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Coherent length
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Coherent Bremsstrahlung in Crystal (Born Approximation)
(Ferretti 1950, Ter-Mikaelian 1952, Überall 1956)
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T. - M.     – Interference radiation by ultrarelativistic electrons
in crystals.

Landau    – That is impossible because the interference 
effect is possible only for

,       but    not    for     

___________________________________________________

The discussion was stopped.

Discussion:     E.Feinberg and M.Ter- Mikaelian  with
L.Landau and I.Pomeranchuk (1952)
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Coherent length
In the theory of high energy electrons’ radiation besides the length

there exists another length responsible for the radiation,

Interpretations of lc

• Ter-Mikaelian (1952): It is based on the first Born Approximation

• Landau, Pomeranchuk (1953): It is based on classical electrodynamics

• Frish, Olsen (1959), It is based on the behavior of the wave
Akhiezer, Shul’ga (1982) packets

• Feinberg (1966) Development of the process of radiation in
Akhiezer, Shul’ga, Fomin (1982) space and time (half-bare electron)
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Frascati
ε=1 GeV, θ =4,6 mrad

DESY
ε=4,8 GeV, θ =3,4 mrad

Experiment                            (1962 - 1965)~1 5 GeVe -
Frascati, DESY, Kharkov, Protvino, Tomsk, Yerevan, SLAC, …
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Generalization of CB theory

The main idea:

-For

-The relative contribution of higher Born approximation can
be also increased (A.Akhiezer, P.Fomin, N.Shul’ga 1971)

BHcohd ds s>>
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Second Born approximation in CB theory 
A.Akhiezer, P.Fomin, N.Shul’ga (1970)
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Higher Born approximation in the CB theory
A.Akhiezer, N.Shul’ga (1975)
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PARADOX

This  condition  did  not  fulfill  practically  for  experiments
(1960-1970)  on  verification  of  F – T – Ü theoretical  results. 

But  the experiments  were  in  good  agreement  with  this  theory  !!!
Why ???

0Quickly destroys for y ®

2
2

cohl a
m
ee
w
¢

= >>



11

New field of research

The interaction of high-energy particles with matter in
conditions of effectively strong interaction of the particle with
atoms of media (semiclassical, classical approximations)
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• Classical electrodynamics
• Semiclassical approximation of quantum electrodynamics
• Relation between classical and quantum effects
• Methods for description
• …
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Problems generated by the theory of
coherent radiation in crystals (situation up to 1995)
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Angular distribution of 400 GeV protons after passing
2 mm of bent Si crystal with R=40 m

W. Scandale et al. Phys. Rev. Lett. 
101 (2008), 164801

Simulation results

CERN experiment
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Angular distribution of 150 GeV π–-mesons after 
passing 1.172 mm of bent Si crystal with R=40 m

W. Scandale et al. Physics Letters B
680 (2009) 301-304

Simulation results

CERN experiment
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Close collisions probability
(proposition for experiment at CERN)

p+, 270 GeV, Si <110>, L = 5 mm, R = 50 m

Yu.A. Chesnokov, I.V. Kirillin, W. Scandale, N.F. Shul’ga, 
V.I. Truten’ // Physics Letters B 731 (2014) 118

Planar channeling Stochastic deflection    Close collisions probability
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Probability of close collisions in bent crystal



p+, 400 GeV, Si <110>, L = 2 mm, R = 35 m

W. Scandale et al. // Physics Letters B 760 (2016) 826

Probability of close collisions of positively 
charged particles in a bent crystal (experiment)

…

…
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The article is published in  arXiv:1705.03382 [hep-ph],

“Journal of High Energy Physics” (2017).
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Ionization  energy  losses  
by  half-bare  electron 

medium vacuum plate, 2/ pIL w<

N. Shul’ga, S. Trofymenko, Phys. Lett. A, 2012
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Ionization  energy  losses  
by  half-bare  electron 

(from Fermi to Bethe-Bloch formula)
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Proposal to observe the transition radiation by 
half-bare electrons on 45 MeV linac CLIO (2017) 

S. Trofymenko, N. Shul’ga, N. Delerue et al 
NSC KIPT, Karazin Kharkiv National Univ.,

LAL, Univ. Paris-Sud, CNRS/IN2P3, Univ. Paris-Saclay

Theory Experiment (LAL-2017)
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E.Feinberg JETP 50(1966)202,             A. Akhiezer, N.Shul’ga, S.Fomin Sov.Phys.Usp. 30(1987)197
Phys.Lett.A 114(1986)148

