam 

Diamond 
crystal 

Power dist. after diam
ond crystal 

Monochromatic s
eed power 

Wide-ban
d power 

6 µm ≈ 20 fs 

5 MW 

22 



Self-seeding Section 

Diamond crystal monochromator 

Diamond (100), 100 um : Photon energy: 7~10 keV 
Diamond (110), 90 um : Photon energy: 5~7 keV 
Diamond (110), 30 um : Photon energy: 3.3~5 keV 
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Result of Self-seeding Test #2 (Nov. 20, 2018) 
180 pC charge, C100 (100um) 
Crystal plane: [4 4 0] 

 Pitch angle: 46.63,  Yaw angle: 0 
 e-Beam time-delay with respect to SASE:  25 fs 
 Peak intensity ratio of SS and SASE: 6.37 
 A fraction of 1-eV BW over entire spectrum 

• SASE: 0.047   
• SS     : 0.226 

 
 BW reduction:  ~ 35 times 

 SASE:  16.9 eV 
 SS:    0.49 eV 

SASE SS 
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포항가속기연구소 
Pohang Accelerator Laboratory 

20 fs timing Jitter 

Bi(111) Bragg diffraction intensity modulation 

20 fs jitter without  additional jitter correction 

Presented at IPAC18 by Dr. Min 
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Injector Laser 

Experimental Lasers 
for soft X-ray  

Experimental Lasers 
for hard X-ray  

RF components 
in Linac 

Diagnostics 
(bunch arrival time monitor) 

Integrated jitter (1 KHz~ 1 MHz) :  
             <1fs 

Low phase noise DRO 

Presented at IPAC18 by Dr. Min 
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포항가속기연구소 
Pohang Accelerator Laboratory 

Temperature stabilization of RF Cables 
With cover open 

LCW flow diagram 

Duct cross-section 

Temperature stability of Duct : 0.01℃/day 

45
 

10
0 

RF cable 
  

   Cushion 
    

   Water tube 
        Metal sheet 
              Thermal 
          insulator 
       Cover 
 

Presented at IPAC18 by Dr. Min 
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포항가속기연구소 
Pohang Accelerator Laboratory 

FEL timing jitter 

18.3 fs RMS 20 fs RMS 

FEL/optical laser  
cross-correlation 

e- bunch arrival time  
  at undulator end 

Optical laser synchronization jitter 
Added ~10 fs 

BAM instrumental jitter 
Added >10 fs 

Presented at IPAC18 by Dr. Min 
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Improvement of Arrival Time Jitter 

 The measured arrival time before December 2017 is as good as 18.8 fs r.m.s. and the 
deconvoluted jitter of the electron bunch arrival time is 15.1 fs.  

 The arrival time jitter is improved to 15.3 fs in April 2018. By counting the systematic 
error of 9.4 fs in (b), the actual arrival time jitter is as small as 12.1 fs in rms 

15.3 fs 
(12.1 fs) 

Systematic error of the measurement system 

MPS in Klystron is improved.  
30 



Statistics  

2017 2018 2019 
Maintenance 109 102 98 
Turn-on/Tuning 123 110 73 
Machine Study 21 
User Beamtime 120 140 160* 
No Operation 13 13 13 

Applied Approved Days of 
Service 

2017 June 2017~Jan. 2018 82 26 95 
2018 March 2018~Dec. 2018 84 45 128 
2019 (1/2) Jan. ~ June 70 26** 

Annual Plan of Operation: 12-hour operation per day mostly 

User service 

* 20 days of Director’s beamtime included. 
    Reviews will be done by PAL internally. 

** One Director’s beamtime not included  
31 
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발표자
프레젠테이션 노트
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Single molecule imaging 

Why attosecond hard X-ray ?  

XFEL-based single molecule imaging will be  
only possible with attosecond pulses 33 

발표자
프레젠테이션 노트
There are several reasons why we need the attosecond X-ray pulse. One of them can be the observation of the atomic cloud change in the molecule. In the early stage of the construction of XFEL, people believe that the femtosecond dynamics can be shown with few tens of femtosecond X-ray pulse. However, Authors in this paper. claimed that XFEL-based single molecule imaging will be only possible with a few-hundred long attosecond pulses. They revealed that the hydrogen atom is no longer bound to the structure after 400 as. 



+ 

CEP-stabilized 
Few-cycle laser 

How to generate the TW-as X-ray pulse in XFEL? 

Marriage of   
state-of-art laser technology and  

state-of-art accelerator technology 

Low emittance e-beam and 
undulator 
 

PAL-XFEL 

34 

발표자
프레젠테이션 노트
The room size laser facility should be merged to the km size XFEL facility to make the TW-as XFEL. 



Energy modulation is converted to density modulation. 

E-SASE scheme 

Few cycle laser pulse 

35 
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Prat, E. & Reiche, S. “Simple method to generate terawatt-attosecond X-Ray free-electron-laser pulses”.   
Phys. Rev. Lett. 114, 244801 (2015). 
 
Takashi Tanaka, Yong Woon Parc, Yuichiro Kida, Ryota Kinjo, Chi Hyun Shim, 
In Soo Ko, Byunghoon Kim, Dong Eon Kim, and Eduard Prat . "Using irregularly spaced current peaks  
to generate an isolated attosecond X-ray pulse in free-electron lasers,“  
J. Synchrotron Rad23, 1273–1281  (2016).  
 
