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FEL USER FACILITIES 
Existing and in construction 

LCLS 

SACLA 

LCLS II 

EU-XFEL SwissFEL 

PAL 

Existing/In construction  
FEL user facilities 
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PH. TRANSPORT AND DIAGNOSTICS 
General considerations 

4 

•  EUV/SXR tunable sources à Reflective elements (mirrors and gratings), in grazing incidence, with 
single-layered optical coating, in UHV (10-9-10-10 mbar) 

•  Distance from source + unfocused until the endstations + divergence à “big” mirrors (tens of cm) 
•  Quality of optics: good but not necessarily as good as XFELs’ ones (100’s-nrad slope errors; 1-3 Å 

roughness) 
•  One experiment per time (possible exceptions by wavefront splitting or serial endstations) 
•  Online and transparent diagnostics à gas-based and/or grating-based 
•  Parameters to determine:  

intensity, spectrum, position, mode, spot size, wavefront, polarization, pulse length, arrival time 
•  Intensity/spectral content manipulation à gas and solid state filtering 
•  Focal spot manipulation sometimes necessary à active optics systems 
•  Transmission optimization à mirror coating selection 

5

Figure 2. Schematic view of the experimental hall. Beamlines are highlighted
by a colour code: ‘direct’ FEL beam in dark blue, monochromatized FEL
beam in light blue, optical laser in orange and THz radiation in red. Different
experimental stations are named ‘BL’ in case of direct FEL beam or ‘PG’ for
the monochromatized FEL beam. Approximate focal sizes are given next to the
station name.

New Journal of Physics 11 (2009) 023029 (http://www.njp.org/)

FLASH FERMI 

DCLS 
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FERMI  
The experimental hall 
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FERMI  
Photon transport system PADReS 

FERMI experience: 
At the beginning (from CDR to first user Runs) the diagnostics had been “confined” to initial 
part of the transport. Run after Run it became clear that some diagnostics (e.g., intensity 
monitors) should be replicated and installed all along the transport 

PADReS'includes:" " beam"defining"apertures
" " " " " intensity"and"beam"posi3on"monitors
" " " " " YAG"screens"and"photodiodes
" " " " " intensity"reducer
" " " " " energy"spectrometer
" " " " " transverse"coherence"measurement
" " " " " split"and"delay"line
" " " " " filters
" " " " " refocusing"systems
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INTENSITY  
Gas-based I0 monitors and absorbers 
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Gas absorber: 
Need to align the beam w/out destroying the sample + 
intensity-dependent studies 
Max attenuation at all λ: 10-4 
Preservation of coherence, spectrum, statistics, etc. 
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Gas absorber length = 5.5m
Gas used: N2
FEL wavelength = 32.5nm

 Measured ratio
 Theoretical ratio

Good$match$between$
measurements$and$

calcula2ons

Intensity monitors: 
Measures the number of photons of each pulse 
 (~3% precision, 1% reproducibility) 
Online and shot-to-shot 
Transparent 

p = 2 · 10-5 mbar 

3% rms  

Saturated @43 nm Not standard, typical 10-15% rms 

FERMI experience: 
I0Ms should be diversified (gas-based, grating-based, mirror photo-current, operating on 
residual vacuum) and distributed along the transport (especially before the endstations) 
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INTENSITY: GMD à XGMD 
FLASH, FLASH2, EuXFEL, PSI 
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1st generation GMD  (FLASH1)  Advanced GMD  (round-robin)  

X Y 

XGMD XGMD HAMP HAMP 

3rd generation GMD  (XFEL, FLASH2)  

§  New XGM design copes with enhanced 
demands of the XFEL wavelength range: 
§  higher sensitivity 

(larger XGMD absorption length) 
§  higher dynamic range 

(tunable HAMP stage voltages) 
 
§  Test runs gases at the Willy-Wien-Labor, 

PTB Berlin 
 

§  Measurement of absolute ionization cross 
sections of rare gases at the PTB beamline 
at BESSY 

Kai Tiedtke  |  Gas Based Detectors for FEL Photon Diagnostics|  2015-01-29 |  Page 7 gas-filled attenuator 

gas monitor detector 

THz beamline 

FEL beamlines 

laser beamlines 

Synchrotron radiation 
beamline  

optical laser 
systems  

high resolution 
monochromator beamline  

BL3 
20µm 

PG2 
100*200µm 

PG1 
Raman 
spectrometer 

BL1 
100µm 

BL2 
20µm 

online spectrometer 

fast shutter 

FLASH GMD for the EUV energy range 

Two gas monitor detector sets: before 
and behind the gas attenuator 
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3rd generation GMD for European XFEL and SwissFEL- 
Intensity and beam position with an extended energy and dynamic range. 

X 

• Photon energy range: up to 20 keV 
• Uncertainty for the pulse energy: <10 % 
• Time resolution: < 200 ns 
• Operating pressure:  10-6 mbar – 10-4 mbar 
• Presently we are building 6 XGM for XFEL and 1 for PSI 

• High extraction voltage of up to 
20 kV has to be applied to 
prevent detection of highly 
energetic photoelectrons by 
the ion detector. 

y 

Faraday cup 

multiplier: ETP 14880 

FEL beam 

electron pulsed signal 

ion current  

ion pulsed signal 

 -50 V 

+Uextraction  

isolator 

50 Ohm 

- 2 kV to 4 kV 

Extraction electrode 

Read-out electrode 

(τ intergation = 25 sec) 

ions 

electrons 

50 
Ohm 

Faraday cup 

Extraction electrode 

+UFC  

(~ + 20 kV) 

y 
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3rd generation GMD for European XFEL and SwissFEL- 
Intensity and beam position with an extended energy and dynamic range. 

X y 

• Photon energy range: up to 20 keV 
• Uncertainty for the pulse energy: <10 % 
• Time resolution: < 200 ns 
• Operating pressure:  10-6 mbar – 10-4 mbar 
• Presently we are building 6 XGM for XFEL and 1 for PSI 

• High extraction voltage of up to 
20 kV has to be applied to 
prevent detection of highly 
energetic photoelectrons by 
the ion detector. 

Courtesy of K. Tiedtke and E. Plönjes (DESY) 
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WAVELENGTH (AND BANDWIDTH) 
FLASH2 OPIS 
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●  4 Electron time-of-flight spectrometers 
 1 Ion time-of-flight spectrometer 

●  µ-metal chamber 

●  low target gas operation pressure: 
 ptarget ≈ 10-7 hPa 

●  Transmission:  ~100% 

●  Signal recording by fast ADCs: 
 Capable of operation with MHz 
 repetition rate of the FLASH 
 burst-mode 

●  Self-Calibration 
 using Auger processes 

●  Accuracy better than 0.1nm 

4 eTOFs IonTOF 

M.Braune et al., J. Synchrotron Rad. 23, 10 (2016) Courtesy of M. Braune (DESY) 
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WAVELENGTH (AND BANDWIDTH) 
FLASH2 OPIS 
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>  Electrons 
 Determination of the kinetic energy of 
photoelectrons directly from the flight time 

Various targets: rare gases 
Binding energy: literature 

Possible error sources: external 
magnetic and electric fields 
space charge 

Advantages: 
operational in the full FLASH wavelength range 
measuring the complete wavelength range 

