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A model has been considered to describe the development of a surface discharge over a 

conductor electrically exploding in a strong magnetic field. A simulation performed using this 

model has shown that in the initial stage of the conductor explosion, a plasma layer several tens 

of micrometers thick with an electron temperature of several electronvolts is formed on the metal 

surface. Based on the theory of small perturbations, the development of thermal filamentation 

instabilities that form in the surface plasma layer has been analyzed. The characteristic growth 

rates and wavelengths of these instabilities have been determined. The theoretical results were 

compared with the results of experiments performed on the ZEBRA generator (providing load 

currents of amplitude about 1 MA and rise time about 100 ns) and on the MIG generator 

(providing load currents of amplitude about 2 MA and rise time about 100 ns). For the 

conditions implemented with these generators, the filamentation model gives rise times of 

thermal filamentation instabilities of tens of nanoseconds at characteristic wavelengths of the 

order of 100 μm. These values are in good agreement with experimental data, which indicates 

the adequacy of both the surface discharge development model and the filamentation model.  

 

Introduction 

There are various applications of the electrical explosion of conductors (EEC) in a strong 

magnetic field. One of the most important applications of such an explosion mode is the 

implementation of potential inertial confinement fusion (ICF) schemes within the framework of 

the MagLIF (Magnetized Liner Inertial Fusion [1-3]) concept, in which the compression of an 
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initially heated deuterium-tritium mixture by a metal liner is supposed to be used. To implement 

the ICF in the MagLIF concept, as well as in other schemes that use Z pinches, more powerful 

current generators capable of producing currents of amplitude at least 50 MA are required [4-6]. 

At this level of current, the electromagnetic energy density in the load area is so high that a 

surface explosion of the transmission line electrodes may occur, leading to a decrease in the 

proportion of energy transferred to the load. Related to this is another reason for interest in such 

an EEC mode, namely, the need to provide efficient electromagnetic energy transfer in 

magnetically isolated lines in the presence of megagauss fields. Other important applications in 

which this EEC mode is implemented are, first, the generation of strong magnetic fields, both by 

compression of metal shells [7,8] and by exploding single-turn solenoids [9]; second, the 

electromagnetic acceleration of bodies, such as the acceleration of metal plates in experimental 

studies of shock waves [10-12]; third, the compression of heavy metal liners, in which extreme 

states with pressures of 1011–1013 Pa can be attained [8,13], etc.  

The main processes occurring during an EEC in a fast-rising megagauss magnetic field 

[14-18] are a shock wave and a nonlinear diffusion wave of the magnetic field, the formation of 

a dense low-temperature plasma, and the development of various types of large-scale 

instabilities. The rate of nonlinear diffusion is anomalously high compared to the usual rate of 

penetration of an electromagnetic field into a conductor. The increase in the diffusion rate is 

associated with a decrease in the electrical conductivity of the metal due to its heating by the 

flowing current. Nonlinear diffusion may occur only if the magnetic field is strong enough 

[8,17], that is, if its induction is greater than 

T

B


8
0  ,          (1) 

where 
Tcvmetmet

T



=






00

1
, 0

met
 
and 0

met  are the metal resistivity and density at 273 K, cv is the 

heat capacity at constant volume, and 
T


 is the temperature derivative of  the metal resistivity. 

The magnetic field induction B0 is several tens of Teslas for the majority of metals (36.5 T for 

aluminum). This value of magnetic induction corresponds to a magnetic pressure on the 

conductor surface of about 109 Pa. Therefore, the nonlinear diffusion wave propagates through 

the material together with the shock wave caused by the pressure of the magnetic field on the 

conductor surface.  

