
IHCE 

Large-Scale Instabilities in  

Strong, Fast Rising  

Magnetic Fields 
 

N.A. Labetskaya 1, V.I. Oreshkin 1 , S.A. Chaikovsky 1,2 

I.M. Datsko 1, D.V. Rybka 1, V.A. Van`kevich 1 

 
1 Institute of High Current Electronics SB RAS, Tomsk, Russia 

2 Institute of Electrophysics UD RAS, Ekaterinburg, Russia  

 

7th International Congress on Energy Fluxes  

and Radiation Effects (EFRE)  

 

21th International Symposium on High Current Electronics  
 

Tomsk, Russia, September 14-26, 2020 

IHCE  EFRE-2020 



Introduction 
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Electrical Explosion of  

Conductors (EEC) 

Magnetic Field Diffusion  

into Conductor 

• Slow explosion mode  (current density  j  < 107 A/cm2) 
 

• Fast explosion mode   (current density  j  > 107 A/cm2) 

• Uniform current distribution mode 
 

• Current skinning mode 

• Joule heat is released in the surface layer  

  (the thickness is of the order of skin depth) 
 

• propagation of a nonlinear magnetic diffusion  

  wave (NMDW) into the conductor 
 

• conductor surface is exploded and a low 

  temperature plasma is formed at B > Bs, 

  where                       ,  Λ0 -  the energy of  sublimation.  

  The threshold magnetic field  Bs for various metals 

   ranges between 250 and 450 T 
 

• plasma instabilities of the Rayleigh-Taylor type are 

  developed owing to the unstable process of plasma 

  confinement by the magnetic field  
 

0 02sB  

• Linear diffusion  (B < B0, σ =  σ0;                       ) 
 

• Nonlinear diffusion  (B > B0, σ ≈  σ0 / (1 + βεw)) 

0 02 /B  

where B – magnetic induction; B0 – critical field; 

σ0 – conductivity at 20 C; β – thermal factor; 

εw  – thermal energy density 

• magnetic field penetrates into the 

  conductor with a higher diffusion 

  velocity 
 

• such a velocity is connected with the 

  decrease of metal conductance due to  

  the heating of the conductor by the 

  electric current 
 

• the thermal (overheat, electrothermal) 

  instabilities can be developed 
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Objective 

The purpose of this investigation was an analysis of the large-scale 

instabilities development in the current skinning mode at the EEC 

when the magnetic induction is substantially greater than the value of 

Bs (at which the conductor is exploded and dense low-temperature 

plasma at the conductor surface is formed) 

•  the conductor was a cylindrical 

   copper bar  of  diameter 2 mm 
 

•   B-field value (≤ 400 T) at the  

    conductor surface 
 

•   (t) – conductor diameter 
 

•  A (t) - instability amplitude 
 

•  w (t) - instability wavelength 
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Experimental Technique 
 

MIG Generator 

Current amplitude:  up to 2.5 MA 
 

Current rise time:    100 ns 

HSFC-Pro 

Vacuum  
Chamber 

XRDs 

•  Rogovsky coils 
 

•  B-dot probes, inductive grooves 
  

•  X-ray diodes with bare aluminum cathode (XRDs) 
 

•  HSFC Pro four-frame optical camera (exposure 3 ns) 

 

Diagnostics 

0 100 200 300 400
0

1

2

   Current

   Times of HSFC Pro frames

C
u

rr
en

t 
(M

A
)

Time (ns)

 

Typical Generator Current 

 

Generator Load 

 Solid Cu cylinder  

• external = 2 mm 

• ℓ = 7÷10 mm 
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Current Density Distribution Profiles 

Appearance of large-scale instabilities occurs 

during the current skinning mode (after 200 ns) 

  

The current density distribution over the conductor cross-section for the typical 

generator current 

For a copper conductor with a 

diameter of 2 mm, the current density 

distribution profiles were obtained at 

different instants of time in the case 

of nonlinear diffusion of the magnetic 

field into the conductor 
  

Calculation method is described 

elsewhere [1] 
  

[1] S.A. Chaikovsky, V.I. Oreshkin, I.M. Datsko, N.A. Labetskaya, and N.A. Ratakhin, “Skin explosion of 

double-layer conductors in fast-rising high magnetic fields”, Physics of Plasmas, vol. 21 (4), pp. 042706 (1-11), 

2014 
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Experimental Results 
According to the experimental 

data, the conductor surface 

exploded at about 65÷75 ns, and 

the magnetic field reached its 

maximum (~ 375 T) at about  

100 ns 
 

Then, the surface plasma expanded 

with the formation of 

magnetohydrodynamic (MHG) 

instabilities 
  

At ~ 155 ns, the plasma–magnetic 

field  boundary revealed 

perturbations with an amplitude of 

~ 50 µm (comparable with the 

optical system resolution) and 

wavelength of less than 100 µm.  
 

At about 200 ns, the development 

of instabilities became vigorous 



Experimental Values of the Instability  

Wavelengths and Amplitudes 
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At ~ 155 ns, the plasma–magnetic 

field  boundary revealed perturbations 

with an amplitude of ~ 50 µm 

(comparable with the optical  

system resolution)  

and wavelength of less than 100 µm  
 

At about 200 ns, the development 

of instabilities became vigorous: 
 

              w ~ 170 µm at 200 ns,  

              w  > 200 µm at 230÷260 ns, 

              w ~ 330 µm at 320 ns,  

              w ~ 750 µm at 400 ns 

Early in the development of instabilities (till 200 ns), 

their amplitude and wavelength are almost coincident 
 

The amplitude of large-scale instabilities is  

1.5-2 times greater than their wavelength 
 

At 400 ns, the instability amplitude is ~ 1 mm 
 

The average velocity of plasma 

expansion measures about  

7·105 cm/s  



IHCE 

Discussion  

A possible cause of formation of such plasma structure is a growth of flute-like 

instabilities 

The current density distribution by the time of large-scale instabilities (230÷260 ns) has 

its maximum at 400÷500 µm from the conductor axis, suggesting that their development 

begins when the current is skinned 
 

Such structures at the plasma–magnetic field boundary can be described by analogy with 

flute instabilities and associated plasma jets crosswise magnetic field lines. The flute 

instability increment is expressed by [2]  

Tiv

R
 



The instability increment can be estimated as γ  4·106 s–1. Hence, the characteristic 

growth time of flute instabilities is ~ 250 ns, which fits our experimental data 

reasonably well 

, where ~ i
Ti

m
v

T

   thermal 

 -  velocity 

    of ions 

mi -  ion mass;  

R - radius of curvature of 

 the magnetic force lines 

1

1 





 
   

 r
  R ≈  ≈ rconductor 

[2] B.B. Kadomtsev, М.: Nauka, 240 p., 1976 



Conclusion 
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Experimental studies of the process of development of large-

scale instabilities arising from the electric explosion of copper 

conductors in magnetic fields with an induction up to 400 T  

were carried out at the high-current MIG generator  

 

The instability increment was estimated as γ  4·106 s–1  

 

A possible reason for the appearance of such plasma structure is 

the development of the flute instability 
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