X-ray data booklet, xdb.lbl.gov 

decreasing wavelength 
increasing photon energy 

Courtesy of M. Braune (DESY) 



Marco Zangrando – marco.zangrando@elettra.eu  |   FEL 2017 – SFCC – Santa Fe (NM - USA) – 23.8.2017 11 

SPECTRAL CONTENT 
FERMI PRESTO (VLS-based) 

•  Online (non invasive) 
•  Shot-to-Shot 
•  ~97% of FEL à beamlines 
•  1% of FEL à YAG + triggered CCD 
•  Resolving Power ~15000 @32.5nm (2.5meV) 
•  Available information: λ, BW, spectral content 
•  3 gratings (Au, C and Ni coatings) – 2.5º-incidence 

Spectrometer (PRESTO) 

Pulse-Resolved Energy Spectrometer: Transparent and Online 

0"order''
to'the'beamlines'

(~97%)'

1st/2nd'internal'order''
to'detector'(~0.1"1%)'

Beam'from'source'

D>';'β<'

D<';'β>'

Focal'curve'
r’(E),'β(E)'

Movable'
Detector'
YAG+CCD'

α =2.5°'

300'mm'

25
0'm

m
'

250mm 

60 mm 



Marco Zangrando – marco.zangrando@elettra.eu  |   FEL 2017 – SFCC – Santa Fe (NM - USA) – 23.8.2017 12 

SPECTROMETER GRATINGS 
Optical parameters 

LE HE SHE 

Wavelength (nm) 100 – 24  27 – 6.7 13 – 3.2 

Slope error rms (µrad) 0.28 0.28 0.32 

Radius (km) 22 31 43 

D0 (l/mm) 500 1800 3750 

D1 (l/mm2) 0.35 1.26 2.68 

D2 (l/mm3) 1.7 · 10-4 6.3 · 10-4 1.4 · 10-3 

Groove height (nm) 12 4 8* 

Groove ratio (w/d) 0.60 0.65 0.65** 

Coating Carbon Gold Nickel 

*Requested: 6nm – Offered: 8nm – Actual: 9nm 
**Requested: 0.8 – Offered: 0.65 – Actual: 0.65 

h 
w 

d 

h = groove depth 
w = groove width 
d = groove spacing 

Requests: 
Fused silica substrate 
250x25mm2 surface (240x17 active) 
Laminar profile – Central 60mm ruled 
Tang. Slope error rms <1µrad 
Radius of curvature >30km 
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PRESTO GRATINGS 
Efficiencies 
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PRESTO GRATINGS 
Resolving powers 
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Resolving power to be scaled 
depending on the detection system 
 
PRESTO currently uses a Ce:YAG in 
vacuum coupled to a visible light CCD 
camera à Res.Power ~ 20.000 
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SPECTRAL CONTENT 
FERMI PRESTO (VLS-based) 

•  Gaussian with both wavelength and bandwidth stability. 
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4.0 nm 

23.8 nm 43.7 nm 

Single shot spectra measured down to 4 nm (even at 3.2nm); narrow linewidth with an 
energy per pulse at shorter wavelengths larger than 10 µJ. 

3.1 nm 
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TWO COLOR – TWO PULSES 
Seeded FEL options 

Multiple pulses can be generated by double pulse seeding in different ways, depending on the 
requirements on the output radiation. Temporal separation between 25-300 and 700-800 fs. Shorter 
separations are accessible via FEL pulse splitting*. Larger separations require the split & delay line. 

time 

spectrum 

gain  
bandwidth 

Spectral separation 0.4-0.7% 
(Capotondi) 

time 

spectrum 

MOD gain  
bandwidth RAD1 gain  

bandwidth 

RAD2 gain  
bandwidth Spectral separation 2-3% 

or much larger if the two 
radiators are tuned at 
different harmonics 
(Sacchi) 

spectrum 

time 

spectrum 

MOD gain  
bandwidth 

Two (almost) temporally 
superimposed pulses at 
harmonic wavelengths of 
the seed. The two pulses 
are correlated in phase and 
the phase can be 
controlled with the phase 
shifter (Prince) 

* See e.g. Mahieu et al. Optics Express 21, 22728  (2013)   

Courtesy of Luca Giannessi 
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TWO COLOR – TWO PULSES 
Seeded FEL options 

Multiple pulses can be generated by double pulse seeding in different ways, depending on the 
requirements on the output radiation. Temporal separation between 25-300 and 700-800 fs. Shorter 
separations are accessible via FEL pulse splitting*. Larger separations require the split & delay line. 

time 

spectrum 

gain  
bandwidth 

Spectral separation 0.4-0.7% 
(Capotondi) 

time 

spectrum 

MOD gain  
bandwidth RAD1 gain  

bandwidth 

RAD2 gain  
bandwidth Spectral separation 2-3% 

or much larger if the two 
radiators are tuned at 
different harmonics 
(Sacchi) 

spectrum 

time 

spectrum 

MOD gain  
bandwidth 

Two (almost) temporally 
superimposed pulses at 
harmonic wavelengths of 
the seed. The two pulses 
are correlated in phase and 
the phase can be 
controlled with the phase 
shifter (Prince) 

* See e.g. Mahieu et al. Optics Express 21, 22728  (2013)   

Courtesy of Luca Giannessi 
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TWO COLOR – TWO PULSES 
Seeded FEL options 

Multiple pulses can be generated by double pulse seeding in different ways, depending on the 
requirements on the output radiation. Temporal separation between 25-300 and 700-800 fs. Shorter 
separations are accessible via FEL pulse splitting*. Larger separations require the split & delay line. 
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or much larger if the two 
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(Sacchi) 

spectrum 
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spectrum 

MOD gain  
bandwidth 

Two (almost) temporally 
superimposed pulses at 
harmonic wavelengths of 
the seed. The two pulses 
are correlated in phase and 
the phase can be 
controlled with the phase 
shifter (Prince) 

* See e.g. Mahieu et al. Optics Express 21, 22728  (2013)   

Courtesy of Luca Giannessi 

37.1 37.2 37.3 37.4 37.5
0

2

4

6

8

10

12

14

16

18

	
  

	
  

In
te

n
si

ty
 [

A
.U

.]
λ	
  (nm)

FERMI experience: 
The energy spectrometer should operate in single-shot mode (à efficient grating and 
detectors) and should be able to operate in two/multi color acquisition mode to 
measure fundamental/higher harmonics, 2-color double pulses, and FEL double-stage 
photons 
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SPECTRAL CONTENT 
FLASH VLS Grating Spectrometer 

19 

Grazing incidence design (2° incidence angle) 
High and low energy VLS gratings (900 / 300 l/mm)  
Spectral range: 5.4  -  60 nm 
Resolution ≈ 1500@25nm (design value >5000) 
 
Additional plane mirror (Ni and C coatings) 
Mirror-mode: 
Full intensity to the experimental hall 
 
Spectrometer-mode: 
0th order:   high transmission to exp. hall 
1st order:   1–10% of intensity for spectral analysis 

Permanent installation in the beam distribution area  
 
 
 
G. Brenner et al., NIM A 635, S99-S103 (2011) 

Courtesy of G. Brenner (DESY) 
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SPECTRAL CONTENT 
Dalian DCLS Diagnostics 

20 

•  The resolution of spectrometer 
is designed as high as 14000. 

