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Accelerators @ CERN 
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Synchrotron – unique source of electromagnetic (EM) radiation 
Change of electron trajectory => EM emission => magnets-the heart of synchrotron 
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Electrons 

Magnetic field 

EM Radiation (light) 

IR - X rays 

        SYNCHROTRONS 



Synchrotron:  

unique, man made source of EM radiation 

 

Properties: 

 

 Broad spectral range: 10-1 - 105 eV (105 – 10-1 Ǻ)

 Monochromaticity 

 Intensity 

 Collimation 

 Small spot (nano meters) 

 Polarization 

 Adjustable (pulsed) time structure 

Unique torch, manipulator and scalpel 
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Atomic & molecular 

spectroscopy & manipulation 

1895              X-ray imaging           2012 

 Röntgen – first X-rays generation and application - 1895 

 Classical X-ray tubes development  

 Synchrotrons – generations I, II, II and IV (FELs)–ongoing dev since1960  

Materials’  structure 

macro → nano 

Numerous Nobel prizes awarded for X-ray 

related research 



 History of SR sources 

• 1947 – I generation– parasite operation at 70 MeV General Electric 

electron synchrotron  
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Vacuum chamber of General Electric 

synchrotron 1947 



• 1956 first experiments (Tomboulian i Hartman) angular and spectral 

characteristics of SR radiation in 80 Å to 300 Å range.  

• First spectroscopy measurements - Be i Al foil transmission near K and L edges 

I Generation – synchrotrons – parasite opearation  

• 1961 – first SR dedicated experimental beamline @ Synchrotron Ultraviolet 

Radiation Facility  (SURF) in  National Bureau of Standards (NBS); 

      energy 180 MeV (photon critical energy 335 Å (40 eV)  – Madden & Codling. 

 

II Generation – storage rings – source: bending magnets 

• 1968 – Tantalus I – University of Wisconsin – first storage ring – synchrotron 

dedicated for SR generation – 240 MeV 

 

III Generation  – storage rings with insertion devices 

1981 – first permanent magnet undulator - Lawrence Berkeley Laboratory  

 

IV Generation – free electron lasers (FELs) – linear accelerator + undulator system 
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Applications of synchrotron radiation (light) source 
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Synchrotrons open new research frontiers in 

 

 fundamental research 

 Physics 

 Chemistry 

 Cosmology 

 Biology 

 Geology 

 ……. 

 applied research 

 Material studies 

 Environmental science 

 Archeology and cultural heritage 

 Medicine 

 Semiconductor industry 

 Pharmaceutical industry 

 …… 

 

Multidisciplinary, multiuser research facilities 

Synchrotron radiation applications 
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Map of SR facilities 



TYPICAL SYNCHROTRON LIGHT SOURCE 

LAYOUT 

Electron source Pre-accelerator 

Synchrotron structure: 

number of bending magnets 

to assure the closed trajectory  
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SOLARIS 
Project settings and boundary conditions 
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 The motivation 

• Polish synchrotron radiation users community - >300 

• Polish Synchrotron Radiation Users Society (PTPS) 

• Polish Synchrotron Consortium – 36 members 

• Long lasting initiative to built a SR source in PL 

• 2009 – 40 M€ package assigned 

 The goal 

• The best possible synchrotron radiation source for the money 

• Upgreadable 

 The context 

• New MAX-IV facility in Lund - 2 rings: 

• MAX IV ring: 3 GeV, 528m circumference 

• MAX II replacement: 1.5 GeV, 96m circumference ring 

• SOLARIS - replica of the new 1.5 GeV MAX-lab ring 

• New MAX-lab magnet technology - Integrated Double Bend Achromats 
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 National Project, executed by Jagiellonian University 

 Timetable 

• Conceptual design 2009 

• Project approved 2010 

• Deadline: December 2015 

 Deliverables 

• Building 

• Machine (linac + synchrotron) 

• 2 experimental beamlines 

 Budget 

• 50 M€  - EU funds 

SOLARIS 
Project settings and boundary conditions 



Machine  
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600 MeV Injector: 

 

Thermionic RF Gun 

6 accelerating structures 

Transfer line with DC septum 

Normalized emittance 10mm mrad 

Energy spread <0.2% 

 