An electrical explosion of conductors is usually accompanied by the development of 

various types of instabilities. These can be both thermal instabilities, which manifest themselves 

as strata [18-20], and Rayleigh–Taylor instabilities, the growth of which is accompanied by 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
01

05
9



3 
 

plasma ejection across the magnetic field lines [21]. These types of instabilities develop rather 

late in the explosion, when the conductor material is heated to high temperatures. One more type 

of instabilities, which develop at an earlier stage of the explosion, was observed in experiments 

described in [15,22]. In these experiments, bright spots were observed on the conductor surface 

at the stage preceding the explosion. At a later stage, the surface was covered with filaments, that 

is, with plasma entities stretched along the direction of current flow. It seems likely that these 

filaments were current channels that carried part of the total current through the load. With a 

further increase in current, the filaments disappeared, and the conductor surface underwent 

stratification.  

 

Fig. 1. Images of an exploded duralumin conductor of initial diameter 3 mm taken in the visible 

radiation range at various times from the onset of current flow (t = 0) at a generator current of 

amplitude 1.3 MA and rise time 100 ns (a) and of amplitude 2.0 MA and rise time 100 ns (b). 

The first frame in Fig. 1a is a visible backlighting image taken prior to the shot; C and A mark 

the cathode and anode, respectively. [IM Datsko, NA Labetskaya, SA Chaikovsky, VA 

Van'kevich1 and VI Oreshkin, Journal of Physics: Conference Series, Vol. 2064, Article ID 

012012, 2021; licensed under a Creative Commons Attribution (CC BY) license]. 

 

This is illustrated by Fig. 1, which shows photos of exploded aluminum conductors of 

diameter 3 mm and length about 1 cm [22]. The experiment was performed on the MIG 

generator providing a current through the load of amplitude up to 2 MA and rise time about 100 
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ns [16,23]. A more thorough experimental study was carried out on the ZEBRA generator [15], 

which provided a current pulse through the load of amplitude about 1 MA and rise time about 

100 ns. In the latter experiment, aluminum conductors of diameter 1 mm and length 7 mm were 

exploded. Bright spots were detected at a load current of about 300 kA, when the magnetic field 

induction on the conductor surface reached about 120 T, that is, it was three to four times higher 

than B0. The spots were about 5 μm in size (the minimum size was determined by the resolution 

of the recording equipment), and their number reached 500 mm–2. Filaments appeared 10–15 ns 

after the detection of the bright spots at a load current of about 400 kA. The distance between 

individual filaments was 50–100 μm.  

The most probable reason for the appearance of filaments observed as separate current 

channels in the current-carrying plasma layer was the development of thermal instabilities. The 

growth of thermal instabilities in a plasma is determined by the nature of the temperature 

dependence of resistivity [18,24]. If the resistivity of a material increases with temperature, as is 

the case, for example, of a liquid metal, the thermal instabilities lead to the formation of strata 

[19,25,26], that is, layers normal to the current flow direction. In the opposite case, when the 

resistivity decreases with increasing temperature, as is the case of a high-temperature plasma, the 

development of thermal instabilities should lead to the formation of individual current channels 

[27-30]. In this paper, the development of filament instabilities of the surface plasma layer 

formed during the explosion of metal conductors in strong magnetic fields is analyzed based on a 

theory of small perturbations. Section II presents a model which describes the development of a 

surface discharge during the explosion of conductors in strong magnetic fields based on the 

theory of ectons [31]. The results of a magnetohydrodynamic simulation of the explosion of 

conductors in strong magnetic fields are given in Section III. In Section IV, a model of the linear 

stage of development of filament instabilities is constructed and an analysis of the growth of 

these instabilities, their characteristic wavelengths, and their growth rates is performed. 

1. A model of the surface discharge developing over a conductor exploding in a strong 

magnetic field 

From our point of view, the most probable reason for the appearance of bright spots on the 

surface of an exploding conductor is the formation of ectons [31]. Ectons are plasma-producing 

centers formed on a cathode in the process of explosive emission, which is caused by the 

electrical explosion of metal microprotrusions [32]. Explosive electron emission occurs only at 

high electric field strengths on the cathode surface and is accompanied by a fast heating of the 

metal in microvolumes [32,33]. As shown in [31], electrons are emitted in the form of individual 

bunches, named ectons. The appearance of an ecton is associated with overheating of the metal 
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during a microexplosion, and the termination of its operation is due to the cooling of the 

emission zone [33]. The operation of an ecton is a complex and multifactor process, the details 

of which are still not clearly understood. In addition to the emission of electrons, the ecton 

operation is accompanied by the generation of multiply charged ions, liquid metal drops, and the 

like, and after the end of the process, micrometer-size craters usually remain on the cathode 

surface [31,33].  