FERMI FEL	


Courtesy of W. Zhang (DCLS) 
117.4 117.5 117.6

0

4

8

12

16
 

 

In
te

ns
ity

 (a
rb

. u
ni

t)

Wavelength (nm)



Marco Zangrando – marco.zangrando@elettra.eu  |   FEL 2017 – SFCC – Santa Fe (NM - USA) – 23.8.2017 21 

PHOTON BEAM FOCUSING 
Bulk Ellipsoidal Mirror 

MEADOW'2013'''Trieste,'28D30'October'2013' 17'

Focusing with ellipsoidal mirror 
(TIMEX) 

Source'distance:' '84.85*"'
Focal'distance:' '1.4*"'
Inc.'angle: '2.5°'

slope&error≲1.0*)*+,*HIJ'

Necessity'of'high'fluence'in'the'focal'plane'⟹*
small'spot'⟹'great'demagnificaIon'
'

Entrance arm:  84.85 m 
Focal length:  1.4 m 
Incidence angle:  2.5º 

MEADOW'2013'''Trieste,'28D30'October'2013' 17'

Focusing with ellipsoidal mirror 
(TIMEX) 

Source'distance:' '84.85*"'
Focal'distance:' '1.4*"'
Inc.'angle: '2.5°'

slope&error≲1.0*)*+,*HIJ'

Necessity'of'high'fluence'in'the'focal'plane'⟹*
small'spot'⟹'great'demagnificaIon'
'

MEADOW'2013'''Trieste,'28D30'October'2013' 17'

Focusing with ellipsoidal mirror 
(TIMEX) 

Source'distance:' '84.85*"'
Focal'distance:' '1.4*"'
Inc.'angle: '2.5°'

slope&error≲1.0*)*+,*HIJ'

Necessity'of'high'fluence'in'the'focal'plane'⟹*
small'spot'⟹'great'demagnificaIon'
'

•  Single ellipsoidal mirror (Hor. Deflecting) 
•  Optimized for FEL-2 (but focuses FEL-1 as well) 
•  Out-of-focus needed for FEL-external laser 

overlapping 
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PHOTON BEAM FOCUSING 
Active Optics Systems 

22 

α1,2=2�

����������

a
b

a1,2 = 98754 - 99354 mm b1,2 = 1750 - 1200 mm

Entrance arm:  ~100 m 
Focal length:  1.2-1.75 m 
Incidence angle:  2º 

Kirkpatrick-Baez Active Optical Systems (KAOS): 
 
•  Active plane mirrors in Kirkpatrick-Baez configuration 
•  Focus different sources (FEL-1 and FEL-2) in selectable positions 
•  Decouple H from V focusing 
•  Adjustable to optimize focusing 
•  Adapt spot for FEL-external laser overlapping 
•  Optimize focal spot in external user endstations 

•  Best focusing à λ-dependent (~2x3 – 8x8 µm2) 
•  Defocusing possible: from best focus to ~1x1 mm2) 

à Need for suitable diagnostics 
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SPOT SIZES DETERMINATION 
Different techniques 

Wavefront sensor 
•  Almost non invasive (intensity issues) 
•  Single shot information 
•  Online 
•  Quantitative information about focusing 

Large 
area
AFM

λ = 43 nm Spot Size
10x10 µm2

Scintillator-based (e.g. Ce:YAG) 
•  Invasive 
•  May suffer from saturation effects 
•  Scintillator gets damaged in focus 
•  No single-shot information (generally) 
•  Quick and cheap 

PMMA and Si indentation 
•  Invasive 
•  Single shot information 
•  Deadly time-consuming (not fit for beamtimes) 

Other techniques 
•  Pixelated P array  

(ref. A. Matruglio et al., J. Synchrotron Rad. (2016). 23, 29-34) 
•  VLS grating based spot reconstruction  

(ref. M.Schneider, et al., arXiv:1705.03814) 
•  … 
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SPOT SIZES DETERMINATION 
Wavefront sensor 

24 

SPECS 
-  72 x 72 grid (13 x 13) mm2  
-  Pitch=180µm, Pinhole diameter: 60µm 
-  Wavelength range: 4-40nm 
-  Accuracy ~λ/10 
-  Squared pinholes ! 

Focal lengthts 

Modal decomposition 
(Zernike) 

Displacements Phase Gradient Wavefront 
reconstruction Wavefront Residual Back-propagation Spot at focus 
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SPOT DETERMINATION 
WFS vs. PMMA 
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Optical microscope 100X 


Reconstruction from Hartmann WFS data
 PMMA ablation imprint


 WFS reconstruction at 32nm: FWHM = 5.7x6.5 µm2
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SPOT DETERMINATION 
WFS vs. PMMA 
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Optical microscope 100X 


PMMA ablation imprint


Good agreement between in-house 
reconstruction and PMMA  
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SPOT DETERMINATION 
WFS vs. PMMA vs. WISE 
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Optical microscope 100X 


Reconstruction from Hartmann WFS data
 PMMA ablation imprint
Focal spot simulations from metrology

Profilometry  at best  
curvature (LTP) Simulations  

Good agreement between in-house 
reconstruction, PMMA, simulations  (1) L. Raimondi, D. Spiga, SPIE Proc., 8147 (2011) 

(2) L. Raimondi et al., NIM A, 710, 131 (2013) 
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FOCUSING  
Further/Latest results 
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Focal spot of the ellipsoidal mirror 
(10x10µm2 FWHM) with FEL-1 

Best focus routinely achieved with the ellipsoidal mirror 
on FEL-1 (even though the mirror is optimized for FEL-2 
(shorter entrance arm wrt FEL-1) 
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FOCUSING  
Further/Latest results 
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WFS best-spot 

Wavelength: 4.14nm   


Simulated spot 

Simulated spot size   

FWHM = 1.7 x 2.3 µm2


Measured spot (best) 

Best spot size  (WFS)

FWHM  = 1.8 x 3.0 µm2


AFM  

Focal spot sizes as low as 1.8µm 
(FWHM) with FEL-2 (~4 nm)  

2 µm 

Focal spot of the ellipsoidal mirror 
(10x10µm2 FWHM) with FEL-1 
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FOCUSING  
Further/Latest results 
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WFS best-spot 

Wavelength: 4.14nm   


Simulated spot 

Simulated spot size   

FWHM = 1.7 x 2.3 µm2


Measured spot (best) 

Best spot size  (WFS)

FWHM  = 1.8 x 3.0 µm2


AFM  

2 µm 

Focal spot of the ellipsoidal 
mirror (10x10µm2 FWHM) 

Installation of a KAOS at FLASH2 
(March 2017)
After very little time à 5.7x6.5µm2 
(close to target value and obtained 
with not optimized FEL) 

Focal spot sizes as low as 1.8µm 
(FWHM) with FEL-2 (~4 nm)  
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WFS best-spot 

Wavelength: 4.14nm   


Simulated spot 

Simulated spot size   

FWHM = 1.7 x 2.3 µm2


Measured spot (best) 