1.5 GeV Storage Ring 

12 DBA magnet blocks 

100 MHz RF system 

300 MHz Landau Cavities 

Injection dipole kicker 

 

2 Beamlines 

Energy 1.5 GeV 

Current 500 mA 

Circumference 96 m 

Emittance (bare 

lattice) 
5.982 nm 

rad 

Tunes Qx, Qy 11.22, 3.15 



Linac tunnel: 100 m 

Experimental Hall: 50 x 60 
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Thermionic RF gun, 3 GHz Linac. 550 MeV. ~50 m incl transfer line 

Solaris – layout- building 
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4 levels: 

Linac: ~ -7m 

Synchrotron & experimental hall: ~ -3m 



Gun system 

Piotr Goryl 

Beam direction 

 

Charge  

Cathode 0.3 nC  
After ”chopper” 0.22 nC  
After energy filter 0.16 nC  
Emitance(norm, rms) @ gun  4.0 mm mrad  
Kinetic energy@ gun exit 2.5 MeV  
Gun electric field(max)  125 MV/m  
Energy spread(rms) @100 
MeV 

0.17%  

Bunch length@ 100MeV 14 ps  

Monday, 22 September 2014 15 

linac 
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• 6 accelerating structures combined in 3 units 
• Accelerating gradient 20 MeV/m 
• S-band – 2998.5 MHz 

• Power:  
• 3 RF Units : 

• ScandiNova K2 modulators 
• Toshiba klystrons 
• SLED cavities 

Linac 
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Bunch charge 0.1 nC 
Emitance(geom, 

rms) x/y 
3.1 / 2.0 nm 

rad 
Energy max.  600 MeV  
Energy spread(rms)  0.23%  
Bunch length (rms) 3.68 ps  
 Injection rep. rate  2 Hz 

6 x S-Band linac sections. 
5.2 m length 
~100 MeV per section 

Solid State Modulators 



Monday, 22 September 2014 A.I. Wawrzyniak, Synchrotron SOLARIS -  ALBA, Barcelona, Spain 

Linac installation 
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Racks with equipments installed Modulators and SHG partially installed  

Linac and waveguide system up to the transfer lineand installed under vacuum 



     The lower energy the lower emittance 
 
The smaller deflection the smaller emittance 
 
 
Large number of weakly bending dipoles 
 
 

Long ring circumference  unless small and densly distributed magnets 

 
 
Strong B field  saturation  design  combined function m. 
     material 
 
Narrow gap  vacuum: manufacturing and pumping 
 
 
Low mechanical tolerance  difficult machining 

32
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SOLARIS 1.5 GeV ring design - MAX-lab accelerator team - Mikael Eriksson 

Ring circumference 96 m 

Electrons’ energy 1.5 GeV 

Injection energy 0.4-0.7 GeV, 

upgrade to 1.5 GeV 

Current 500 mA 

Bends 12 

Straight section 

length 

3.48 m 

H beam size: 184 um 

V beam size:13 um 

Emmitance: 5.6 nm rad 

SOLARIS – unique design 

of storage ring 
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12 DBA Cells – 96 m circ. 
Space for ID’s ~ 3.5 m 
10 straight sections for IDs 
Combined- function magnets  
     - Gradient dipoles  
     - Quads with integrated sextupole  

Storage Ring 

Optics design  by S.C. Leemann - MAXIV 

MAXIV Facility, DDR, § 3, http://www.maxlab.lu.se/maxlab/max4/DDR_public 

Storage Ring Parameters Value 

Energy 1.5 GeV 

Current 500 mA 

Circumference 96 m 

Horizontal emittance (bare lattice) 
5.982 nm 
rad 

Coupling 1% 

Tunes Qx, Qy 11.22, 3.15 

Natural chromaticities ξx, ξy 
-22.96, -
17.14 

Momentum compaction 3.055 x 10-3 

Momentum acceptance 4% 

Overall Lifetime 13 hrs 
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Dipole magnet 

Defocussing 

sextupoles 

Focusing quads and 

sextupoles 

  K [m-1] K [m-2] K [m-3] B[T] B[Tm-1] B[T m-2] 