Let us analyze the process of formation of a plasma layer on the surface of a conductor in 

a rapidly growing magnetic field. Consider a cylindrical metal rod of radius RRod and length l, 

surrounded by a return conductor of radius RRc (Fig. 2). Assume that a current increasing in time 

flows along the rod in the direction opposite to the direction of the z axis. Note that the geometry 

of the problem shown in Fig. 1 coincides with that of coaxial vacuum transmission lines [34,35]. 

  

Fig. 2. Pattern of electric and magnetic fields. 

 

 Let us estimate the possibility of explosive emission developing on the surface of a 

conductor in a fast-rising magnetic field. For explosive emission to be initiated, the electric field 

strength on the cathode surface must reach several hundreds of kilovolts per centimeter [34,35]. 

In our situation, a radial electric field arises between the metal rod and the return conductor. Let 

U be the potential difference between the rod and the return conductor. Then the value of the 

radial component of the electric field strength on the rod surface can be estimated as  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
01

05
9



6 
 

RodRc

r
RR

U
E

−
  ,         (2) 

where β is the enhancement factor for the field strength at the rod surface relative to the average 

field strength in the electrode gap. The value of the field enhancement factor can be determined 

from the equation 0=E , which holds for an electrode gap. From this equation it follows that 

r

const
Er  , and then we may write the following expression for the field enhancement factor:  

1

ln1

−

















−=

Rod

Rc

Rod

Rc

R

R

R

R
 .        (3) 

The potential difference between the rod and the return conductor can be estimated as [34,35]  

t

I
L

c
U






2

1
,          (4) 

where 
Rod

Rc

R

R
lL ln2=  is the inductance of the rod–return-conductor system and с is the velocity 

of light in vacuum. Then, substituting expressions (3) and (4) in expression (2), we can estimate 

the radial component of the electric field on the rod surface as 

dt

dI

Rc

l
E

Rod

r 2

2
 .         (5) 

For the experiments performed on the ZEBRA and MIG generators, the current rise rate dI/dt 

can be estimated as 1013 A/s. Then for 
RodR

l
10 the radial electric field strength should be no 

less than 200 kV/cm. For such electric field strength on the surface of a rod conductor, explosive 

electron emission should occur, that is, if the conductor would explode in a strong field, 

explosive emission centers should form on its surface.  

Next, we estimate the parameters of the plasma layer formed during the operation of 

explosive emission centers, while following the methodology described in [36]. The explosion of 

cathode microprotrusions during explosive emission was studied in many works [18,34,37-39]. 

According to the data given in [37,38], when one microprotrusion explodes, the (initially solid) 

metal of volume 1–2 µm3 goes into a plasma with a temperature of several electronvolts; that is, 

one ecton produces (1–2)·1011 metal ions. As the number of ectons Nect is 200–500 mm2 [15], the 

total number of ions formed during explosive electron emission, Ni can be estimated as (0.5–

1)·1016 cm–2. In addition to these ions, the surface layer must contain molecules of gases 

desorbed from the conductor surface. The number of these molecules is of the order of 1015 cm2 

[18], which is comparable to the number of ions formed in the process of explosive emission. 
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These estimates correlate with experimental data on vacuum arc discharges. In a vacuum arc, the 

number of metal ions formed in explosive emission centers is comparable to the number of ions 

of desorbed gases, and the electron temperature is several electronvolts [40]. 

