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1. Motivation 
 

Typical LCLS power profile for 250 pC, 13.6 GeV (λFEL=1.5 Å) 
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• typical power profile contains many modes 

• high power, ultra-short, fully coherent x-ray pulses 

• atomic length (Å) and time scale (fs)  

• ultra-short pulse requires ultra-short bunch 

≈ 𝟕𝟓 fs 

Development of ultra-short pulse, single coherent spike for SASE X-ray FEL S. Reiche et al. in NIM A 593 (2008) p.45  

Generation of ultra-short, high brightness electron beams for single-spike SASE FEL operation J.B. Rosenzweig et al. in NIM A 593 (2008) p.39  
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How short must the electron bunch be for single-spike production? 

 requirement  𝜎𝑧 ≤ 2 ∙  𝐿𝑐𝑜𝑜𝑝   ~  50 nm                 

 

 short laser pulse length 

 reduce the bunch charge 

 operate near full compression 
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2. LCLS 

 

Schematic Layout of LCLS: Short Bunch Production 

 

 

 

 

• photocathode rf gun (120 Hz) 

• normal conducting, American S-Band (2.856 GHz) cavities  

• two bunch compressors with fixed R56 

• 130 m long undulator section  

• near (50 m downstream) and far (400 m downstream) experimental hall 

 

 

1 km 130 m 
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ASTRA  RF gun phase, iris diameter, solenoid field → emittance optimization  

  L0-B phase adjustment to produce symmetric phase space distribution 

 

ELEGANT  optimization of the L1 and L2 linac RF phase to adjust the compression 

 

GENESIS 1.3 simulation of the radiation process including LSC  
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2. LCLS 

 

Schematic Layout of LCLS: Start-to-End Simulations 

1 km 130 m 
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3. Start-to-End Simulations 

ASTRA Simulation Results 

 
The Injector & Main Linac Simulations for 10 pC 

8 



Violetta Wacker  Sub-Femtosecond Single-Spike X-Ray Pulse from Electron Bunches with Very Low Charge   

3. Start-to-End Simulations 

-34.5° 

ASTRA Simulation Results 

 
The Injector & Main Linac Simulations for 10 pC 

ELEGANT Simulation Results 
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3. Start-to-End Simulations 

 
Collective Effects in Bunch Compressors for 1 pC 

Before BC2 

• Incoherent Synchrotron Radiation (ISR) effect  𝜎𝛿𝐼𝑆𝑅 ≈
1

𝐿𝐵
4.13 ∙ 10−13 𝐸7 𝜃𝐵

3 → 12.5keV
BM  

• ISR effect is amplified by the compression  𝜎𝐵𝑀 = 𝐶𝐵𝑀 ∙ 𝜎𝑖
2 + 𝜎𝛿𝐼𝑆𝑅

2     ⇒   ~252keV,   ≈ 50  

• CSR effect is very small  𝜎𝛿𝐶𝑆𝑅 ≈ 0.22 ∗
𝑁 𝑟𝑒 𝐿𝐵

𝛾 𝑅2 3  𝜎𝑧
4 3 → 20keV in BM4 

 

 For 1pC, 3 pC, 5 pC, 10 pC and 20 pC Hard and Soft X-Rays  

rms bunch length 

𝜎𝑧 = 11.9μm 
𝟏𝟑
  𝜎𝑧 = 0.89μm 

slice energy spread 

𝜎𝐸 = 5keV  
𝟒𝟒
  𝜎𝐸 = 220keV 
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After BC2 
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3. Start-to-End Simulations 

• single-spike power profile  

• peak power 40 – 110 GW 

• duration of 0.13 fs FWHM 

• spectrum with 1-3 modes 

 
GENESIS 1.3 Simulation Results for 10 pC including Longitudinal Space Charge (LSC) 

Power Profile Spectrum Power Gain 
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Summary of the Hard X-Ray Simulation Results  

10 pC Hard X-Ray 

𝟒𝟎 − 𝟏𝟏𝟎 GW 
𝟎. 𝟏𝟑 fs FWHM 
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Summary of the Hard X-Ray Simulation Results  

5 pC Hard X-Ray 10 pC Hard X-Ray 

𝟒𝟎 − 𝟏𝟏𝟎 GW 
𝟎. 𝟏𝟑 fs FWHM 

𝟐𝟎 − 𝟗𝟎 GW 
𝟎. 𝟎𝟕 fs FWHM 
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Summary of the Hard X-Ray Simulation Results  

5 pC Hard X-Ray 10 pC Hard X-Ray 20 pC Hard X-Ray 

𝟒𝟎 − 𝟏𝟏𝟎 GW 
𝟎. 𝟏𝟑 fs FWHM 

𝟐𝟎 − 𝟗𝟎 GW 
𝟎. 𝟎𝟕 fs FWHM 

𝟑𝟎 − 𝟖𝟎 GW 
𝟎. 2 fs FWHM 

14 



Violetta Wacker  Sub-Femtosecond Single-Spike X-Ray Pulse from Electron Bunches with Very Low Charge   