SQFo    5.736667  36.67683    -28.713 -183.57 

SCo1              

SDo     -91.9217     460.08 

DIP 15 -1.34   1.31 6.74   

SDi      -73.225     366.51 

SCi1             

SQFi   4.99849 4.99849   -25.018 -140.35 

Achromat made of one block of iron incorporating 
youkes and poles for all magnets:  
SQFo –  quadrupol/sextupol  
SCo/SCi  – thin correcting sextupole with x & y coils  
SDo – sextupoles 
DIP – gradient dipoles 
SDi  – sextupoles  
SQFi – integrated quadrupol/sextupol  

Storage ring magnets 

National Synchrotron Radiation Centre  - SOLARIS      21 



Storage Ring – Magnets (mirror symmetric) 
Machined from solid iron, 2 half slabs, ~4.5 m, ~4 Tons each slab 

Defocusing sextupole 
magnets 

Combined focusing 
quadrupole-sextupole 
magnets 

Gradient bending magnet 
with pole-face strips 

Magnets 

Magnets designed by M. Johansson - MAXIV 
22 
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Prototype magnet at 

Danfysik (Copenhagen) 

Pictures 



Magnets installation 
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• First magnet delivery - 2nd of September 

• Second magnet delivery – week 37, 2014 

• Last magnet delivery –week 45, November 2014) 



Storage Ring Vacuum Chambers  
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• Storage ring vacuum chambers manufactured by FMB Berlin 



0° BL 
7.5° BL  

Model 3D  magnet vacuum chamber   

BM photons  
± 10/7.5 mrad H/V 

Power 113 W  

ID photons  
± 5/2 mrad H/V 
Power : ~600 W 

Photon output 



Monday, 22 September 2014 A.I. Wawrzyniak, Synchrotron SOLARIS -  ALBA, Barcelona, Spain 

Vacuum Chambers Installation  
NCBJ Świerk 

28 



RF System  
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• 2x 100 MHz Main cavities  

• Power source –Rhode Schwartz – solid state units 

2x60 kW 

• 2xLandau Cavities to be installed during winter shut 

down 

100 MHz main cavities  

300 MHz Landau cavity  

σs=14.2mm →60mm 

Operation Phase Final MC 

Energy loss 130 keV 

Current 500 mA 

Total SR power 65 kW 

Total RF voltage 560 kV 

Cavity voltage 280 kV 

Cavity Rsh (=V2/P) 3.2 MΩ 

Total Cu losses 49 kW 

Coupling  2.3 

Min. RF station power 57 kW 

Operation Phase Final LC 

Total LC voltage  487 kV 

LC Rsh (=V2/P)  5 MΩ 

Total LC Cu losses  16 kW 



Bending magnet source size (σ): 

Horizontally x vertically= 44μm x 30μm 

Straight section source size (σ): 

Horizontally x vertically= 180μm x 10μm 

10 100 1000 10000 100000

1E7

1E8

1E9

1E10

1E11

1E12

1E13

1E14

P
h

o
to

n
s
  
[1

 /
 (

s
e

c
 *

 m
ra

d
2
 *

 0
.1

%
B

W
)]

Photon energy [eV]

 1.5GeV Solaris

 3 GeV MaxIV

 7GeV APS

10 100 1000 10000 100000

1000000

1E7

1E8

1E9

1E10

1E11

1E12

1E13

1E14

1E15

1E16

1E17

F
.D

e
n

s
it
y
 (

p
h

/s
/m

r^
2

/0
.1

%
)

Energy (eV)

 SCW B=3.5T =6.1cm

  Bending magnet, B=1.309T

 in vacuum undulator K=2.46, cm, n=131

30 

Photon flux  

30 



Beam Instrumentation  

Injector 
• YAG screens with Basler cameras and Tokina lenses – (10+2) 
• Stripline BPMs  with Libera Single Pass – (8) 
• Current transformers with RTO oscilloscopes – (4) 
• Faraday Cup connected to oscilloscopes – (2+1) 
• Stripline chopper with 500 MHz signal generator 

Storage ring 
36 button BPMs (3 per cell) with Libera Brilliance+ (SOFB at 10Hz, with future upgrade to 10kHz 
FOFB) 
Vertical and Horizontal scrapers 
NPCT current transformer probe 
Electrostatic Stripline for tune measurement  
YAG screen with CCD Basler camera    
Pinger magnet 
Kicker magnet in 3rd straight 