 Apparently, the formation of a current sheath on the conductor surface does not occur 

immediately after the explosion of microprotrusions, since the plasma bunches formed during the 

explosion of individual ectons must merge to form connected regions. The ectons are spaced 

( ) 
− 2/1

ectN
 
40–70 µm. The ecton plasma, expanding with a thermal velocity of the order of 106 

cm/s, should cover this spacing in 5–10 ns. However, in a magnetic field, the plasma can freely 

expand only along the magnetic field lines, that is, along the azimuthal direction [15]. Its 

expansion across the magnetic field lines, along the z and r directions, is difficult, so the 

formation of a connected region should be delayed.  

 Let us estimate the current that flows in the surface plasma layer. We will proceed from 

the following considerations. First, the fraction of the current flowing in the layer is small, that 

is, almost the entire generator current flows through the metal rod. Second, there are no skin 

effects in the surface layer due to its small thickness. Therefore, both the azimuthal magnetic 

field Bφ and the axial electric field Ez in the surface layer will be determined by the current 

flowing through the rod. The specific form of the time dependence of Ez will be determined in 

the next section using a magnetohydrodynamic simulation of the conductor explosion process.  

Next, it can be assumed that the rate of change in the thickness of the surface plasma 

layer is small compared with the thermal velocity of the plasma, since it is confined by the 

pressure of the magnetic field. In this case, the following equilibrium condition can be written 

for the plasma layer: 

Bj
cr

p
pl

z

pl 1





,         (6) 

where 
pl

i
pl

N
kTZp


+= )1(  is the thermal pressure in the surface plasma layer of thickness Δpl, Z 

is the average ion charge, T is the plasma temperature in the layer, k is Boltsmann’s constant, 

plRod

plpl

z
R

I
j




2
 is the plasma density in the layer, Ipl is the current flowing through the plasma 

layer, 
RodcR

I
B

2
 is the magnetic field induction in the layer, and I is the current flowing through 

the metal rod (it is assumed that Ipl << I).  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
01

05
9



8 
 

Then the equilibrium condition (6) becomes  

II
Rc

kTNZ pl

Rod

pl

i 22

1
)1(




+ .        (7) 

On the other hand, for the plasma layer, Ohm’s law can be written as 

pl

plRod

pl

plplz
R

I
jE 





==

2
,        (8) 

where Ez is the electric field strength; jpl and δpl are, respectively, the current density in the 

plasma layer and its resistivity. Since the magnetic field is directed along the azimuth and the 

current flows along the z axis, the resistivity (across the field) is given by the expression [41] 

( ) 2/3

2

2 3

24

kT

Zme

ne

m e

ee

e
pl


==




 ,       (9) 

where ne  is the electron density; τe is the electron-ion collision time; e and me are the electron 

charge and mass, respectively, and   is the Coulomb logarithm. For a plasma temperature of 3–

5 eV, an average charge of three to five, and  =10, the plasma layer resistivity pl  can be 

estimated as 0.05–0.06 Ω·cm. 

As a result, from expressions (7) and (8), we obtain expressions that determine the 

thickness of the surface plasma layer and the magnitude of the current flowing through the 

plasma layer: 

IE

R
kTNZc

z

plRod

ipl


)1(5.0 2 + .       (10) 

I

RE
kTNZcI

pl

Rodz
ipl



3

22 )1(2 + ;       (11) 

Expressions (10) and (11) involve the electric field strength Ez. The time dependence of 

Ez depends on a whole complex of nonlinear processes that accompany the explosion of a 

conductor in a strong magnetic field. The forms of this dependence will be determined in the 

next section using a magnetohydrodynamic simulation of the conductor explosion process. 
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2. Magnetohydrodynamic simulation of the explosion of aluminum conductors 

The process of the explosion of aluminum conductors was simulated using the EXWIRE 

one-dimensional magnetohydrodynamic code [42]. The simulation did not take into account the 

effects associated with the formation of a surface plasma layer described in the previous section. 