Best spot size  (WFS)

FWHM  = 1.8 x 3.0 µm2


AFM  

2 µm 

Focal spot of the ellipsoidal 
mirror (10x10µm2 FWHM) 

Installation of a KAOS at FLASH2 
(March 2017)
After very little time à 5.7x6.5µm2 
(close to target value and obtained 
with not optimized FEL) 

Focal spot sizes as low as 1.8µm 
(FWHM) with FEL-2 (~4 nm)  

FERMI experience: 
The focusing optimization and consequent spot size characterization is fundamental for 
experiments and must be pursued by means of non-invasive and online diagnostics à the 
wavefront sensor is the best, so far. 
In order to fulfill user diverse and often exotic requests, the active optics systems (like 
KAOS, for instance) seem to represent the best solution. 
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PULSE LENGTH / ARRIVAL TIME 
Different techniques 

In experiments where dynamic processes are expected to occur during FEL 
exposure the FEL pulse profile must be measured with femtosecond accuracy on 
a single-shot basis. Moreover, determination of time-arrival is mandatory for 
proper synchronization in pump-probe experiments. 

•  THz streaking 
Good if jitter is not too large  

•  Transmission/reflectivity spatial and spectral encoding 
Information only about arrival time 

•  Sidebands in electronic spectra 
 

•  Plasma gating 

 

•  Transient Grating-based measurements (see F. Bencivenga tomorrow) 

Electron TOF 
spectrometer X-ray 

Extreme ultraviolet (XUV) and X-ray free-electron laser
(FEL) sources have taken a central role in science for a
broad variety of communities ranging from physicists to

biologists and medical scientists. Meanwhile, FELs are operated as
large-scale user facilities providing intense XUV and X-ray
radiation to study ultrafast dynamics on the nanoscale and within
atoms, molecules and solids1–10. One of the great expectations
from free-electron lasers is the application of X-ray coherent
diffraction imaging to a single molecule within its functional
environment9. The tailoring of plasma states of matter and the
investigation of their evolution at short timescales can also be
achieved10. High-resolution pump-probe experiments require a
precisely characterized FEL pulse and precise synchronization to
an external optical pump-probe laser. While so far different
schemes for arrival time measurements have been developed11–23,
insufficient characterization of the XUV or X-ray FEL pulse
duration at the experimental station remains the main handicap
of single pass free-electron lasers that rely on self-amplified
spontaneous emission (SASE).

Direct and indirect techniques for XUV and X-ray pulse
duration measurement22–32 and pulse arrival time monitoring11–23

are subjects of active research and most are already implemented
in the FEL machine environment. In particular for XUV pulses,
the experiments must be realized under vacuum conditions. Thus,
measuring the pulse duration directly is a complex and invasive
endeavour that requires extensive experimental resources.
Techniques such as XUV autocorrelation, optical/XUV cross-
correlation are not single-shot measurements and require,
for example, XUV split-and-delay optics and time-of-flight
spectrometers24–26. The light-field streaking method requires a
sophisticated set-up for generating strong single-cycle terahertz
fields22 or additional dedicated FEL infrastructure23. Furthermore,
these techniques are limited to a certain range of wavelengths and
pulse durations, as they rely on atomic transition levels in gaseous
targets. In the case of timing diagnostic tools, a disadvantage of
many methods is that the spatial distance to the actual experiment
introduces an additional timing uncertainty. One category of
diagnostics is designed only to measure the arrival time of the
electron bunches with respect to the pump-probe laser11–13. This
has the disadvantage that the path length drift of the photon
beamlines is omitted. Additionally, the synchronization drift of the
pump-probe laser to the master clock of the accelerator is also not
considered. Another category of diagnostics is to directly measure
the timing of the XUV pulses14–23. Most of those measurements,
such as X-ray optical cross-correlators, are highly invasive and
cannot be performed simultaneously with other pump-probe
experiments.

In this work, we report a concept that allows for a single-shot
FEL pulse duration measurement in combination with arrival
time monitoring directly at the experimental station. The
technique is applicable for pulse durations from a few
femtoseconds to a few hundreds of femtoseconds in a wide
range of soft X-ray and XUV wavelengths. Our proposed method
is based on XUV/optical cross-correlation using solid-state
targets. It can be applied directly at the experimental station
with a considerably less complex experimental set-up compared
with the methods described above. Furthermore, we show a
solution allowing the XUV beam to be reused for a simultaneous
pump-probe experiment. This novel temporal diagnostic tool can
also be applied at X-ray FELs, as recently demonstrated for arrival
time monitoring20,21.

Results
Experimental set-up. The experimental set-up is illustrated in
Fig. 1a. An intense XUV pulse from the free-electron laser FLASH

is absorbed at the surface of a solid target, which is illuminated by
a largely collimated near-infrared probe laser pulse. Using a
microscope objective, the transmitted infrared light from the
sample surface is imaged onto a CCD. Owing to the XUV
absorption, a high electron density is produced within the con-
duction band of the sample surface. The resulting ultrafast change
of the optical transmission is related to the absorbed FEL fluence
und thus follows its intensity envelope. The non-collinear beam
geometry between FEL and probe laser allows for single-shot
spatio-temporal decoding. As depicted in Fig. 1a, the spatial
coordinates, x0 and x1, of the incident XUV pulse correspond to
different arrival times, t0 and t1, of the tilted FEL wavefront.
Hence, the spatial x axis in the image represents the cross-
correlation between the temporal evolution of the plasma trans-
mission and the intensity of the probe laser. We performed
detailed theoretical studies to investigate the relationship between
the FEL intensity envelope and the measured transmission
change. As a result, we show that the FEL pulse duration can be
extracted. Our measurements are performed at the wavelengths of
41.5 and 5.5 nm.

Ultrafast ionization processes. The irradiation of dielectrics with
ultrashort XUV and X-ray laser pulses causes photoionization of
electrons from bound states (deep shells and valence band) to
high-energy states of the conduction band, producing energetic
free electrons. A dedicated Monte-Carlo simulation tool33–37 was
applied to study the relaxation of the photoexcited electronic
subsystem within a solid SiO2 target irradiated with an 80-fs
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Figure 1 | Single-shot pulse duration and arrival time measurements.
(a) Schematic of the experimental set-up. The XUV pulse with a beam
diameter of B100mm FWHM is incident under an angle d with respect to
the sample surface (material: SiO2, Si3N4). Within a single shot, different
temporal parts t0, t1 of the XUV wavefront are absorbed at different spatial
positions x0, x1 on the sample, providing a spatio-temporal decoding. A
largely collimated near-infrared pulse under normal incidence is used to
probe the optical transmission change within the surface during the
absorption. The transmitted light is imaged onto a CCD. (b) Series of single
shots recorded with 10 Hz acquisition rate. The black shading represents
the increased optical opacity due to an increased electron density within the
conduction band of the sample surface. The spatial position of the transient
bottom edge on the x axis is dependent on the relative arrival time between
the probe laser and the FEL pulse. The solid line indicates the extracted
arrival time.
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Since Feb-2013 DiProI end station 
equipped with external user laser 

DiProI Team, PADReS team, Lasers team 

FEL 
Pulse 

Laser 
Pulse 

•  Two pass optical delay line ±600ps 

•  Automatic attenuator plate and 
vertical horizontal polarizer 

•  Laser shot-by-shot Intensity 
monitor 

•  Pulse selector shutter  
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   FEL pulse timing is fixed by the seed pulse.  
A fraction of the seed is propagated to the beamlines and used for 
Pump-Probe Experiments.  

