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Plan

Intoduction. The need of quantum theory of incoherent scattering in 

crystals

Wigner function description of both quantum and classical effects  

− classical motion description by eikonal method

− quantum scattering description in Born approximation

Wigner function of incoherent scattering 

− small angle scattering description by averaged angle

− large angle scattering description by Moss cross-section modification

Incoherent scattering contribution to radiation and pair production



Observed effects predicted by 

Prof. V.G. Baryshevsky and his School

Parametric radiation 

Channeling radiation 

Spin rotation in crystals

Radiative cooling

Synchrotron-type e+ e- pair production

Multiple volume reflection in one crystal

Quasichanneling oscillations
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The main thing 

still ubiquitously missed

is quantum incoherent 

scattering theory





Bohr condition / 1Z  



Landau and Lifshitz about quantum nature 

of particle scattering by atoms











in continuation of previous work 1,2)

1) J. Lindhard, Phys. Lett. 12 (1964) 126

2) J. Lindhard, Mat. Fys. Medd. Dan. Vid. Selsk. 34, No. 14 (1965).

single scattering of a charged particle by an atom is to be described 

by quantal perturbation methods when the velocity is sufficiently high, 

in particular at small angles of deflection 3).

3) N. Bohr, Mat. Fys. Medd. Dan. Vid. Selsk. 18, No. 8 (1948).



Xavier ARTRU

This conference talk:

Quantum Versus Classical Approach of Dechanneling and 

Other Incoherent Processes at High Energy in Aligned Crystals

We discuss whether it can be treated classically, like in the 

binary collision model, or if it should be treated quantum-

mechanically. We give arguments for the latter opinion. 

We show that the quantum approach predicts a slower 

dechanneling than the classical one.



classical vs quantum scattering



Relativistic analog to

C. LEHMANN and G. LEIBFRIED. Higher order momentum approximations 

in classical collision theory. Zeitschrift fiir Physik 172, 465--487 (1963).
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Quantum vs classical cross sections



Indeed, classical approach overestimates scattering



Momentum transfer                        

and scattering angle                 

are determined by the atom screening radius

Momentum transfer                  

and scattering angle                 

are determined by atomic vibration amplitude

which determines additional effective screening 

(scattering suppression by correlations)
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Presently used: 

Kitagawa-Ohtsuki approximation

we: + suppression by coherent scattering



Kitagawa-Ohtsuki approximation
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− is used everywhere for normalization

− is, in fact, refined in the present talk



Single-atom scattering modification 

in crystals (M. L. Ter-Mikaelian)



M. L. Ter-Mikaelian approach 

is equivalent to the 

plane wave approximation

and does not take into consideration 

both particle and nuclei

transverse distribution nonuniformity



− Strong particle transverse localization

(trajectories)

− Strong nonuniformity of transverse 

distriburion of the scatterers

Essential points for KO refining:



Our approach is founded on 

Wigner function (WF) as well as 

both eikonal and Born approximations 

and quantum-mechanically describes

incoherent particle scattering 

in non-uniform media 

of atomic strings and planes



This new approach:

Has something common with works of 

A.I. Akhiezer & N.F. Shul´ga and X. Artru

− refines Kitagawa-Ohtsuki approximation

− Uses ideas/works of W.R. Hamilton, N. Bohr,

E. Wigner, J. Lindhard , M. L. Ter-Mikeilian
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Primary  formulae



Eikonal (≈ “classical”)

wave function and

Wigner function



Dirac equation solution by optic eikonal method
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Light rays vs particle trajectories
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diffraction

focusing / defocusing

Pre-exponential factor in  ( ) ( )exp ( )r f r ip r  
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   where corresponds to classical 

motion

qhowever uncertainty is not zero !

Eikonal WF asymptotically (only!) reduces to a

delta-function corresponding to the classical limit



Resulting WF undergoes factorization 

in the classical :

!