The system of equations implemented in the EXWIRE code included hydrodynamic equations 

and Maxwell's equations. For the cylindrical case, the system of equations was written in 

Lagrangian coordinates as  

0=



+

r

v

rdt

d 
  ;         (12) 

 Bj
r

p

dt

dv
z−




−= ;         (13) 

)(
1

2

r

T

rr

j

r

v

r

p

dt

d z








++




−= 




 ;       (14) 

r

E

t

B

c

z




=



 1
 ; 

r

rB

r

c
jz




=

)(

4




 ;       (15) 

zz Ej == ;          (16) 

),( Tf  = ;   ),( Tfp =         (17) 

where 
r

v
tdt

d




+




=  is the substantial derivative;  and T are the material density and 

temperature, respectively; v is the radial velocity of the material; p and  are  the pressure and 

internal energy, respectively; B  is the azimuthal component of the magnetic field strength; Ez is 

the axial component of the electric field strength; jz is the axial component of the current density; 

 and  /1=  are the thermal conductivity of the metal and its electrical conductivity 

(reciprocal of the resistivity), respectively. 

The system of MHD equations (12)–(16) is closed by the equations of state of matter (17). 

For the metal, we used wide-range semi-empirical equations of state [43] obtained on the basis 

of the model proposed in [44], which take into account the effects of high-temperature melting 

and evaporation. The electrical conductivity of aluminum was determined using the tables [45] 

compiled by M. Desjarlais at Sandia National Laboratories, USA, and the model proposed in 

[46] and modified taking into account experimental data.  
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 The boundary conditions for the system of equations (12)–(16) were set as follows: for 

equation (13): p = 0  at RodRr =  and 0=




r

p
 at 0=r ; for equations (14):

 
0=





r

T
 at RodRr =  

and 0=r , and for Maxwell’s equations (16): 0=B  at 0=r  and 
RodcR

I
B

2
= , where I is the 

current flowing through the conductor, at RodRr = . In the calculations, the following time 

dependence of current was used: ( )













=

f

t
ItI





2
sin0 , where I0 is the current amplitude and τf is 

the current rise time. Calculations were performed for an aluminum conductor in two variants: 1 

mm in diameter, I0 = 1 MA, and τf = 100 ns, and 3 mm in diameter, I0 = 2 MA, and τf = 100 ns. 

In the first and second variants, the conditions close to those of the experiments on ZEBRA and 

MIG facilities, respectively, were simulated.  
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(b) 

Fig. 3. Results of the MHD simulation of the explosion of an aluminum conductor 1 mm in 

diameter showing the distributions of the metal conductivity and current density (a) and of the 

material density and temperature (b). 

 

As already noted, the electrical explosion of a conductor in a magnetic field the induction 

of which is greater than B0 is accompanied by a non-linear diffusion wave (NDW) of the 

magnetic field and a shock wave (SW) propagating in the metal [47,48]. Nonlinear diffusion is 

characterized by an anomalously high penetration rate of the electromagnetic field into the 

conductor compared with ordinary diffusion. The increase in the diffusion rate is associated with 

a decrease in the electrical conductivity of the metal due to its heating by the flowing current. 

The velocity of the nonlinear diffusion wave is determined by the velocity of propagation of the 

current density maximum into the bulk conductor. This can be seen in Fig. 3, which shows the 

radial distributions of various parameters for the first variant (conductor diameter = 1 mm, I0 = 1 

MA, τf = 100 ns) at the time when the current through the conductor reaches 400 kA (27 ns from 

the onset of current flow), that is, approximately at the time when filaments were observed on 

the surface of the exploding conductor in experiments on the ZEBRA facility [15]. As can be 
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seen from this figure, an NDW and an SW have formed and propagate into the bulk conductor 

when filaments already exist in the surface plasma layer according to the experiment.  At this 

time, the surface temperature of the conductor reaches 0.3 eV; that is, the metal in the surface 

layer of the rod passes into a liquid state.  

The nonlinear processes associated with the NDW and SW propagation significantly 

affect the exploding conductor resistance and the axial electric field, as can be seen from Fig. 4. 

