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1. Preface

For research in natural sciences photons ranging from radio frequencies to hard γ-rays
and including visible light, ultraviolet radiation and X-rays provide the most important tool
to study nature. From these, X-rays, discovered in 1895 by C.W. Röntgen, have been used
for many fundamental discoveries and outstanding applications which were rewarded with
many Nobel Prize Awards. They have played a crucial role in basic science and medical
diagnostics, as well as in industrial research and development. The main reason for this
success is that the X-ray wavelength, which determines the smallest distance one can study
with such a probe, is comparable to the atomic dimension.

In spite of the efforts made in building more powerful X-ray tubes, their progress was
only moderate for a long time, certainly if seen in the light of the tremendous progress which
finally was made with synchrotron radiation sources (Fig. 1.0.1).
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Figure 1.0.1.: Brilliance development of X-ray sources since the discovery of X-rays byW.C. Rönt-
gen in Würzburg, 1895.
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Electron bunch

�= 1
�

1� v2/c2
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Magnetic field in the undulator

�u

Bx = 0

By = B0 cosh(2�y/�u)sin(2�z/�u)

Bz = B0 sinh(2�y/�u)cos(2�z/�u)

By (0,0, z) = B0 sin(2�z/�u)
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Motion of the electrons
in the lab frame

me�
d�v
dt

= �F =�e�v ��B

me�
dvx

dt
= evz By = evz B0 sin(ku z)

with K = eB0

me cku

=� vx (z) =�K c
�

cos(ku z)

x(z) =� K
ku��z

sin(ku z)



Rasmus Ischebeck > CERN Accelerator School > Synchrotron Light Machines and FELs II

The electrons emit
in a narrow cone with

opening angle

�= 1
�B

1/γ

e–A B

The fundamental harmonic
of this radiation is given by:

�= �u

�2 · (1+K 2/2)
2
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�z = 1� 2+K 2

4�2

�E =�ux Ẽx cos(kz ��t +�0)

mean speed of
the electrons:

external 
electromagnetic wave:
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dW
dt

=�e�E ·�v

= eẼx cos(kz ��t +�0)
cK
�

cos(ku z)

= eẼx cK
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�
cos((k +ku)z ��t +�0)+cos((k �ku)z ��t +�0)

�

Energy gain:
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} FEL parameter ρ.   Typical values= 10-4 – 10-2 

} Scaling of 1D theory 

} Beam Requirements:

The Importance of the FEL Parameter ρ
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fc: coupling factor (~0.9 for planar undulator) 
I: electron peak current 
σx: transverse beam size 
IA: Alfven current (~17 kA)
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SOFT X-RAY FREE-ELECTRON LASER AT SINAP* 
D. Wang†, for SXFEL team, SINAP, Shanghai, China 

Abstract 
Shanghai X-ray Free-Electron Laser (SXFEL) test facil-

ity is now under construction in the Shanghai Synchrotron 
Radiation Facility (SSRF) campus of Shanghai Institute of 
Applied Physics, Chinese Academy of Sciences. The test 
facility is designed to be a multi-staged seeded FEL with 
the baseline goals of generating fully coherent FEL radia-
tion at the wavelength of ~8.8 nm. The civil construction 
has completed in April, 2016. The subsystems of SXFEL 
are nearly ready for installation and the commissioning is 
scheduled at this winter. The project to upgrade the test fa-
cility to a user facility that covers the water-window to 
magnetic-window regime has been officially approved. 
Two FELs running with seeded and SASE schemes respec-
tively will feed 4 to 5 end stations with doubled beam en-
ergy. 