The “half-bare” electron problem.
(electromagnetic field evolution at electron’s scattering)
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Radiation cross-section factorization
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Radiation in thin target (TSF-effect)
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Coherent radiation in crystal and at electron 
collision with a short bunch

N. Shul’ga, D. Tyutyunnik JEPT Lett. 78(2003)700., Proc. of SPIE, v. 5974(2005)60, NiM B227 (2005) 152
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New field of research

The interaction of high-energy particles with matter in
conditions of effectively strong interaction of the particle with
atoms of media (semiclassical, classical approximations)
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• Classical electrodynamics
• Semiclassical approximation of quantum electrodynamics
• Relation between classical and quantum effects
• Methods for description
• …
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Classical S-matrix in molecular collisions
W.H. Miller (Adv. in Chemical Physics v.30 (1975) 77-136)

( ) ( ) , , .....A BC A BC A BC AB C*+ ® + + ® +
• Complex character of interaction (potential)

• numerical methods of solution of the motion equations

• classical trajectories method

• semiclassical approximation

• boundary conditions problem (rainbow scattering, …)

• tunnel effects (analytical continuation of classical mechanics),
imaginary time method

• relation between quantum and classical effects
•
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Graphene, ultrathin and thin crystals

Experiments:
J.S. Rosner, Golovchenko et al. Phys. Rev. B18 (1978) 1066.
M. Mothapothula et al. NIM B283 (2012) 29
V. Guidi et al. Phys. Rev. Lett. (2012)
Y. Hochberg, Y. Kahn et al. hep-ph:1606.08849 (2016)

N.F. Shul’ga, S.N. Shul’ga, Phys. Lett. B 769 (2017) 141-145.
S.N. Shul’ga, N.F. Shul’ga S. Barsuk, I. Chaikovska, R. Chehab, NIM B 402 (2017) 16-20.

Ultrathin crystal
coherent effects

ChannelingGraphene
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Directional Detection of Dark Matter with 2D Targets
Y. Hochberg, Y. Kahn et al. arXiv:1606.08849 [hep-ph] (2016)

“We propose two-dimensional materials as targets for direct detection of dark 
matter. Using graphene as an example, we focus on the case where dark matter 
scattering deposits sufficient energy on a valence-band electron to eject it from the 
target. We show that the sensitivity of graphene to dark matter of MeV to GeV mass 
can be comparable, for similar exposure and background levels, to that of 
semiconductor targets such as silicon and germanium…“

Graphene

University of California, Berkeley, CA 94720
LEPP, Cornell University, Ithaca, NY 14853
Princeton University, Princeton, NJ 08544
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Experiment: 2MeV protons scattering in Si (L=55nm)

0
different expositions

y =

0cy y> >
100 110 111

M. Mothapothula et al. NIM B283 (2012) 29
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Classical scattering in crystal (continuous strings potential)

Axial case Planar channeling
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Gauss Theorem in Quantum Scattering Theory
N. Bondarenco, N. Shul’ga  Phys. Lett. B 427 (1998) 114
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Semiclassical approximation for wave function
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Semiclassical scattering in thin crystal 
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Operator method
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N. Shul’ga, S. Shul’ga Phys. Lett. B769 (2017) 141 



37

Quantum and classical angular distributions of electrons in 1000Å Si <100> 
N. Shul’ga, S. Shul’ga Phys. Lett. B769 (2017) 141 
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Quantum angular distributions
of electrons in ultrathin Si <100>  crystal

electrons 5MeV Si <100> 50-1600Å
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Phenomenon of  Planar Channeling
J.Lindhard (1965)

Nous ne pouvons pas afficher cette image pour l’instant.
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Rainbow scattering in the field of
ultrathin Si (110) crystal planes 
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S. Shulga, N. Shul’ga et al. NIM B 402 (2017) 16



41

New Interference Effect in Radiation at Channeling
N. Shul’ga. Dokl. Acad. Nauk of USSR v.310 (1990) 348

A. Akhiezer, N. Shul’ga. Physics Reports v.234 (1993) 297
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New Interference Effect in Radiation at Channeling
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THANK YOU FOR YOUR ATTENTION!