This figure shows the time dependences of the current I(t), axial electric field strength on the 

conductor surface, Ez(t), and conductor resistance Z(t)= Ez(t)/I(t) for two variants in which the 

explosion conditions were simulated for experiments performed on the ZEBRA generator (see 

Fig. 4a) and on the MIG generator (see Fig. 4b). We see that in the initial stage of the explosion, 

the resistance of the conductor decreases with time. This is due to the increase in the thickness of 

the skin layer, which can be estimated as 




4

0 t
c met

sk   [49]. When the induction of the 

magnetic field on the conductor surface reaches value B0, the diffusion of the magnetic field goes 

into a nonlinear mode. At this time, the conductor resistance Z(t) falls to a minimum. In the 

nonlinear mode, the resistance is determined by two opposing factors. The first factor, leading to 

a decrease in resistance, is an increase in the size of the region in which current flows (behind the 

NDW front). The second factor, leading to an increase in resistance, is a decrease in metal 

conductivity behind the NDW front. As a result, as can be seen from Fig. 4, at the nonlinear 

stage Z(t) slightly increases with time.  

The plots shown in Fig. 4 allow us to estimate the electric field strength on the conductor 

surface during the formation of the plasma layer and the development of filaments. For 

conditions approximately corresponding to the experiments on the ZEBRA generator (see Fig. 

4a) and on the MIG generator (see Fig. 4b), the field strength Ez in this time interval is 3–6 

kV/cm and about half that, respectively. Note that the estimates of the values of the axial electric 

field, made without taking into account the effect of nonlinear diffusion of the magnetic field in 

[36], give 2–3 times smaller values of Ez. With the field strength known, we can estimate the 

thickness of the plasma surface layer pl and the current flowing through the layer, plI , using 

expressions (10) and (11) obtained in the previous section. For the estimation, we assume (see 

the previous section) that iN  (0.5–1)·1016 cm–2 and  the resistivity pl 0.05–0.06 Ω·cm, 

which corresponds to a plasma temperature of 3–5 eV and an average charge of 3–5. Then, for 

the ZEBRA generator conditions [15], in view of the total current through the conductor I  

300–400 kA, we obtain the plasma surface layer thickness  pl 40–50 µm and the current 
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flowing through the layer plI 100–200 A. For the MIG generator conditions [22], we have I  

600–800 kA and, respectively,  pl 60–90 µm and plI 200–500 A. 
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(b) 

Fig. 4. Results of the MHD simulation of the explosion of aluminum conductors 1 mm in 

diameter at I0 = 1 MA and τf = 100 ns (a) and 3 mm in diameter at I0 = 2 MA, and τf = 100 ns (b). 

Thus, in both cases, at the initial stage of the electrical explosion of a conductor in a 

skinned current mode, a plasma layer of thickness several tens of micrometers forms on the 

metal surface. The ion density in this layer is close in order of magnitude to 1018 cm–3. Only a 

small (hundredths of a percent) part of the total load current flows through this layer. The current 

density in the plasma layer, 
plRod

plpl

z
R

I
j


=

2
, is close in order of magnitude to 105 A/cm2, which 

is three orders of magnitude less than the current density in the exploding conductor (see Fig. 

3a), which is higher than 108 A/cm2. 

3. Filamentation model 

Filamentation instabilities, which give rise to the formation of individual current 

channels, are often observed in experiments with plasma focuses [27,28] and Z pinches 

[29,50,51]. As noted above, the most probable reason for the appearance of filaments is the 

development of thermal instabilities, the structure of which is determined by the nature of the 

dependence of the resistivity of the material on temperature and density. If the resistivity of a 
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material increases with temperature, as is the case for most metals in liquid and condensed states, 

thermal instabilities lead to the formation of layered structures (strata) in which the layers are 

normal to the direction of current flow [25,26]. This is observed in experiments on the electrical 

explosion of conductors. If the resistivity of a material decreases with increasing temperature, as 

is the case for high-temperature plasmas, thermal instabilities give rise to the formation of 

current channels (filaments) [27-30].  