INTRODUCTION 
X-ray free-electron laser is known as the next generation 

light source, especially with the advent and great success-
ful of world’s first hard x-ray free-electron laser (XFEL), 
Linac Coherent Light Source (LCLS) at SLAC [1], and 
Asia’s first XFEL, SPring-8 Angstrom Compact free-elec-
tron Laser (SACLA) at Spring-8 [2]. Lots of great discov-
eries and breakthroughs have been achieved on these 
XFEL facilities, which interest more and more scientists to 
get involved. For now, there are 6 laboratories worldwide 
equipped with both synchrotron light source and XFEL fa-
cility, i.e. DESY (Germany) [3], SLAC (USA), Spring-8 
(JAPAN), ELETTRA (Italy) [4], PSI (Switzerland) [5], and 
PAL (Korea) [6]. The SINAP is well on the way to becom-
ing the next such photon science laboratory (see Fig. 1). 

PROJECT PROGRESS OF SXFEL 

SXFEL Test Facility 
The test facility is a soft x-ray FEL with laser seeded 

schemes.  Table 1summaries the main design parameters of 
the SXFEL. The ground breaking of SXFEL test facility 
was held on Dec. 30, 2014. The construction of accelerator 
tunnel and klystron gallery was completed in about 16 
months. The 293 m long and 6 m wide tunnel is designed 
to host two linear accelerators in parallel in the future.  In 
test facility the 840 linac occupies the first half of the tun-
nel and the rest part is for undulator section and diagnostic 
beamline (see Figs. 2 and 3). 

 

 
Figure 1: A bird view of SINAP Zhangjiang Campus. 
 

Table 1:  Design Parameters of SXFEL 
Parameter Value Unit 
Beam Energy 840 MeV 
Peak Current >500 A 
Rep-rate 1-10 Hz 
Nor. Emittance <2.0 mm∙mrad 
Energy Spread <0.15%  
Bunch Length <1.0 ps (FWHM) 
Bunch Charge 0.5 nC 
FEL wavelength 8.8 nm 
FEL power >100 MW 
 
The baseline design of the SXFEL test facility is to 

achieve 8.8 nm wavelength fully coherent radiations with 
a frequency up-conversion factor of 30. The two-staged 
cascaded scheme could be either HGHG-HGHG [7] or 
EEHG-HGHG [8], with the multiplication factor 6 and 5 
for each stage respectively. The FEL physics simulations 
demonstrated that the multiplication factor could be 14 by 
6 for cascaded HGHG.  

Other FEL schemes, i.e. SASE, HGHG, EEHG, mixed 
HGHG EEHG, etc. will be the key principles to be tested, 
as well as XFEL related technologies. Eventually the 
SXFEL could serve as the part of future hard x-ray FEL. 

 

 
Figure 2: SXFEL LINAC section tunnel design. 
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Transversely	coherent	FEL	radiation	is	generated	if:

The	importance	of	emittance

	 	

	

@	the	exit	of	the	hard	
X-ray	line

In	the	case	of	SwissFEL: 	

[1]	E.	Prat,et	al.,	Phys.	Rev.	ST-AB	17,	104401	(2014).	
[2]	L.	Serafini	and	J.	B.	Rosenzweig,	Phys.	Rev.	E	55,	7565	(1997).	

[3]	M.	Ferrario	et	al.,	Report	No.	SLAC-PUB-8400,	2000.	
[4]	S.	Bettoni	et	al.,	Phys.	Rev.	ST-AB	18,	123403	(2015).
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Effect	of	the	adjustements	on	the	field	errors

 Initially: Phase Error = 26º

 After Column Adjustment: Phase Error = 6.9º

 After individual pole adjustment: 
 Phase Error = 1.2º 
 Trajectory < +/- 1 µm
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Synchronized Elements

• Photocathode laser 

• RF accelerating cavities 

• Transverse deflecting structures 

• EO bunch length diagnostics 

• Seed lasers 

• Experiments
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Structure installed on bench before waveguide connected. 
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20pC, 1keV short bunch setup 
Lasing off Lasing on 

X-rays 

4.5 fs 

electrons 
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1 2

Pavle Juranić et al., JINST 9 P03006 (2014)
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23.2 nm 18.7 nm

Eugenio Ferrari
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Shot-to-shot characterization of the polarization

Horizontal Polarization

Stability most probably dominated by the statistical 
fluctuations on the e-TOF signal

Jens Viefhaus, Eugenio Ferrari
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