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Abstract – Numerical radiative magnetohydro-
dynamics is an essential part of the modern hign-
energy-density physics and pulse-power research. 
In this work we report numerical studies of a 
power multiplication scheme based on compression 
of magnetic flux by plasmas shells suggested in [1, 
2]. Confinement of the magnetic flux by a plasma 
having self-adjustable thickness of the order of the 
skin depth is not evident a priori and efficiency of 
the considered scheme may depend on numerous 
physical parameters such as plasma thermo-
dynamic properties or radiative losses. The re-
ported results are obtained with the help of new 
Marple code [3] incorporating the most part of 
physical properties that may lead to the flux losses 
for the current amplitudes ranging from one to 
several MA with the rise-time of 102-103 ns. By 
comparing the numerical results with simple esti-
mates, we demonstrate that operation of the stud-
ied scheme indeed results in current pulse sharpen-
ing and power multiplication. Influence of the am-
plitude of the initially seeded magnetic field on the 
scheme efficiency is discussed.  

1. Introduction 

Magnetic Flux Compression (MFC) represents one of 
the modern promising schemes realizing magnetic 
energy storage with further energy compression in 
space and time. In particular, this scheme implies that 
an accelerated conductor can compress the flux of 
initially seeded azimuthal magnetic field. As it was 
first suggested in [1, 2], the accelerating force can be 
the Lorenz force of current created by a pulse-power 
generator. The generator produces the primary mag-
netic field accelerating a plasma shell (plasma MFC) 
which is supposed to compress and amplify the inner 
(secondary) magnetic field associated with the load 
current. This technique implies initiation of a hollow  
 
 

plasma cylinder from gas puffs, dielectric films or 
conducting foils. Therefore, in difference with the 
previous extensive MFC application at magneto-
explosive generators the maximum shell velocity is 
determined by the Alfven velocity rather than by 
thermal velocity of explosion products. This opens 
possibilities for shortening of the load current pulse 
rise-time to ~100 ns and below.  
 Numerical, rather than experimental evaluation of 
the scheme feasibility becomes of particular impor-
tance when the experiments require energies of many 
megajoules. Numerical modeling could thus reveal 
physical limitations on the scheme operation effi-
ciency and could play a determining role in engineer-
ing development of future thermonuclear facilities. 
 Despite limited experimental information available 
for the plasma MFC scheme, its theoretical efficiency 
was already investigated analytically and in simplified 
one-dimensional (1D) numerical modeling [4, 5]. One 
of the identified theoretical limitations on the scheme 
efficiency is related to diffusion of the compressed 
magnetic flux into the plasma of accelerated shell. In 
this case, a part of the flux remains frozen in the 
plasma during the short time of the load current in-
crease and, therefore, can penetrate the load only with 
the plasma. In this work, we continue the study of this 
limitation in two-dimensional (2D) geometry close to 
the experimental one. The plasma MFC scheme is 
studied below in cylindrical geometry with Eulerian 
code Marple based on unstructured grid computation 
technology. The incorporated physics includes the 
resistive two-temperature Braginskii model with ra-
diative term calculated through solution of the radia-
tion transport equation in Schwarzschield- Schuster 
approximation [3]. The scheme is considered for two 
types of pulse-power loads used either in isentropic 
compression experiment [6] or for creation of plasma 
radiation sources [1, 2].  
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2. Plasma MFC application in isentropic compres-
sion experiments 

The geometry of Fig. 1 corresponds to compression of 
the magnetic flux in a vacuum load region in order to 
generate high magnetic pressures in experiments on 
isentropic compression of materials and in study of the 
equations of state [6]. The primary generator is con-
nected on the right boundary of the simulation region 
and it represents an ideal generator of the current 
which rises as sine function up to the maximum value 
I1max = 3 MA during the quarter-period t1 = 1 µs. The 
secondary current with the amplitude I2 is injected at 
the initial moment of time between the plasma shell 
and the stator. In 2D numerical simulation, we were 
primarily interested by limitation on the plasma MFC 
scheme efficiency due to magnetic flux losses in the 
plasma. Therefore, macro-instabilities of the shell 
plasma were not initiated in our modeling.  

 
Fig. 1. Simulation region for the plasma MFC problem 
with constant-inductance load described in Section 2. 
The insert shows the second plasma shell in the load 
used in simulations described in Section 3. All sizes 
are in centimeters 
 
 Consider first the geometry of Fig. 1 with an in-
finitively thin, perfectly conducting shell of the mass 
M accelerated and decelerated by the difference of 
magnetic pressures in the primary and secondary cir-
cuits. The load represents a constant inductance with 
the value Ld ~ 0.73 nH calculated from the electrodes 
geometry of Fig. 1. Conservation of the secondary 
magnetic flux implies (L + Ld)I2(t) = const, where L is 
the varying inductance between the liner and the sta-
tor. The equations describing evolution of the system 
are: 
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where R(t) and h = 5 cm are the radius and the height 
of the liner, rs is the stator radius. The constant in the 
second expression is defined by the initial liner radius 
and by the initial current in the secondary circuit. 

