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Track formation in NiTi irradiated by U ions with the energy 
E= 0.84-0.76 GeV

dE/dx = 52 KeV/nm, E=0.84 GeV
 = 10E11cm2, T = 300 K 

dE/dx = 57 KeV/nm, E=0.76 GeV
 = 5.10E10cm2, T = 80 K 

dE/dx = 57 KeV/nm,  E=0.76GeV
 = 5.10E10cm2, T = 90 K 

 =0

 =27°

dE/dx = 57 KeV/nm,  E=0.76GeV
 = 5.10E10cm2, T = 90 K 
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Amorphous area

Stress area
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Transmission Electron Microscopy in Si Irradiated by heavy ions.

a b

c d

TEM results in Si after swift heavy ion irradiation by Bi+ions with 
the energy of 710 MeV at different doses:
)  -1010cm-2, b) – 1011cm-2, c) – 1012cm-2, d) – 2x1012 c-2
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  

rU ÷ p

Te
Te(r,t=0)

D

Te(r,t=ep)

Ti Ti(r,t =ep)

Ti(r,t=0)=T0

2r0

Ti(r,t > pp)

r

RT

T0

Z

r0- characteristic distance for 
deposited energy  (r0 > D)
calculated by FLUKA,

RT = (Deep)½ D = 0.2 mm
Dmin = 0.016 mm

Electronic Temperature:

Ionic Temperature:

FLUKA DATA

U ÷ p
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 

e ~ 10-16 s - characteristic time of the electron - electron interaction;

 e-ph ~ 10-13 s - characteristic time of the electron - phonon interaction;

 ph-ph ~ 10-12 ÷10-11s - characteristic time of  phonon - phonon interaction;

cool~ 10-12 10-3 s - characteristic time of  cooling
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i is the thermal conductivity of ionic subsystem,

 is the thermal conductivity of electronic
     subsystem,

i  is the thermal capacity of ionic subsystem,

 is the thermal capacity of electronic subsystem,

A(r,t) is the effective energy source in electronic
          subsystem

14-18 November 2011, ICTP, Trieste, Italy



Initial and Boundary Conditions in “Thermal Spike”  
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(C. Dufour, “ Commissaiat L’energie atomique, Service
de documentation et D’édition multimédia “, France,
CEA-R-5638)
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       is the electronic energy loss  
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“Coulomb Explosion “ Model of Track Formation

R.L. Fleischer,  P. R. Price, R. M. Walker,
J.Appl.Phys.,36 (1965),3645
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“Ion Coulomb Explosion”Model 
 
 

 se
1610~ −τ  is the characteristic relaxation time of 

electronic subsystem; 
sphe

1310~ −
−τ  is the characteristic time of electron-

phonon coupling; 
sphph

1112 1010~ −−
− ÷τ  is the characteristic time of 

phonon - phonon interaction; 
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tr = 10E-16 s
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Approximation of initial electronic and ionic temperatures:

 pa = Fa tr = e Za E tr
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Spatial distribution of the energy obtained by the lattice ions during “Coulomb Explosion”
under Fe irradiation by different ions: 1. Z = 8, 2. Z = 36, 3. Z = 54, 4. Z = 92 with the energy 
E = 10 MeV/nucl (E.V. Metelkin, A. I. Ryazanov, JETPh, v.90 (2000) 370).

14-18 November 2011, ICTP, Trieste, Italy




 
 

10-16 10-15 10-14 10-13 10-12

102

103

 

 

 r =0 nm
 r =5 nm 
 r =10 nm

Ti
 ,K

t ,

A. I. Ryazanov et. al., JETPh 101 (2005) 120

14-18 November 2011, ICTP, Trieste, Italy




 

 

10-18 10-17 10-16 10-15 10-14 10-13 10-12

20

40

60

80

100

120

 

 

 r =0 nm
 r =5 nm
 r =10 nm

Ti
 ,K

t ,

14-18 November 2011, ICTP, Trieste, Italy





 



10-18 10-17 10-16 10-15 10-14 10-13 10-12

102

103

 

 

 r =2 A
 r =3 A
 r =4 A
 r =5 A
 r =6 A
 r =7 A

Ti
 ,K

t ,sec

A. I. Ryazanov et. al., JETPh 101 (2005) 120

14-18 November 2011, ICTP, Trieste, Italy




 
 

 

14-18 November 2011, ICTP, Trieste, Italy




 
 