Large timing jitter/
drift reduction 
expected. 
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Arrival time jitter FEL-IR laser < 6±2 fs (RMS)à 2µm over 100m-path length !!!  
(Measured at the ½ drop point of the reflectivity curve) 
 
Long term (~1 day) stability time zero between FEL and IR laser ~70 – 60 fs. 

* 

M.Danailov, et al., Optics Express 22, 12869 (2014) 

Recent result @DiProi: 2.2fs RMS jitter between a NOPA Pumped by the IR seed and FEL 
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PULSE LENGTH  
Cross-correlation measurements 

Two cross-correlation methods have 
been implemented and used for 
measuring the FEL pulse length.   

Solid state cross correlation: 
temporally & 
spatially encode 
FEL on the surface 
of a Si3N4 target 
probed with an 
ultrashort laser 
pulse 

Cross correlation measurement 
probing the intensity of sidebands 
in electron spectra 

*  In collaboration with F. Tavella team 
** In collaboration with C. Callegari and LDM team 

* 

** 

In both cases FEL pulse length has been 
studied as a function of seed laser 
parameters and FEL wavelength.   

Expected FEL pulse shortening at higher harmonics (shorter wavelength) has 
been confirmed by measurements.  

P. Finetti et al. Phys. Rev. X 7, 021043 (2017) 



Marco Zangrando – marco.zangrando@elettra.eu  |   FEL 2017 – SFCC – Santa Fe (NM - USA) – 23.8.2017 37 

PULSE LENGTH  
Cross-correlation measurements 

Two cross-correlation methods have 
been implemented and used for 
measuring the FEL pulse length.   

Solid state cross correlation: 
temporally & 
spatially encode 
FEL on the surface 
of a Si3N4 target 
probed with an 
ultrashort laser 
pulse 

Cross correlation measurement 
probing the intensity of sidebands 
in electron spectra 

*  In collaboration with F. Tavella team 
** In collaboration with C. Callegari and LDM team 

* 

** 

In both cases FEL pulse length has been 
studied as a function of seed laser 
parameters and FEL wavelength.   

Expected FEL pulse shortening at higher harmonics (shorter wavelength) has 
been confirmed by measurements.  

P. Finetti et al. Phys. Rev. X 7, 021043 (2017) 

FERMI experience: 
The pulse length/time profile/arrival time determination can still be seen as an experiment 
on its own. The cross correlation-based techniques cannot serve as online, non invasive 
diagnostics. A different scheme should be employed. 
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experiments. To ensure that the highest time resolution can be
reached at FELs, it is essential to achieve full shot-to-shot temporal
characterization of the X-ray pulse profile on a time base synchro-
nized to the pump laser that drives the experiment dynamics.

We have now achieved this full temporal characterization
using independent optical laser-driven single-cycle terahertz pulses
for femtosecond time-resolved photoelectron spectroscopy. This
unique method is implemented in a transparent inline geometry,
can accommodate fluctuating X-ray pulse intensity, is applicable
over the full range of photon energies produced by FELs (from
the XUV to hard X-ray regime), and can be applied to pulses
ranging from less than 10 fs to !100 fs.

Ultrashort XUV pulse characterization
The measurement is adapted from attosecond metrology, where
fully coherent XUV pulses generated through high-harmonic gener-
ation26 have been characterized with attosecond precision27,28. In
these measurements, a few-cycle laser pulse at a central wavelength
of 750 nm is used to broaden and shift the initial kinetic energy dis-
tribution of photoelectrons ejected from a noble gas target by the
XUV pulse. When the photoemission process that replicates the
temporal structure of the ionizing XUV pulse29 is confined to
within one half-cycle of the laser field (1.25 fs for 750 nm carrier
wavelength), the detected photoelectron spectrum is said to be
streaked. In the classical model30, the shift in kinetic energy of the
streaked photoemission peak is governed by the amplitude of the
vector potential of the streaking pulse at the instant of ionization.
The degree of spectral broadening depends on both the temporal
extent of the ionizing pulse and the variation of the streaking field
over its duration.

Retrieval of the ionizing XUV pulse profile from the streaked
spectrum requires characterization of the streaking field. For per-
fectly synchronized identical pulses from the same source, the
streaking field is accessed through a set of sequential measurements
over the full range of delays between optical and XUV pulse. As all
parameters remain constant throughout the multi-shot acqui-
sition31, a spectrogram constructed from the series of measurements
reveals the precise streaking field parameters, and the XUV
pulse characteristics can subsequently be obtained for streaked
spectra averaged at fixed delays with demonstrated sub-100
attosecond resolution28,32.

Although attosecond XUV pulses produced by high-harmonic
generation are confined to the half-cycle of an optical laser field,
SASE FEL pulses are expected to be as long as !100 fs. Therefore,

longer streaking fields in the terahertz regime must be used for
the application of streaking techniques. Direct extension of atto-
second streaking to the femtosecond regime has been achieved at
FLASH by using the FEL-driving electron bunch in an additional
dedicated undulator structure to generate multi-cycle, phase-stable
terahertz fields for streaking33. The terahertz pulse is intrinsically
synchronized to the electron bunch, which allows the streaking
field parameters to be accessed by traditional attosecond methods.
However, this synchronization does not permit access to any
timing information relative to an external pump laser system.
Furthermore, as the electron bunch generates the streaking field,
the terahertz characteristics change as the electron beam is tuned,
limiting the utility of this technique to FEL studies where beam par-
ameters are varied systematically. In the worst case, when the accel-
erator is tuned for the shortest FEL pulses using very low charge and
highly compressed bunches, the beam-based terahertz generation
will not be strong enough for streaking. Application of this tech-
nique is complicated further, as the FEL pulse, and subsequently
the terahertz streaking pulse, are generated sequentially and the
FEL pulse must be delayed with respect to the terahertz pulse to
allow for temporal overlap. While this is accomplished at FLASH
using normal-incidence multilayer optics, these optics cannot be
produced at arbitrary wavelengths or with arbitrary bandwidths,
and currently cannot be produced for photon energies above
!400 eV (ref. 34).

Optical laser-driven terahertz streaking spectroscopy
FEL pulse characterization by an independent laser-driven terahertz
source overcomes the limitations of streaking with accelerator-based
terahertz sources, while maintaining the capability to sample 100 fs
pulses. Furthermore, as laser-driven terahertz fields are locked to
the external laser, the resulting FEL pulse profile measurements are
given on a time base that is synchronized to the pump–probe exper-
iment environment. To accommodate the full range of photon ener-
gies, appropriate target atoms can be chosen according to the kinetic
energy spectrum of their emitted Auger electrons or photoelectrons,
allowing extension of terahertz streaking into the hard X-ray regime.