31 
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SOLARIS          Kraków               1.5               96                   5.6           500      12 x 3.5 m                        2015 

SOLARIS – comparison 



• April 2010 – contract signed JU-MNiSW 

 

 

• December 2012 – ground breaking 

 

 

• May 2014 – building construction completed 

• June 2014 – start of machine installation 

• November 2014 - start of linac conditioning 

• April 2015 – storage ring assembled (NCBJ) 

• May 2015  - start of storage ring conditioning 

• 19th of June 2015 – first light 

• 1st of October 2015 – full energy 1.5 GeV achieved (20 mA) 

 

• December  2015 – end of the project 
33 33 

Timetable 
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- Accesible energy range 200-2000 eV 

- Resolving power E/dE = 4000 or better 

- Beam size in the sample position 100 x 50 μm2 for PEEM 
and 2 x 4 mm2 for X-ray absorption spectroscopy (XAS) 

- PGM works in the collimated light 

- Fixed exit slits 

- Access to linear and circular (elliptical) polarization light 

- Two end stations (PEEM and XAS chamber with TEY at 
pressure up to 10mbar)  

PEEM/ XAS beamline parameters 
and layout 

March 2012: PEEM at Swiss Light Source 

Nowadays: Krakow, Institute of Catalysis and 

Surface Chemistry, Polish Academy of 

Sciences 
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UARPES Beamline layout: 

Monochromator 
Two configurations: 
• Normal Incidence (NIM) to operate in 8-30 eV   
• Planar Grating (PGM) to operate in 16-100 eV 

UARPES beamline parameters 
and layout 

Quaziperiodic undulator parameters 
• Magnetic periods: 120mm 
• Electron Energy: 1.5  GeV 
• No of periods N= 21 
• Gap min: 18 mm 
• Gap max: 220 mm 
• Total power: 600 W 

Other parameters 
• Resolving power ≥ 20 000 over the full energy range 
• photon flux on the sample ≥ 5x1011 photons/s @20000 RP, 
• available polarizations: linear: vertical, horizontal, inclined; circular; elliptical, 
• higher harmonics at the sample position  reduced below 1%, 
• excited spot size on the sample < 200 x 200 μm 
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UARPES beamline parameters 
and layout 

UARPES endstation parameters: 
Scienta DA30-L XPS/UPS/ARPES analyzer  
( this version allows for the combination of a 40 mm MCP and Scienta spin (Mott or VLEED) 
 
Lens acceptance angle: 38º full cone 
Angular resolved range: ± 15º full cone 
Angular resolution:  0.1º for 0.1 mm emission spot 
   0.4º for 1 mm emission spot 
Analyzer radius :  >180 mm 
Energy resolving power: 1750 (4000 - under optimal experimental conditions) 
Energy resolution:  1.8 meV 
Pass Energy:  2 - 200 eV 
Kinetic energy range: 

Transmission mode: 0.5 - 1500 eV 
Angular mode:  3 - 1500 eV 
Deflection mode: 3 - 200 eV 
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SOLARIS - layout 



Differences between MAX IV and Solaris 
1.5 GeV 

 Linac and injection energy – Solaris will us a reduced number of accelerating 
sections and injection will not be at full energy 

 Transfer line – layout and support systems (beam heights and transfer line lengths) 
will be different although the same magnets will be used as for MAX IV.  

 Injection  with dipole kicker - MAX IV 1.5 GeV will use a pulsed kicker to the first 
vertical deflection magnet, this option will not be used for Solaris. 

 Ramping - Power supplies for magnets will have to be ramped and the control 
system adjusted for this. Tune and optics feedback may have to be implemented.  

 Front ends – differences in terms of components and distances between machine 
and the inner side of the shielding wall, the thickness (and type of concrete) and 
continuation into the experimental hall. 

 Beamlines – the bending magnet beamline will be unique to Solaris and will require 
it own components, control system and electronics. 

