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Energy scales

w

~1 eV

~ 4 kT

T = 300 K

kT = 26 meV

4kT ~ 0.1 eV

2Σ'' ~ 

a w2 + bT2



Energy scales: superconducting gap

2D = 3.5 k Tc



Energy scales: superconducting gap
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H. Anzai et al. Sci. Rep. 7, 4830 (2017)

M. Hashimoto et al. 
Nat. Phys. 10, 483 (2014)
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Peierls transition and Fermi surface nesting 

DOS



Pseudogap in TMD

Borisenko PRL 2008

Evtushinsky PRL 2008



~ 5 A-1 ~ 1 A-1 ~ 0.1 A-1

MDC

~
 5

 e
V

~
 0

.1
 e

V

EDCValence band Conduction band Phonon spectrum

A few Brillouin zones 1-st Brillouin zone Part of Fermi surface

Fe
rm

i s
u

rf
ac

e

~
 1

 e
V

TaSe2

TiSe2



hv -> Photoelectron escape depth + Matrix elements

& Polarization



Photon energy – an important parameter

„Waterfalls“
„Champagne

glass“

Inosov PRL 2007, PRB 2008



Waterfalls in cuprates

Inosov PRL 2007



Discharge Light Source with Quartz Capillary



Discharge Light Source with Quartz Capillary



...travelling chamber



ARPES anatomy
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1*1*1 = "13 ARPES"

Borisenko JoVE 2012



ARPES with Synchrotron Light

Damascelli RMP 2003



ARPES = 

• New direction: 
time resolved ARPES, 
XFEL

XFEL

BESSY
ELETTRA

SLS

analyzer + manipulator (106 €) 
+ sinchrotron



Synchrotrons



BESSY





SLS









Cyclotron

https://en.wikipedia.org/wiki/Cyclotron

резонансний циклічний прискорювач 
нерелятивістських заряджених частинок



Cyclotron

centripetal force

Lorentz force

cyclotron resonance 

frequency

about 2 T for ferromagnetic electromagnets

Lawrence's 1946 synchrocyclotron:

D = 4.67 m 



Lawrence's 60-inch cyclotron, with 

magnet poles 60 inches (1.5 meters) 

in diameter, at the University of 

California Lawrence Radiation 

Laboratory, Berkeley, in August, 1939, 

the most powerful accelerator in the 

world at the time. 

Was used it to discover plutonium, 

neptunium, and many other 

transuranic elements (1951 Nobel 

Prize in chemistry).

A modern cyclotron used 

for radiation therapy. 

The magnet is painted 

yellow.

https://en.wikipedia.org/wiki/Cyclotron



Synchrocyclotron = 
Cyclotron + relativistic frequency correction 



Superconducting Ring Cyclotron (SRC) to accelerate heavy ions:

six separated superconducting sectors, 19 m in diameter and 8 m high. 

Maximum magnetic field is 3.8 T. The total weight is 8,300 t. 

Maximum beam radius ~ 5 m. 

Accelerates uranium ions to 345 MeV per atomic mass unit.



TRIUMF, Canada's national laboratory for nuclear and particle 

physics, houses the world's largest isochronous cyclotron:

The 18 m diameter, 4,000 t main magnet produces a field of 0.46 T while a 23 

MHz 94 kV electric field is used to accelerate the 300 μA beam. Its large size 

is a result of using negative hydrogen ions rather than protons.



Synchrotron











Insertion device (undulator)









ARPES with Synchrotron Light

Damascelli RMP 2003











Proton synchrotron



3.5 TeV per beam in 2010 and 2011 

4 TeV in 2012

upgrades to 6.5 TeV mid-March 2015

27 km in circumference, 175 m deep

Large Hadron Collider (LHC)

1998 – 2008

7.5 billion euros (approx. $9bn)



10 000 надпровідних магнітів,
1200 тон кабелю з NbTi при 1.9 K 
більше (130 тон LHe)

Великий адронний колайдер







European 
X-ray 
Free Electron 
Laser

2009-2015:     ~ 1 000 000 000 €



European 
X-ray 
Free Electron 
Laser







Institute of Radiation Physics



Institute of Radiation Physics

ELBE (Electron Linac for beams with high Brilliance and low Emittance)



BESSY (Berlin)
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Synchrotron Light

SLS (PSI Villigen)

Ming Shi
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Stefano Turchini



Modern momentum resolving techniques

ARPES STS INS

Sample bias (mV)
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