When the liner impacts the stator, it is further consid-
ered as motionless. 
 Let us first define I2 = 300 kА as the initial secon-
dary current value and consider the mass of the liner - 
magnetic compressor M = 2.5 mg. The time-
dependencies of the secondary current I2(t) were found 
from the system (1) and they were further compared to 
2D Marple modeling. For this comparison, the mag-
netic field and plasma density were measured by load 
probes situated at the external load electrode at the 
radius r = 1.2 cm and at different heights: from z = 5 
cm (entry to the load region) up to z = 7 cm (the upper 
right corner in Fig. 1). Comparison of the probe sig-
nals at different positions allows evaluation of axial 
inhomogeneity of the calculated values. 
 Upper curves in Fig. 2 illustrate comparison of the 
0D current in the secondary with the current measured 
by the probes in 2D simulations for the above-
described MFC parameters. 

 
Fig. 2. Comparison of 0D estimates of the secondary 
current with the values obtained in 2D Marple simula-
tions (upper curves). Initial secondary current value is 
I2 = 300 kA. Lower curves correspond to the plasma 
density measured at the same points as the values of I2 
 
 As it can be seen from this figure, the Marple re-
sult for I2 and the corresponding result from the 0D 
estimate reveal substantial difference. This difference 
appears due to the finite thickness of the plasma-
compressor, which is not taken into account in 0D 
estimate of Eq. (1). Indeed, as it was already men-
tioned above, the shell thickness is auto-established 
during diffusion of both the primary and the secondary 
magnetic fields into the plasma [5]. As a result, a part 
of the secondary flux is compressed with the plasma 
slower than by an infinitively thin 0D shell, and the 
final compression time is defined by the shell thick-
ness and velocity.  
 The secondary current probe signals in 2D also 
differ at different heights (z = 5, 6, and 7 cm). Expla-
nation of this result can be found in the plasma density 
measurements at the same space points (Fig. 2). The 
magnetic field seems to be convected into the load 
region being magnetized into the plasma. This hy-
pothesis is confirmed by the 2D plasma density map 
in Fig. 4 at the moment close to the maximum flux  
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compression. The frozen part of the secondary flux 
may penetrate the load only with the liner plasma and, 
as it can be seen in Fig. 3 for z = 5 cm, the condition 
B/ρ = const is approximately satisfied. Plasma inertia 
further makes the load current increase to be substan-
tially slower than that defined by the ideal electro-
magnetic process of Eq. (1). Besides, this effect may 
lead to inhomogeneity of the magnetic field along the 
studied material in isentropic compression experi-
ments [6]. In order to avoid this undesirable effect, 
one could suggest to increase the initial value of the 
secondary current.  

 
Fig. 3. Plasma density map ρ in g/ cm3 for t = 1 µs 
when the liner plasma penetrates into the load region 
 
 Fig. 4 shows results of the 0D estimate upon Eq. 
(1) together with the 2D Marple modeling for a modi-
fied problem statement, when the initial secondary 
current was increased to the value I2 = 1 МА and the 
plasma liner mass was chosen to be M = 1.55 mg. 

 
Fig. 4. Comparison of the 0D estimate for secondary 
current, Eq. (1), with the value obtained in Marple 2D 
simulation. Initial secondary current has the value of I2 
= 1 MA. The I2(t) curves at different heights now co-
incide 
 
 As it can be seen in Fig. 4, a good agreement is 
now observed between 0D and 2D. One may assume 
that this better agreement (if compared to Fig. 3) at 
higher initial secondary current is achieved due to the 
fact that the main liner mass is now decelerated and 
even rebounds from the stator. This partially attenu-
ates the effect of finite shell thickness and of the mag-

netic flux losses in the plasma. Besides, the magnetic 
field pressure is now homogeneous with excellent 
accuracy along the inductive load. Indeed, the shin 
shell in 0D estimate (Fig. 4) does not reach the stator 
radius rs = 1 cm and rather starts to expand in opposite 
direction. The same effect, which is due change of the 
sign of magnetic pressures in Eq. (1) is reproduced in 
2D modeling, Fig. 5. 