Zhen Wang, Chao Feng and Zhentang Zhao, "Generating isolated terawatt-attosecond x-ray pulses via  
a chirped-laser-enhanced high-gain free-electron laser,” Phys. Rev. AB 20, 040701 (2017) 
 
Sandeep Kumar, Yong Woon Parc, Alexandra S. Landsman, Dong Eon Kim  
"Temporally-coherent terawatt attosecond XFEL synchronized with a few cycle laser" 
Sci. Rep. 6, 37700 (2016) 
 

Recent progress in the generation of the TW-as XFEL 
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발표자
프레젠테이션 노트
To solve the problems in the regularly space current spikes, we can approach with two different concept. As a method, we can make the irregularly current spike. The second one, we can use only one current spike. I will introduce the second method in this talk. 



Single current method 

1) how short should the current spike be?  
2) how much high peak current do we need and can we make it?  
3) how high power of a modulation laser do we need?  
4) what is the best wavelength for the modulation laser? 

Sci. Report 8, p.7463 (2018) (corresponding) 

Optimization results with PAL-XFEL parameters. 
Laser wavelength: 2 µm 
Laser energy: 0.7 µJ at the wiggler 

60 nm 

37 kA 

A single peak X-ray pulse with over 1 TW peak power and less than 100 as pulse width  
     can be generated from a single current spike.    

Collaboration job with Dr. C. H. Shim in PAL.  

Collaboration job with Prof. D. E. Kim in POSTECH.  

37 



Micro-bunching effect 

To be submitted to some journal 

laser heater 

Slice energy spread is high 

Single current method 

Multi current method 

10 kA is an optimum. 

38 



Plan for new undulator line 

New undulator line 

New undulator line will be devoted to the attosecond science. 
 
Problem: If we insert the delays between the undulator modules, there will be power drop for 
normal SASE operation.   

39 
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Perceptron 

Machine Learning Basics 
KIAS CAC 41 



Convolutional Neural Networks 

• Composing upper Feature by repeating convolution and Pooling (Subsampling) 

• Convolution means process that gets some certain feature in local area. 

• Pooling means process that gets Translation-invariant feature, while reducing dimension 

Machine Learning Basics 
KIAS CAC 42 



PAL-XFEL Application 

• Lattice : Merger, 5 RF cavity, dump magnet, arc, C type chicane, matching section 

• Nominal operation : single-bunch mode. 40 pC charge, 630 A Peak Current 

• 28800 ELEGANT simulation with LSC, CSR, Wake and other effects 

• Option : 𝑁𝑝 = 2 ∗ 105 ,  

• 1st training includes no measurement errors. 43 



Deviations with 1% variation (S-band linac) 
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Normal Operation 
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Back 
Propagation 

Training Validation Label  
(70 %, 20 %) 

Training Scheme 

ELEGANT 
Simulation 

(28800 times) 

Vectorize 
(160*160*3) 

Label 

Neural 
Network 

• Activation Function : RELU 
• CNN 
• ADAM 
• Batch Size= 128 
• Epoch = Till early stopping 

𝑓𝑖𝑖𝑖𝑙𝑙𝑙𝑙 = Σ𝑖𝑖𝑖|𝑎𝑖𝑖𝑖 − 𝑏𝑖𝑖𝑖| 
(𝑎𝑖𝑖𝑖 label pixel value 
𝑏𝑖𝑖𝑖 output pixel value) 

Loss 
Training 

Output 

Training and Validation Input 
(70 %,20 %) 

Test 
Trained Neural Network 

Score  

= 1 − Σ 𝑎𝑖𝑖𝑖−𝑏𝑖𝑖𝑖 .2

3∗𝑁𝑝𝑝𝑝𝑝𝑝
 

Trained 
 weight 

Test  
Label 
(10 %) 

Test Input  
(10%) 

 
RF Voltage and 

Phase (12,1) 
 

Current Peak 
(12,1) 

Normalization in  
−1 ≤ 𝑥𝑖 ≤  1 

Input 

Training 

Test 

Data Production 

2-D Histogram with 
𝑁𝑥𝑥𝑥𝑥,𝑁𝑦𝑦𝑦𝑦and 
normalization 

Validation 

Density Characterization 
0 ≤ 𝑥𝑖 ≤  1 

45 



Prediction Result 

Loss 

• Early Stopping method is applied to prevent model from overfitting. 

• Time spending is as large as ten times due to increase of input and data. 

• Despite of low epoch, it evolve toward simulation shape. 

 

Prediction 

Simulation 

𝛿 

𝑧 

𝛿 

𝑧 

Prediction 

Simulation 

𝛿 

𝑧 

𝛿 

𝑧 

Epoch 10 Epoch 110 

Prediction 

Simulation 

𝛿 

𝑧 

𝛿 

𝑧 

Epoch 210 

46 



Summary 

• 1. PAL-XFEL can supply upto 14.4 keV with self seeded light. 
• 2. The timing jitter is less than 20 fs. 
• 3. New attosecond beamline will be constructed soon.  
• 4. Virtual diagnostics with artificial intelligence will be tried soon.  



https://www.lasphys.com/workshops/lasphys19/ 



Thank you  
for your attention 
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