ρ ρ

( ) 0

( ) ( ) 0

( ) ( ) ( )

( ) ( ) ( )

k
k

k l k
l k

k i
i i k i i ei e i

k k k k

k e
e e k e e ei i e

k k k k

i e

i e

u
t x

pu u u
t x x

u Tu p K c T T
t x x x x

u Tu p K c T T A
t x x x x

p p p

ρ
ρ

ρ ρ

ρε ρε

ρε ρε

ε ε ε

∂ ∂ + = ∂ ∂
∂ ∂ ∂

+ + =∂ ∂ ∂
  ∂ ∂∂ ∂ ∂ + + = + −  ∂ ∂ ∂ ∂ ∂ 
  ∂ ∂∂ ∂ ∂ + + = + − + ∂ ∂ ∂ ∂ ∂ 


= +
 = +

Is the density of material

are the ionic and electronic pressures in material

are the energies of ionic and electronic subsystem of material 

,i ep p

,i eε ε

ρ Is the velocity of ions in materialku

14-18 November 2011, ICTP, Trieste, Italy




 

 

14-18 November 2011, ICTP, Trieste, Italy




 

 

14-18 November 2011, ICTP, Trieste, Italy




 

 

14-18 November 2011, ICTP, Trieste, Italy




 
 

14-18 November 2011, ICTP, Trieste, Italy




 
  

14-18 November 2011, ICTP, Trieste, Italy



 
 
  

14-18 November 2011, ICTP, Trieste, Italy




 

  

14-18 November 2011, ICTP, Trieste, Italy




 
  

14-18 November 2011, ICTP, Trieste, Italy




 
 

14-18 November 2011, ICTP, Trieste, Italy






• 



• 

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Experiment: 
N ~ 1000 1/m
at Se =100 KeV/nm
(A.Iwase,J.Ph.Soc.Jp.
61 (1992) 3878)

Theory:
“Coulomb Expl.”:
Nc ~ 1.3x1000 1/m

“Thermal Spike”:
NT ~ 1.3x1/m

Nc/ NT ~ 1000

A. I. Ryazanov et. al., JETPh 101 (2005) 120
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
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The changes of initial glass-like microstructure obtained by fast cooling of 
copper crystal lattice from 3000K up to 300K after the penetrating of shock 
wave having the average ion velocity behind shock wave V=20 000 cm/s.

14-18 November 2011, ICTP, Trieste, Italy

A.I.Ryazanov et. al., Rad.Effects and Defects in Solids, 2002
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The dependence of  number of displaced atoms as a function of average ion 
velocity behind shock wave in the initial glass-like microstructure obtained by 

fast cooling of copper crystal lattice from 3000K up to 300K.
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A.I.Ryazanov et. al., Rad.Effects and Defects in Solids, 2002
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x10e-7 cm, X

The changes of heated crystal-like microstructure at the temperature  Tin = 800K 
after the penetraiting of shock wave having the average ion velocity behind shock 

wave V = 200 m/s. The circles show the displaced atoms.
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x10e-7 cm, X

x10e-7 cm, Z

The effect of previous shear deformation on the changes of heated 
crystal-like microstructure at the temperature Tin = 600K after the 
penetrating of shock wave having the average ion velocity behind shock 
wave V=200 m/s. The circles show the displaced atoms.

14-18 November 2011, ICTP, Trieste, Italy



Formation of channel produced by the shock wave initiated by swift heavy ion 
U (Z1=92) with the energy E = 10 MeV/nucl in track area of iron crystal lattice 

at the temperature T = 300 K at the simulation time t1 = 0.3 ps. 

14-18 November 2011, ICTP, Trieste, Italy
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t1 =0.3 ps                            t2 = 0.6 ps                            t3 = 2.1 ps

The results of numerical simulations for the spatial distribution of displaced 
atoms produced in track area by the shock wave initiated by swift heavy ion U 
(Z1=92) with the energy E = 10 MeV/nucl in Fe at the temperature T = 300K at the 
three different simulation times: t1 =0.3 ps, t2 = 0.6 ps and t3 = 2.1 ps.
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Comparison of the production of displaced atoms per unit length in the iron 
crystal lattice by the shock waves initiated by two types of ions: 1) U (Z1=92) ion 
() and 2) Xe (Z2=54) ion (    ) with energies 

E = 10 MeV/nucl at the temperature T = 300 K as a function of simulation time.
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Microstructure of displaced atoms produced by the shock wave initiated 
by Xe (Z2=54) ion with energy E = 10 MeV/nucl in the iron crystal lattice at 
the temperature T=300 K and at the simulation time t = 2.1 ps. 