 
Fig. 5. Plasma density map in g/cm3 at t = 985 ns, cor-
responding to the maximum magnetic flux compres-
sion and beginning of the plasma shell bouncing. The 
initial secondary current value is increased from 300 
kA to 1 MA 
 
 As shows Fig. 5, the increase of the load magnetic 
energy is now realized purely in vacuum, i.e. without 
penetration of the liner plasma into the load region. It 
can signify that in this Marple modeling we found a 
configuration, which is closer to the optimum in the 
MFC isentropic compression problem. Besides, the 
plasma bouncing signifies better realization of the 
liner kinetic energy. This would partially compensate 
higher energy spent on creation of the seeded mag-
netic flux in the secondary. Indeed, despite the higher 
magnetic pressure in the secondary, the peak I2 current 
value is practically the same (6-7 MA) for the initial I2 
= 1 MA and in the previous case of initial I2 = 300 kA 
(compare the results of Figs. 2 and 4). 

3. Numerical modeling of the plasma MFC scheme 
operating with a liner load 

Let us consider now a more complex geometry, in 
which the MFC scheme is used for formation of a 
pulsed current in a pinch-type load [1, 2]. The prob-
lem geometry is shown in Fig. 1, where the load is 
represented now by a plasma liner. In this configura-
tion, the usage of magnetic compressor theoretically 
allows to obtain smaller load current rise-times if 
compared to the direct generator-to-load connection.  
 In difference with the simulations described above, 
the primary was represented by sine-shaped current 
with the amplitude I1max = 20 MA and the quarter-
period of t1 = 200 ns. To avoid the current prepulse in 
the plasma liner load, the secondary current I2 was 
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now injected at t = 100 ns and, starting from this mo-
ment, I2 rises as a sine function to the maximum value 
I2max during Δt = 50 ns. 
 Fig. 6 illustrates the 2D Marple result for the sec-
ondary current amplitude equal to I2max = 2 MA, for 
the liner-compressor mass equal to M = 5 mg and for 
the load liner mass equal to Md = 0.5 mg. The probe 
positions for the magnetic field and plasma density 
measurements are the same as in the result of Fig. 2.  
 

 
Fig. 6. Secondary current I2 measured in 2D simula-
tion at two axial positions in the load, r = 1.2 cm, z = 5 
cm and z = 7 cm (the results coincide) . Secondary 
current amplitude is I2max = 2 MA. The insert is the 
plasma density map at t = 195 ns, close to the maxi-
mum load current. The load kinetic energy is 120 kJ 
 
 Following our discussion of the simulation with 
constant load inductance, Fig. 6 shows that the secon-
dary current amplitude is chosen to be sufficiently 
high to avoid penetration of the compressor plasma 
into the load region. At the same time, the chosen pa-
rameters did not allow increase of the load current 
over the generator current. However, the current rise-
time, which is directly due to the flux compression 
was less than 50 ns.  
 Let us define relationships describing the 0D dy-
namics of compression of both plasma shells pre-
sented in Fig. 1 (both shells are considered as infini-
tively thin). Eq. (1) still holds, but the load inductance 
is now variable and determined by the equation of 
motion.  

( ) ( )( )0
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L t L h R r t

M d r I
h dt c r
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where hd, rd(t), Md correspond to the z-pinch height, 
initial and current radius, and the mass. Rd = 1.2 cm is 
the current return radius. Assume that the z-pinch  
shell is 10-fold compressed and then its motion is 
stopped. Eqs. (1, 2) suggest optimization of the load  
 
 
 

geometry for the plasma MFC scheme. Consider the 
load liner of 0.5 cm height, having the mass of 7 mg, 
with the initial radius of 0.5 cm and with the current 
return having the radius of 0.7 cm in Fig. 1. Fig. 7 
shows solution of Eqs. (1, 2) for the same primary and 
secondary generators as in Fig. 6. 
 

 
 

Fig. 7. A 0D estimate from Eqs. (1, 2) obtained for 
decreased load size with respect to Fig. 1 and for the 
pinch mass of Md = 7 mg. The load kinetic energy is 
490 kJ 
 
 As it can be seen, the decrease of the load dimen-
sions in the plasma MFC scheme may allow a 3-fold 
decrease of the load walls surface and a considerable 
increase of the load current amplitude and of the pinch 
kinetic energy. Indeed, we efficiently decreased the 
maximum load inductance Ld and, as a consequence, 
we increased the maximum achievable secondary cur-
rent (I2 ~ 1/Ld, see Eq. (1)). We also increased the 
pinch mass, allowing higher secondary current in the 
load before the pinch shell is considerably displaced. 
This resulted in higher kinetic energy capable to be 
radiated onto a lower wall surface in the load that 
opens perspectives for further plasma MFC optimiza-
tion for high energy density physics experiments. 
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