In contrast to standard attosecond streaking spectroscopy, in the
measurements presented here, retrieval of the calibrated FEL tem-
poral profile is achieved without intrinsic synchronization between
the ionizing pulse and the streaking field. This is enabled by using
single-cycle terahertz pulses that are characterized independently
by electro-optic sampling (EOS). Single-cycle terahertz pulses gen-
erated by optical rectification of femtosecond Ti:sapphire laser
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Figure 1 | Schematic of single-shot, single-cycle terahertz streaking measurement. a–c, Blue and red curves represent the electric field and corresponding
vector potential of a single-cycle terahertz pulse. The vertical axis corresponds to the kinetic energy of the photoelectron emission, which is equivalent to
time in streaking measurements, as depicted in b and c. In the single-shot measurement in a, the FEL pulse does not overlap in time with the terahertz pulse
and the kinetic energy distribution of photoelectrons ejected by the FEL pulse is unaffected. In this case the measured photoelectron spectrum reveals the
intrinsic bandwidth sFEL of the FEL pulse. In the single-shot measurements depicted in b and c, the FEL-induced photoemission overlaps with the streaking
terahertz field and the photoelectron spectra are broadened and shifted—‘streaked’—depending on their instant of release. In b, the FEL pulse overlaps with
an extreme of the terahertz vector potential, leading to a maximally downshifted photoelectron spectrum with minimized spectral broadening. As a result,
the temporal structure of the pulse is not observed in the measured spectrum. In c, the temporal overlap occurs near the zero crossing of the terahertz
vector potential where the time of arrival as well as the temporal profile and duration, tFEL, can be accessed with the highest resolution. The temporal
dynamic range of the measurement is given by the length of the terahertz vector potential half-cycle (Dt).
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pulses have a streaking field half-cycle or ramp of !600 fs (ref. 35
and Supplementary Information), significantly longer than the
maximum expected FEL pulse duration and timing jitter. As a
result, once the streaking pulse and FEL pulse have been overlapped
temporally, all single-shot acquisitions occur on a uniquely defined,
nearly linear portion of the streaking ramp.

As illustrated in Fig. 1, overlap with the terahertz streaking ramp
leads to spectral broadening, as photoelectrons ejected by the FEL
pulse are subject to different streaking strengths depending on
their instant of emission. Broader streaked spectra are observed by
increasing the variation in streaking field strength over the FEL
pulse envelope, either by increasing the temporal extent of the
photoelectron emission, that is, introducing longer X-ray pulses,
or by using stronger terahertz fields with steeper gradients. To
take advantage of this mutual dependence and retrieve a calibrated
FEL temporal profile, a streaking map is created from the terahertz
electric field, measured independently by EOS, and the classical
equation that governs streaking30:

Eshift
kin (t0) = −piA(t0)−

A2(t0)
2

, where A(t0) = −
∫1

t0

E(t)dt. (1)

Here E kin
shift refers to the kinetic energy shift of the photoelectron, pi is

the initial undressed momentum, A(t0) is the terahertz vector poten-
tial and E the terahertz electric field. Using this relationship, a
unique transformation between the streaked kinetic energy spec-
trum and pump–probe experiment time base is established. When
the streaked photoelectron spectra are significantly broader than
the initial spectral bandwidth of the FEL photon pulse, the temporal
profile of the FEL pulse can be recovered directly.

The layout of the terahertz streaking experiment at FLASH is
shown in Fig. 2. An !3 mJ, !50 fs Ti:sapphire near-infrared
(NIR) laser pulse is split into two parts, with 99% of the pulse
used for terahertz generation and the remainder used for in situ
EOS characterization of the terahertz pulse. To phase-match the
optical rectification process, the pulse front of the driving NIR
pulse is tilted with a diffraction grating and then imaged onto the
LiNbO3 crystal36. The resultant single-cycle terahertz pulse is
!2 ps in duration, with a frequency spectrum centred at !0.6 THz
and energy of !4 mJ (see Supplementary Figs S3 and S4 for details).

Undressed 2p and 2s photoemission peaks from neon were used to
calibrate the time-of-flight (TOF) photoelectron spectrometer, as they

lie in the spectral region of interest. However, helium was used for the
streaking measurement because it has an isolated photoemission line,
which avoids the possibility of photoelectrons from different binding
energies overlapping with each other when they are broadened during
streaking. Approximately 10 mJ soft X-ray FEL pulses37 at 4.8 nm
(258 eV) with an independently measured average bandwidth of
!2.5 eV full-width at half-maximum (FWHM; ref. 38) were used
to eject the He 1s electrons with an initial kinetic energy of
!233 eV. The terahertz and FEL pulses were polarized along the
direction of detection such that the streaking effect coupled directly
to the observed photoelectron kinetic energy.

For short periods of time, during which thermal and other
environmental drifts are negligible, the optical laser and terahertz
streaking pulse that it produces (as well as the FEL pulse) are elec-
tronically synchronized to a common radiofrequency distribution
network39,40 at the accelerator facility to within !100 fs r.m.s. By
taking advantage of this coarse electronic synchronization, spectra
were recorded as the desired delay between terahertz and soft
X-ray pulses was varied in 100 fs steps. Approximately 400

FLASH FEL pulse

EOS delay line

Grating

l/2

Teflon lens

THz generation

ZnTe/
gas target

LiNbO3

To user experiment
with measured 

timing & FEL profile
Parabolic
mirror

1%
Ti:sapphire 
NIR

99%

Set delay between
NIR/THz & FEL pulse

TOF

Figure 2 | Terahertz streaking experiment set-up. A Ti:sapphire NIR laser pulse, appropriately delayed with respect to the FEL pulse, is split into two parts.
Most of the pulse energy is used for tilted-wavefront terahertz generation in LiNbO3; the remaining part can be used for EOS of the terahertz pulse in zinc
telluride (ZnTe) for in situ characterization. In the streaking measurement, the collinear FEL photon pulse ejects a burst of photoelectrons from the gas, with
a temporal profile identical to the incident soft X-ray FEL pulse. The terahertz pulse is used to streak the photoelectron burst and consequently characterize
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Grguraš, I. et al. Ultrafast X-ray pulse characterization at 
free-electron lasers. Nat. Phot. 6, 852-857 (2012). 

Full temporal characterization 
using independent optical laser-
driven single-cycle THz pulses for 
fs time-resolved photoelectron 
spectroscopy 

Transparent inline geometry 
 XUV – HXR 
  10 – 100 fs pulses 
   Using standard laser technology 
    Not requiring dedicated accelerator infrastructure 
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experiments. To ensure that the highest time resolution can be
reached at FELs, it is essential to achieve full shot-to-shot temporal
characterization of the X-ray pulse profile on a time base synchro-
nized to the pump laser that drives the experiment dynamics.

We have now achieved this full temporal characterization
using independent optical laser-driven single-cycle terahertz pulses
for femtosecond time-resolved photoelectron spectroscopy. This
unique method is implemented in a transparent inline geometry,
can accommodate fluctuating X-ray pulse intensity, is applicable
over the full range of photon energies produced by FELs (from
the XUV to hard X-ray regime), and can be applied to pulses
ranging from less than 10 fs to !100 fs.