Outline 

 

1. Motivation 

2. Theoretical Background 

3. LCLS 

4. Start-to-End Simulations 

1. Hard X-Ray 

2. Soft X-Ray [electron energy 4.3 GeV, wavelength 1.5 nm] 

3. RF Phase Jitter 

5. Measurements 

6. Conclusion 

7. Outlook 

 

15 



Violetta Wacker  Sub-Femtosecond Single-Spike X-Ray Pulse from Electron Bunches with Very Low Charge   

3. Start-to-End Simulations 

 
Soft X-Ray Single-Spike Pulses: The Micro-Bunching Instability 

LASER HEATER 
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Summary of the Soft X-Ray Simulation Results  

10 pC Soft X-Ray 

𝟕 −  𝟗 GW 
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≈ 𝟑. 𝟓 fs 
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Summary of the Soft X-Ray Simulation Results  

5 pC Soft X-Ray 10 pC Soft X-Ray 

𝟕 −  𝟗 GW 
≈ 𝟑. 𝟓 fs 

≈ 𝟐 GW 
≈ 𝟑 fs 
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Summary of the Soft X-Ray Simulation Results  

5 pC Soft X-Ray 10 pC Soft X-Ray 

𝟕 −  𝟗 GW 
≈ 𝟑. 𝟓 fs 

≈ 𝟐 GW 
≈ 𝟑 fs 

20 pC Soft X-Ray 

≈ 𝟏 GW 
≈ 𝟔 fs 
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3. Start-to-End Simulations 

• peak power increases by a factor of 3.5 for simulations including LSC 

• equal number of modes  

 “Self-Tapering” depends on bunch shape, peak current & LSC forces 

 requires further studies 

 
Comparison of GENESIS 1.3 results for 10 pC with & without LSC 

Power Profile Spectrum 
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3. Summary of the Simulation Results 

 Hard X-Ray Single-Spike Radiation Pulses are possible at LCLS. 

 Soft X-Ray Single-Spike Radiation Pulses were not achieved with this approach. 

 tapered undulator 

 slotted foil 
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The Simulation Results 
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3. RF Phase Jitter 

the current fluctuation  

• larger for linac L2 phase jitter 

• increases with higher bunch charge 

• increases smaller iris diameter 

 depends on the charge density (space charge forces)  

 
The Influence of RF Phase Jitter on the Peak Current 
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3. RF Phase Jitter 

 
The Influence of RF Phase Jitter on the Peak Current 

ELEGANT Simulation Results with a Bunch Charge of 1 pC 

bunch compressor BC2 end linac L3 end undulator entrance 

23 

head head head 

∓0.05° 
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4. Measurements 

at LCLS until now only bent Si(333) crystal  

• spectral range of ~ 20 eV   

• resolution of ~ 0.13 eV  

• transmits > 83% at 8.3 keV  

 

 
Measurement of the SASE Radiation Spectra 

A single-shot transmissive spectrometer for hard x-ray free electron lasers 
Diling Zhu, Marco Cammarata, Jan M. Feldkamp, David M. Fritz, Jerome B. Hastings, Sooheyong Lee, Henrik T. Lemke, Aymeric Robert, James 
L. Turner, and Yiping Feng 
Linac Coherent Light Source, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA 
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20 pC Single-Shot SASE Spectra Measurements for 13.6 GeV (1.5 Å) 
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4.1 20 pC Measurements 

26 

downstream the complete undulator section (130 m) 

downstream 80 m of undulator section  
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4.2 10 pC Measurements 

 
Setup and Measurements 
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4.2 10 pC Measurements 

 
Setup and Measurements 
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4.2 10 pC Measurements 

 
GENESIS 1.3 Simulation Results including LSC 

 

10 pC Single-Shot SASE Spectra Measurements   

downstream the complete undulator section  
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4.2 10 pC Measurements 

31 



Violetta Wacker  Sub-Femtosecond Single-Spike X-Ray Pulse from Electron Bunches with Very Low Charge   

5. Conclusion & Outlook  

 
Simulations 

 
Measurements   

• hard X-Ray single-spike radiation pulses 

are possible 

• 10 pC, 100 GW, 0.13 fs 

• soft X-Ray more difficult 

• 10 pC soft X-Ray case shows „self-

tapering“ 

 requires further studies 

• RF phase jitter tolerance 0.05° 

• strong ISR effects in bunch compressors 

• measurements agree with simulations 

 

 more sensitive diagnostic required 

 XTCAV bunch length measurements 

 

Hard X-Ray single-spike pulses are possible at LCLS. 
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