!
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making it possible to introduce local 

WF of  incoherent  scattering :

0( , ,ρ, )P z z z q
 



Plan
Intoduction. The need of quantum theory of incoherent scattering in 

crystals

Wigner function description of both quantum and classical effects  

− classical motion description by eikonal method

− quantum scattering description in Born approximation

Wigner  function  of  incoherent  scattering

− small angle scattering description by averaged angle

− large angle scattering description by Moss cross-section modification

Incoherent scattering contribution to radiation and pair production



Wigner  function  of  incoherent  scattering 

0

0

0 2

2

0

(ρ -ρ ( ), ) (ρ -ρ ( ), ) 1 δ (ρ χ -ρ ( ), )

χ
1 δ (ρ - χ -ρ ( ), ) exp(2 χ)

z

at at Born at at at

z

z

at at

z

dz
P z q P z q i U z z

dz d
i U z z iq



 



 









 
      

 

 
   

 

 



 
2 2

2 2

1 1

2 2 2 2 2 2

1 1

2 2 2 2

(ρ)(ρ) (ρ) 1
(ρ) ( ,ρ -ρ , ) 1 exp

2 2

exp( 2κ ) exp[ ( κ ) ]2 1
cos(2κ ) κ

[( κ) κ ][( κ) κ ]

p at at
nucl at at

p

s s

dn dd d d
n P z q

dq dq n dz dq u u d

u q uZ
d

v d q q

 










  





 
     

 

    
  

    





2
2

2 2 2

1 1

(q )(ρ) 2 1
(ρ) exp

2 2

Mott
nucl

inat

dd Z
n

dq dq v q u d u

  




 

  
    

   

1/q u Single nucleus limit
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Essential expression of the presentation

describes Coulomb scattering by 

nonuniformly distributed screened nuclei
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New Wigner function 

greatly differs from KO at
1q u

Admin
Typewritten Text
 

Admin
Typewritten Text
 

Admin
Typewritten Text
 

Admin
Typewritten Text
 

Admin
Typewritten Text
about



WF can be negative 1



WF can be negative 2

WF completely looses probabilistic interpretation

at                                    (< 5 % of particles)12.5 u 
1~ ,q u



All the effects of

small angle incoherent scattering 

boils down 

to the average square

of the scattering  angle
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Average scattering angle square becomes 

positively determined at small momentum transfer



Average scattering angle square considerable 

exceeds KO limit at large q and ρ



WF high 
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Mott cross section modification 

by nonuniformity of string atom distribution

2 2
2 2 2

mod 2 4 2

1 1

1 exp 2( ) / 1 ..
2 2

Mottd d q p
q u u

 
   

   
         

   



Plan
Intoduction. The need of quantum theory of incoherent scattering in 

crystals

Wigner function description of both quantum and classical effects  

− classical motion description by eikonal method

− quantum scattering description in Born approximation

Wigner function of incoherent scattering 

− small angle scattering description by averaged angle

− large angle scattering description by Moss cross-section modification

Incoherent scattering contribution to radiation 

and pair production



Development of the consistent 

theory of relativistic particle 

incoherent scattering in crystals 

will mean the same for radiation

and pair production processes



Key points

Radiation (pair production), 

accompanying single scattering:

− has to be simulated separately

− is suppressed by coherent scattering;

coherent scattering also suppresses 

Landau-Pomeranchuk effect



Key simulation points:

Trajectory simulations in most 

realistic potentials

Simulation of  incoherent scattering on 

both nuclei and electrons

Separate simulation of single

and multiple scattering

Direct integration of 

Baier-Katkov formula

Infinite trajectories, density effect…



Radiation process simulations

from the “First Principles”



Radiation at sharp change of particle trajectory



Single scattering effects are treated separately



Both surface and refraction effects

can be easily included



Local approximation, axial case with 

incoherent scattering for ( ) /s cohl m 



Single vs multiple scattering



Pair production probability in crystals



Local approximation, axial case 

with incoherent scattering:

Experiment on PP 

in Ge<110>100K

Coherent and incoherent 

PP in Ge<110>100K



Landau-Pomeranchuk effect suppression 

by strong crystalline field ( ) /s cohl m 



Landau-Pomeranchuk effect suppression by 

strong crystalline field





A consistent theory 

of relativistic particle 

incoherent scattering

in crystals is suggested 



Thank you for your 

attention!