Ultrashort XUV pulse characterization
The measurement is adapted from attosecond metrology, where
fully coherent XUV pulses generated through high-harmonic gener-
ation26 have been characterized with attosecond precision27,28. In
these measurements, a few-cycle laser pulse at a central wavelength
of 750 nm is used to broaden and shift the initial kinetic energy dis-
tribution of photoelectrons ejected from a noble gas target by the
XUV pulse. When the photoemission process that replicates the
temporal structure of the ionizing XUV pulse29 is confined to
within one half-cycle of the laser field (1.25 fs for 750 nm carrier
wavelength), the detected photoelectron spectrum is said to be
streaked. In the classical model30, the shift in kinetic energy of the
streaked photoemission peak is governed by the amplitude of the
vector potential of the streaking pulse at the instant of ionization.
The degree of spectral broadening depends on both the temporal
extent of the ionizing pulse and the variation of the streaking field
over its duration.

Retrieval of the ionizing XUV pulse profile from the streaked
spectrum requires characterization of the streaking field. For per-
fectly synchronized identical pulses from the same source, the
streaking field is accessed through a set of sequential measurements
over the full range of delays between optical and XUV pulse. As all
parameters remain constant throughout the multi-shot acqui-
sition31, a spectrogram constructed from the series of measurements
reveals the precise streaking field parameters, and the XUV
pulse characteristics can subsequently be obtained for streaked
spectra averaged at fixed delays with demonstrated sub-100
attosecond resolution28,32.

Although attosecond XUV pulses produced by high-harmonic
generation are confined to the half-cycle of an optical laser field,
SASE FEL pulses are expected to be as long as !100 fs. Therefore,

longer streaking fields in the terahertz regime must be used for
the application of streaking techniques. Direct extension of atto-
second streaking to the femtosecond regime has been achieved at
FLASH by using the FEL-driving electron bunch in an additional
dedicated undulator structure to generate multi-cycle, phase-stable
terahertz fields for streaking33. The terahertz pulse is intrinsically
synchronized to the electron bunch, which allows the streaking
field parameters to be accessed by traditional attosecond methods.
However, this synchronization does not permit access to any
timing information relative to an external pump laser system.
Furthermore, as the electron bunch generates the streaking field,
the terahertz characteristics change as the electron beam is tuned,
limiting the utility of this technique to FEL studies where beam par-
ameters are varied systematically. In the worst case, when the accel-
erator is tuned for the shortest FEL pulses using very low charge and
highly compressed bunches, the beam-based terahertz generation
will not be strong enough for streaking. Application of this tech-
nique is complicated further, as the FEL pulse, and subsequently
the terahertz streaking pulse, are generated sequentially and the
FEL pulse must be delayed with respect to the terahertz pulse to
allow for temporal overlap. While this is accomplished at FLASH
using normal-incidence multilayer optics, these optics cannot be
produced at arbitrary wavelengths or with arbitrary bandwidths,
and currently cannot be produced for photon energies above
!400 eV (ref. 34).

Optical laser-driven terahertz streaking spectroscopy
FEL pulse characterization by an independent laser-driven terahertz
source overcomes the limitations of streaking with accelerator-based
terahertz sources, while maintaining the capability to sample 100 fs
pulses. Furthermore, as laser-driven terahertz fields are locked to
the external laser, the resulting FEL pulse profile measurements are
given on a time base that is synchronized to the pump–probe exper-
iment environment. To accommodate the full range of photon ener-
gies, appropriate target atoms can be chosen according to the kinetic
energy spectrum of their emitted Auger electrons or photoelectrons,
allowing extension of terahertz streaking into the hard X-ray regime.

In contrast to standard attosecond streaking spectroscopy, in the
measurements presented here, retrieval of the calibrated FEL tem-
poral profile is achieved without intrinsic synchronization between
the ionizing pulse and the streaking field. This is enabled by using
single-cycle terahertz pulses that are characterized independently
by electro-optic sampling (EOS). Single-cycle terahertz pulses gen-
erated by optical rectification of femtosecond Ti:sapphire laser
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pulses have a streaking field half-cycle or ramp of !600 fs (ref. 35
and Supplementary Information), significantly longer than the
maximum expected FEL pulse duration and timing jitter. As a
result, once the streaking pulse and FEL pulse have been overlapped
temporally, all single-shot acquisitions occur on a uniquely defined,
nearly linear portion of the streaking ramp.

As illustrated in Fig. 1, overlap with the terahertz streaking ramp
leads to spectral broadening, as photoelectrons ejected by the FEL
pulse are subject to different streaking strengths depending on
their instant of emission. Broader streaked spectra are observed by
increasing the variation in streaking field strength over the FEL
pulse envelope, either by increasing the temporal extent of the
photoelectron emission, that is, introducing longer X-ray pulses,
or by using stronger terahertz fields with steeper gradients. To
take advantage of this mutual dependence and retrieve a calibrated
FEL temporal profile, a streaking map is created from the terahertz
electric field, measured independently by EOS, and the classical
equation that governs streaking30:

Eshift
kin (t0) = −piA(t0)−

A2(t0)
2

, where A(t0) = −
∫1

t0

E(t)dt. (1)

Here E kin
shift refers to the kinetic energy shift of the photoelectron, pi is

the initial undressed momentum, A(t0) is the terahertz vector poten-
tial and E the terahertz electric field. Using this relationship, a
unique transformation between the streaked kinetic energy spec-
trum and pump–probe experiment time base is established. When
the streaked photoelectron spectra are significantly broader than
the initial spectral bandwidth of the FEL photon pulse, the temporal
profile of the FEL pulse can be recovered directly.

The layout of the terahertz streaking experiment at FLASH is
shown in Fig. 2. An !3 mJ, !50 fs Ti:sapphire near-infrared
(NIR) laser pulse is split into two parts, with 99% of the pulse
used for terahertz generation and the remainder used for in situ
EOS characterization of the terahertz pulse. To phase-match the
optical rectification process, the pulse front of the driving NIR
pulse is tilted with a diffraction grating and then imaged onto the
LiNbO3 crystal36. The resultant single-cycle terahertz pulse is
!2 ps in duration, with a frequency spectrum centred at !0.6 THz
and energy of !4 mJ (see Supplementary Figs S3 and S4 for details).

Undressed 2p and 2s photoemission peaks from neon were used to
calibrate the time-of-flight (TOF) photoelectron spectrometer, as they

lie in the spectral region of interest. However, helium was used for the
streaking measurement because it has an isolated photoemission line,
which avoids the possibility of photoelectrons from different binding
energies overlapping with each other when they are broadened during
streaking. Approximately 10 mJ soft X-ray FEL pulses37 at 4.8 nm
(258 eV) with an independently measured average bandwidth of
!2.5 eV full-width at half-maximum (FWHM; ref. 38) were used
to eject the He 1s electrons with an initial kinetic energy of
!233 eV. The terahertz and FEL pulses were polarized along the
direction of detection such that the streaking effect coupled directly
to the observed photoelectron kinetic energy.