Let us consider the processes responsible for the formation of filaments in a cylindrical 

plasma shell, the thickness of which, pl , is much less than its radius. The main equation that 

will be used below to analyze thermal filamentation instabilities (TFIs) is the equation describing 

the heating of a substance due to the Joule energy input, which we write in the following form:  













−




−=












T

rr

E

t

T
c

pl

z
v

12

       (18) 

where 
pl

i
i

N
m


=  is the density of the material, mi is the ion mass, 

i

v
m

kTZ
c

)1(

2

3 +
=

 
is the heat 

capacity of the plasma, and  is the thermal conductivity. 

 The problem will be considered in the following statement. Assume that in the initial 

state the shell is uniform (there are no temperature and density gradients in it), but over time, 

azimuthal nonuniformities of temperature and density may appear in it. Then for the unperturbed 

shell, equation (18) takes the form:  

( )
0

2

0
0

pl

z
v

E

t

T
c


 =




,         (19) 

where the subscript “zero” marks the values of unperturbed functions. Equation (19) is a 

nonstationary energy balance equation.  

 We assume that the temperature and density are perturbed along the azimuth and describe 

them as 

( ) ( ) ,)(, 10 tTtTtT += , ( ) ( ) ,)(, 10 ttt += ,    (20) 

where ( ),1 tT  and ( ) ,1 t  are the small perturbations of temperature and density, respectively. 

(Everywhere below we will denote the unperturbed values of functions by subscripts "0" and 

their small perturbations by subscripts "1"). Let us consider the case when the resistivity of a 

material is a function of temperature and does not depend on its density. This is true for a 

classical plasma, in which the resistivity is determined by expression (9), that is, it weakly 

depends on density, only through the Coulomb logarithm . Expanding the resistivity function in 

a series at the point T0 and truncating the series to the first term, we have  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
01

05
9



16 
 

( )
10

T
T

pl

plpl



+


 ,         (21) 

where 
T

pl




 is the temperature derivative of resistivity.  

Then, using (18) in view of (19)–(21), we can write an equation for the small perturbation 

of  temperature:  

( ) 2

1

2

212

0

2

0
1

1
0











+




−=




+



 T

r
T

T

E

t

T
c

t

T
c

pl

pl

z
vv .     (22) 

 To find the relationship between temperature and density perturbations, we proceed from 

the following considerations. If the material in a perturbed region moves at a velocity less than 

the thermal one, the pressure in this region levels off [29,52]; that is, in our case, the pressure 

gradient along the azimuth must satisfy the condition ( ) 0
plp . Then, if the pressure linearly 

depends on temperature and density, we have the following relationship between small 

perturbations of density and temperature:  

0

1

0

1

T

T
−




.          (23) 

We describe a small perturbation of temperature as 

( )   imtconsttT += exp,1 ,       (24) 

where γ is the instantaneous instability growth rate and m is the mode number of the azimuthal 

perturbation. Substitution of (24) in (22) in view of (23) yields the following expression for the 

instantaneous instability growth rate: 














+








−




−= 2

2

21
m

pl

pl

z

v

k
TT

E

c





 ,       (25) 

where 
r

m
km =  is the wave vector. Since small perturbations will not appear below, the 

subscripts “0” that marked the unperturbed values of functions and thermodynamic parameters 

are omitted in expression (25) and will be everywhere below.  

Expression (25) is the dispersion equation for FT instabilities. For a classical plasma, as 

follows from (9), we have 
TT

pl

pl 2

31
−=






; hence, expression (25) can be rewritten as 









−=

2

max

2

1
k

km
m ,         (26) 

The coefficients entering into expression (26) can be considered the characteristic growth rate  
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plpl

z

plv

z
m

p

E

Tc

E




22

3

5

2

5
==         (27) 

and the maximum possible value of the wave vector  

pl

z

T

E
k



2

max
2

5
= ,         (28) 

where 
pl

i
pl

N
kTZp


+= )1( .  