14-18 November 2011, ICTP, Trieste, Italy
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The results of numerical simulations for the spatial distribution of 
displaced atoms produced by the shock wave initiated by swift heavy ion 
Xe (Z1=54) with the energy E = 10 MeV/nucl in track area of Fe at the 
temperature T = 300K at the different simulation times:  t1 =0.3 ps, 
t2 = 0.6 ps and  t3 = 2.1 ps.
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Comparison of the production of displaced atoms per unit length by the shock 
wave initiated by U (Z1=92) ion with energy E = 10 MeV/nucl in the iron crystal 
lattice at two different temperatures: 
1) T1= 273 K (    ) and 2) T2 = 873 K () as a function of simulation time.
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The results of numerical simulations of atomic 
microstructure in iron crystal lattice after the penetrating of 
fast particle Kr (Z1=36) with the energy  E = 10 MeV/nucl at 

the temperature T=300K at the simulation time t = 8 ps.

14-18 November 2011, ICTP, Trieste, Italy



The results of numerical simulations of atomic    
microstructure in Fe after the penetrating of fast particle U 
(Z1=92) with the energy E = 10 MeV/nucl at the temperature 

T= 870 K at the simulation time t = 8 ps.

14-18 November 2011, ICTP, Trieste, Italy
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Displaced atoms produced by the shock wave initiated by swift heavy 
ion U (Z1=92) with the energy E = 10 MeV/nucl in Fe at the temperature 
T=870 K at the relaxation (simulation) time t = 8 ps.
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


Non Irradiated 
area

Irradiated area

Amorphous alloy irradiated by Xe ions with 
the energy E = 1,34 MeV/n

1 - h = 2 mkm,

2 - h = 4,5 mkm,

3 - h = 7 mkm,

4 - h = 8,1 mkm
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24 /C T it Rτ χ≤ =
RT r

hη η=
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 


24 /C T it Rτ χ≥ =

cη η=

4
1 0 exp

2
T

i h c

T K Rd bA j
dt b

α µτ
χη η

−  Δ = = −  
   

3. Irradiation Growth Rate of Amorphous Alloys

( )
max

exp exp / irr
irr

A T G T
A T

∗ 
− − 
 



80 204024 , 530 , ( )T K G K Pd Si∗ = =

A.I.Ryazanov, A.E.Volkov, S.Klaumunzer, Phys.Rev.B,51 (1995) 12107
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Theoretical model of plastic deformation in amorphous 
system under heavy ion irradiation

T0 is the maximum temperature increase in atomic subsystem during ea (Se),

RT is the width of deposited energy Se distribution, 

2
0 /(3 )e a B TT S n k RπΔ = 2 ( ) 4V ea e eaR Dτ τ=

14 11( ( ) 10 10 )ea eS sτ − −≈ −

/στ η µ= is the characteristic time for shear stress relaxation 

( is viscosity,  is shear modulus) ,      is the local heating “lifetime”.
2( ) /th T aT R Dη η µτ µ∗≤ ≈ ≈thστ τ≈

1 2( / ) exp( / )f f B Bn k T G k Tη γ ν− = Ω −

If

f is the volume of a flow region, G is the activation energy of atomic rearrangements

( )f f irrn  Tσ ϕ= f is the flow-defect production cross section

0( ),f n  Tη η η∗ = =  [ ]( ) exp /( )
( , )

n
 n e n n e

f n e

 T S G T S
S Sσ ϕ

= + +

23n a T B irrT n R k Tπ= 23n a T BG n R k Gπ= 1 2 23n a T n Rπγ νη− ∗= Ω
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(Tsao, Spapen ,1985)

, so
thτ



Comparison of experimental and theoretical results for dependence 
of incubation fluence (e) on the electronic stopping power (Se)

A. Ryazanov,
H. Trinkaus,
Phys. Rev. Lett.
v.84 (2000) 919
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Summary  
 

• The obtained numerical results for ionic temperature 
distribution in crystal lattice near track area under 
heavy ion irradiation are based on the combination of 
“Thermal spike” and “Ion Coulomb explosion” models.  

 
• It was shown that the calculations based on the “Ion 

Coulomb explosion” model result in the stronger 
temperature rise of irradiated materials by swift heavy 
ions comparing with the  previous calculations used only 
“Thermal spike” model. 
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