For short periods of time, during which thermal and other
environmental drifts are negligible, the optical laser and terahertz
streaking pulse that it produces (as well as the FEL pulse) are elec-
tronically synchronized to a common radiofrequency distribution
network39,40 at the accelerator facility to within !100 fs r.m.s. By
taking advantage of this coarse electronic synchronization, spectra
were recorded as the desired delay between terahertz and soft
X-ray pulses was varied in 100 fs steps. Approximately 400
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Grguraš, I. et al. Ultrafast X-ray pulse characterization at 
free-electron lasers. Nat. Phot. 6, 852-857 (2012). 

Full temporal characterization 
using independent optical laser-
driven single-cycle THz pulses for 
fs time-resolved photoelectron 
spectroscopy 

Transparent inline geometry 
XUV – HXR 
10 – 100 fs pulses 
Using standard laser technology 
Not requiring dedicated accelerator infrastructure 

single-shot spectra were collected at each delay step and combined
to generate the averaged spectrogram shown in Fig. 3. For large
delays, where the terahertz field is weak, the He 1s photoemission
peak is nearly unaffected and located near its undressed, field-free
kinetic energy. Around the zero crossing of the vector potential,
the kinetic energy of the photoelectrons is shifted and broadened
depending on the terahertz streaking field parameters.

The streaking map was constructed using equation (1) and the
terahertz electric field measured by EOS. Although the shape of the
measured electric field is exact, measurement of the absolute peak
electric field strength is less precise due to imperfect orientation
and impurities in the electro-optic crystal that result in a
reduced effective electro-optic coefficient. Therefore, the single-
shot photoelectron spectra from the full time scan that experience
the greatest positive or negative kinetic energy shift are used to
scale the amplitude of the streaking map. This additional measure-
ment allows us to determine the absolute electric field strength
with much greater accuracy than by EOS alone. The streaking
map used in our measurements spans the maximum observed
single-shot shift of the photoemission peak of þ23/237 eV, cor-
responding to a peak terahertz electric field strength of
165 kV cm21.

The resolution of the timing measurements is limited by both the
strength of the terahertz streaking field, or degree of spectral

broadening, and the energy resolution of the photoelectron spec-
trometer. In these experiments, the energy resolution of the photo-
electron spectrometer can be determined by comparing the
bandwidth of the average field-free photoelectron spectrum of the
He 1s line to an independent measurement of the average FEL
photon bandwidth. The unstreaked, field-free photoelectron spec-
trum is nearly Gaussian with an observed bandwidth of 7.2 eV
FWHM, which is a convolution of the energy resolution with the
FEL bandwidth. Because the independently measured FEL band-
width is 2.5 eV FWHM, the photoelectron spectrometer resolution
is 6.8 eV FWHM. The energy resolution of the photoelectron spec-
trometer in conjunction with the terahertz streaking map is used to
determine the minimum separation between two distinguishable
features in the FEL pulse temporal profile. In these measurements,
the minimum separation is !40 fs. It is expected that this resolution
limit can be improved to better than 10 fs.

Complete single-shot FEL temporal pulse characterization
Characteristic streaking measurements made at FLASH are shown
in Fig. 4. Figure 4a,c shows the streaked single-shot spectra of two
different FEL pulses. The statistical error in the single-shot spectrum
is calculated according to the number of electrons collected within
the energy resolution window of the detector. Because the photo-
electron spectrum is heavily oversampled, boxcar integration is
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scales on the left correspond to the FEL power that is obtained by assuming 10 mJ of pulse energy for the single-shot measurement shown in a. A 53+5 fs
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NATURE PHOTONICS DOI: 10.1038/NPHOTON.2012.276 ARTICLES

NATURE PHOTONICS | VOL 6 | DECEMBER 2012 | www.nature.com/naturephotonics 855



Marco Zangrando – marco.zangrando@elettra.eu  |   FEL 2017 – SFCC – Santa Fe (NM - USA) – 23.8.2017 

POLARIZATION MEASUREMENT 
Motivation and setups 
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APPLE-II undulators in the final radiator ensure polarization control 
  
Three different setups for characterization of the FERMI FEL polarization (coord. E.Allaria):  
•  LOA optical UV polarimeter. 
•  DESY electron spectrometer polarimeter.  
•  LDM X-UV He fluorescence polarimeter.  

 
Characterization of the FEL polarization produced by APPLE-2 undulators at 32nm, 
26nm, 43nm, 53nm  
•  Horizontal/Vertical polarization. 
•  Circular polarization.  
 
Studies of cross-polarized schemes to control the polarization 
•  Circular right and left for generating linear polarization.  
•  Linear vertical and horizontal for generating circular polarization.  
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POLARIZATION MEASUREMENT 
EUV and Visible light polarimeters 

Optical polarimeter for EUV sources (LOA): 4 coated 
grazing incidence mirrors used as phase retarder for s 
and p field components and a 45° mirror used as a 
polarized. 
 
Setup installed at FERMI: suitable for characterizing 
26nm and 32nm with circular and vertical polarizations. 
 
Proper fit of the measured detector signal as a function of the 
detector angle β à FEL polarization state  

Measuring the polarization of fluorescence light 
emitted in the visible range following suitable 
X-UV excitations à FEL polarization state   
 
Optical transitions selected: 
He + λ1àHe1s(1)3p(1)àHe1s(1)2s(1)+λ2  
 
Polarization measured in the visible with standard 
optical methods using a retarder (λ/4) and a polarizer. 
Acquisition are done by scanning the polarizer angle for 
various values of the retarder angle. 

E. Allaria et al. Phys. Rev. X 4, 041040 (2014) 
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POLARIZATION MEASUREMENT 
e-TOF polarimeter 

A single shot polarimeter based on 
angle resolving electron spectrometer 
(J.Viefhaus’ group at DESY) 
 
Theory predicts specific electron 
distributions over the 16 detectors 
depending on the used gas and FEL 
polarization. 
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POLARIZATION MEASUREMENT 
Results 

Measurements of the degree of polarization with different 
polarimeters has shown a good control of the 
polarization* allowing switching from linear to circular in 
the whole spectral range of operation.  

E. Allaria et al. Phys. Rev. X 4, 041040 (2014) 
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POLARIZATION MEASUREMENT 
Results 

Measurements of the degree of polarization with different 
polarimeters has shown a good control of the 
polarization* allowing switching from linear to circular in 
the whole spectral range of operation.  

E. Allaria et al. Phys. Rev. X 4, 041040 (2014) 

FERMI experience: 
The polarization determination, similarly to the time-related quantities, requires a dedicated 
experiment or at least (as in the case of the cookie box) cannot always be compatible with 
normal user operation at a facility. 
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(MULTI) CONCLUSIONS 
Possible future developments 
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Photon diagnostics  
multi-diagnostics along the transport: 
intensity (different types), spectrum,  
pulse length, time arrival, spot size, … 
 

Endstations operation  
multi-endstation  
(WF splitting) à soon at FERMI 
 

Energy spectrometer  
- multi-color mode  
(2 independent detection units)  
- multi-detectors  
(optimizing efficiency to λ) à soon at FERMI 
 

Optics  
multi-coatings/stripes (to optimize the reflectivity)  
à soon/already at FERMI  
[particularly challenging for active optics systems] 

viewport 

YAG 
Visible light CCD 

In-vacuum EUV/SXR CCD 
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