As we consider only azimuthal perturbations and as the magnetic field in the plasma shell 

is also directed along the azimuth, expression (28) contains the coefficient of electron thermal 

conductivity along the magnetic field, which is given by the formula [41]:  

 

( ) ( )
( )


==

Zem

kkT
Z

m

Tkn
Z

ee

ee

4

2/52

24

3





 ,      (29) 

where ( )Z  is a dimensionless coefficient depending on the charge Z ( ( )Z 3.16 for Z = 1,  

( )Z 6.1 for Z = 3 and ( )Z 12.5 for →Z ), which is tabulated in [41]. Then, after 

substitution of (9) and (29) in (28), we have  

( ) kT

eE

kT

eE

Z
k zz =

2

5
max .        (30) 

Expression (30) indicates that the value of the wave vector is determined only by the electric 

field strength and the temperature of the material. Note that this is true not only for the filaments 

developing in a plasma, but also for the strata formed during the electrical explosion of a 

conductor [25,26].  

Using expressions (27) and (30), for the conditions of the experiments performed of the 

ZEBRA generator [15], we obtain that the growth time of thermal instabilities, m/1~ , is about 

10 ns, and their wavelength (the distance between individual filaments), max/2~ k , is 50–100 

μm for a plasma temperature of 3–5 eV. For the conditions implemented with the MIG generator 

[22], both the growth time of thermal instabilities and their wavelength are about twice longer. 

Thus, the results obtained in this section are consistent with the experimental results [15,22], 

which indicates the adequacy of both the surface discharge development model and the 

filamentation model.  
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Conclusion 

A model of the development of a surface discharge during the explosion of a conductor in 

a strong magnetic field has been considered. This model has shown that in the initial stage of the 

electrical explosion of a conductor in a skinned current mode, a plasma layer forms on the metal 

surface. The plasma electron temperature is several electronvolts and the layer thickness is 

several tens of micrometers. This layer carries only a small (hundredths of a percent) part of the 

total current flowing through the load. Therefore, the strength of the axial electric field and the 

value of the azimuthal component of the induction vector of the magnetic field in the surface 

plasma layer are determined by the processes occurring in the exploded conductor. It has been 

shown that the ion density in the plasma layer is close in order of magnitude to 1018 cm–3, and 

the current density in the layer is close to 105 A/cm2, which is several orders of magnitude lower 

than the current density in the exploded conductor.  

Based on a theory of small perturbations, the development of filament instabilities of the 

surface plasma layer formed during the explosion of a metal conductor in a strong magnetic field 

has been analyzed. It was supposed that filaments arise as a result of the development of thermal 

instabilities, the growth of which is determined by the nature of the dependence of resistivity on 

temperature. If the resistivity decreases with increasing temperature, as is the case in a plasma, 

the development of thermal instabilities leads to the formation appearance of individual current 

channels. The characteristic growth rates and wavelengths of filamentation thermal instabilities 

have been estimated. It has been shown that these quantities are determined by the 

thermodynamic parameters of the plasma layer and by the strength of the axial electric field 

created by the exploded conductor. To estimate the strength of the axial electric field, a 

magnetohydrodynamic simulation of the explosion of aluminum conductors in a skinned current 

mode has been performed. It has been found that in this mode, the electric field strength is 

several kilovolts per centimeter. The theoretical results have been compared with the results of 

experiments performed on the ZEBRA generator [15] (about 1 MA load current amplitude and 

about 100 ns current rise time) and on the MIG generator [22] (about 2 MA load current 

amplitude and about 100 ns current rise time). For the conditions implemented in these 

experiments, the filamentation model has given growth times of thermal instabilities at a level of 

tens of nanoseconds and the characteristic wavelengths of the order of 100 μm. These values are 

in good agreement with the experimental data, which indicates the adequacy of both the surface 

discharge development model and the filamentation model.  
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