 Future insertion devices – SCW (placement, installation, beam dynamics) 

 Building and Services – Buildings, shielding, general services, access areas, 
transportation on the site and logistics are different 

 Installation  
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Project challenges 

- First large scale facility project in PL 

- EU money - strict regulations – tendering procedures, deadlines 

- Uniqueness of the project 

- Special – unique equipment (design and manufacturing) 

- Very demanding infrastructure 

- Installation know how 

- Integration know how 

- Shortage of experts 

- New challenges for administration at all levels 
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SOLARIS future – stage II 

 New beamlines 

• Room for another 12-14 beamlines and endstations, subject of funding.  
Conceptual designs of some of them are already emerging. 

 Linac extension - full energy injection (1.5 GeV) 

•  => top-up mode; 24 hrs operation 

 Experimental hall extension – more beamlines 

49 



• The Polish synchrotron is going to be the first research infrastructure of such 
substantial size and potential constructed in this part of Europe 

 

• The synchrotron, being a large-scale, multi-user and multidisciplinary facility 
represents a very efficient investment in research infrastructure by providing 
state-of-the-art research opportunities for many research groups 

 

• The expected benefits are not limited only to the scientific community 

 

• The availability of such a technologically advanced facility also contributes to 
developments in such areas like enhancing education and training, stimulating hi-
tech companies and services, providing new options for the research oriented 
industry, creation of new jobs 

 

• Solaris – Polish Research Infrastructure Roadmap Facility 
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SOLARIS context 
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Solaris first light!!! 

Photon beam at PEEM beamline front-end recorded on YAG screen monitor 

Injection Energy:   490 MeV 
Stored current:  5.2mA 
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Access to the 

unique, state of the 

art infrastructure 

Information, ideas 

exchange, research 

stimulation 

Consolidation of 

resources and 

man power 

Consolidation of  

know-how 

Very effective 

usage of 

resources and 

potential 

User’s comfort 

Region 

development  

New, unique 

research option, 

break-through 

experiments 

Benefits for partners, 

consortia members  

(in-kind contributions, 

technology transfer) 

Huge spectrum of 

interaction 

Large research infrastucture mission 
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1 km autostrady  – 10 MEUR 

Large infrastructure cost 
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Synchrotron SOLARIS – 50 MEUR 

Large infrastructure cost 



MAX I-III in Lund: more than 2 decades of activities – success story 
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Number of users and projects @ Pohang Light Source (South Korea) 
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SOLARIS @ Jagiellonian University new Campus: 
ul. Czerwone Maki 98, Kraków                                         50o01’21” N:19o53’37” E 
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Wawel castle 



Collaboration 

 Project success relied on exemplary transnational collaborations 

 FOREMOST - The freely given design of the MAX IV 1.5 GeV ring and its injector 
technology by MAX-lab 

 MAX IV – Solaris Collaboration: 

Training and exchange of personnel 

Exchange of ideas and requirements 

Collaboration in procurements and contract specifications: Procurements for Solaris 
were as options in MAX IV tenders 

Provision of state-of-the-art components: Gun System, Landau cavities, modifications 
to vacuum chambers and magnets 

Technical support with industrial follow-up and FATs 

Maximised return for cash by allowing industry to plan for double purchase orders 

June 2015 59  
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Collaboration 

Elettra-Sincrotrone Trieste - Expert advice, contracts for  PSS, design of transfer line, vacuum 
chamber components, beamline and front-end, EPU insertion device 

Swiss Light Source - Bake-out oven and control, expert advice, training 

Diamond - Expert advice 

Soleil - Expert advice, commissioning software 

ALBA - Expert advice, commissioing software, training 

ESRF - IcePAP motion controllers, Expert Advice 

Machine Advisory Committee – Expert advice of 5 world class experts  from Diamond, Soleil, PSI 

National Centre for Nuclear Research, Świerk - Vacuum system installation inclusive of linac, 
storage ring and RF cavities. 

Polish Synchrotron Consortium  (36 universities and institutes) 

Polish Synchrotron Radiation Society 

Polish Physical Society 

PL-Grid 

Institute of Catalysis and Surface Chemistry PAS – PEEM End Station 

Cracow University of Technology 
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http://www.synchrotron.uj.edu.pl/ 

http://www.lightsources.org 

Thank you for your attention! 

http://www.synchrotron.uj.edu.pl/
http://www.synchrotron.uj.edu.pl/
http://www.lightsources.org/

