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The dynamics of plasma cylinder compression by current pulses with a rise time of D100 nsec in the Z-pinch
geometry has been considered. The numerical simulation has been performed in the approximation of one-di-
mensional magnetic radiation gas dynamics. In the calculations, real thermodynamic, transport, and optical
properties of the plasma have been used. The radiation transfer is described in the multigroup approximation
by the photon energy. The calculations have been performed for a pinch in xenon (radius D0.5 cm, energy
E0 = 10–30 J, maximum current D30 kA). A detailed pattern of the dynamics of pinches has been investi-
gated and the energy-to-radiation conversion efficiency has been determined.

The development of lithographic systems for the production of integrated circuits of a new generation (with a
spatial resolution of elements less than 50 nm) is an important direction in the present investigations. To this end,
sources of radiation in the region of extreme ultraviolet (EUV, wavelengths 10–15 nm) are needed. One of the most
suitable techniques for their creation is the obtaining of a high-temperature plasma effectively emitting in this range
(the electron temperature of the plasma therewith should be 20–50 eV). Such plasma can be obtained under the action
of the laser radiation on the target or in pulsed electric discharges. The second technique is more efficient, since the
efficiency of power supply energy conversion to plasma energy in electric discharges is much higher than under the
action of laser pulses.

Most electric-discharge structures are based on the Z-pinch: electric discharge with a current pulse of 20–100
kA (rise time of D100 nsec) in a cylindrical volume of radius 0.2–0.5 cm creates a plasma sheath which is com-
pressed to the symmetry axis at a velocity of D100 km ⁄ sec. As it decelerates on the symmetry axis, a dense hot
plasma bunch is formed, and this plasma bunch is a source of radiation in the E′UV region of the spectrum. The re-
sults of these works make it clear that it is necessary to study the processes proceeding in the acceleration and com-
pression of plasma sheaths. Of particular interest is the efficiency of conversion of energy from the power supply to
radiant energy. Since this problem contains many interrelated nonlinear physical processes, only individual aspects in a
simplified statement can be considered by means of analytical solutions. A sufficiently complete theoretical picture of
the compression dynamics can only be obtained by using numerical simulation.

The development of an EUV radiation source based on electric-discharge micropinches has been the subject of
a number of recently published papers. In particular, radiation sources in such devices as capillary discharge, plasma
focus, pseudospark discharge, Z-pinch, and other devices [1–8] based on lithium, xenon, or tin are being investigated.
Note that in using an electric circuit consisting of a capacitor, an inductance coil, and a resistor closed to a pinch, it
is extremely difficult to obtain a current rise time less than 1 µsec. Therefore, practically all the above structures use
forming lines that make it possible to sharpen the voltage pulse and thus reduce the current rise time to a value of the
order of 100 nsec. These forming lines consist of a whole set of inductors, resistors, and capacitors, whose parameters
are not reported in the publications or are given incompletely. For the simulation of a discharge, the most important
part of the circuit is its last link consisting of a capacitor, an inductor, and a resistor closed to the discharge gap.
Therefore, in the calculation, the energy source is given by a usual RLC-circuit, whose parameters (capacitance C, in-
ductance L, and resistance R) are selected so that the time dependence of current is reproduced with a fair accuracy,
at least up to its first maximum.
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The plasma flow in some of these devices is non-one-dimensional (e.g., in the plasma focus in the pinch
phase compression of the conical sheath occurs). At the same time, in most designs the discharge preserves the axial
symmetry in compression and its parameters undergo a slight change in length, which makes it possible to describe
the flow in the one-dimensional approximation. To simulate the discharge dynamics, one uses the system of equations
of one-dimensional magnitude radiation gas dynamics [9]
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The electron heat conductivity is neglected, since the energy transfer by the radiation turns out to be more significant.
The power source is modeled by an RLC-chain closed to the plasma sheath, and the boundary conditions for the Max-
well equations from system (1) are defined by the electric circuit equations [9]
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where RN(t) is the boundary of the region that carries the current; EN and H(RN) are the electric and magnetic field
strengths at this boundary; R∗ is the radius of the reverse current flow; l is the charge length; I is the circuit current;
µ0 = 4π nH ⁄ cm. The initial conditions are: U(0) = U0, I(0) = 0. The system of gas dynamics equations is closed by
the equations of substance state in the form
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Here the ionization energy εi and the degree of ionization x are defined by the expressions
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The electrical conductivity is found as follows:

1
σ

 = 
1
σ1

 + 
1
σ2

 ,    σ1 = 
4 √2
π√π

 
(kT)3

 ⁄ 2 β

√me  e
2
 ZΛ

 ,   Λ = ln 1 + Λ1
2


1 ⁄ 2
 ,

σ2 = 
3

2
 √ 2

π
 

nee
2

√mekT  ∑n0s
 ,   Z = 

∑ i
2
ni

∑ ini

 ,   Λ1 = 
3

2Ze
3 




(kT)3

πne





1 ⁄ 2

 ,

(4)

where β is the correction coefficient for the electron-electron scattering. Here σ1 corresponds to the Spitzer expression
for a high-temperature plasma, and for a low-temperature plasma the Kauling expression (σ2) is used when the scat-
tering of electrons by neutral ions is dominant.
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To find the radiation flux S, one has to solve the radiation transfer equation. Averaging it over the angles in
the "forward–backward" approximation and over the frequency in the multigroup approximation, we obtain the system
of equations [10]
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where Ik
+ and Ik

− are the radiation intensities in the solid angle hemisphere directed in the positive and negative direc-
tions of the r-axis; k is the spectral group number; Ik

eq is the equilibrium radiation intensity in this spectral group; κk
is the group absorption coefficient; κk′ Ik

eq is the group emission coefficient. In this approximation the radiation flux is
equal to
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The ionization composition of the plasma and the level populations have been calculated on the basis of the
radiative-collisional model. From its viewpoint, the composition is defined by the equations
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where βi is the coefficient of ionization by ion-charge collision i; αi+1
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three-particle, and dielectronic recombination for the (i + 1)th ion, which were determined according to (11). The
method of quantum-mechanical calculations of energy levels, ionization potentials, transition probabilities, etc., as
well as of absorption and emission coefficients is described in [12]. For the numerical solution the system of equa-
tions (1)–(3) is completely approximated by the conservative difference scheme [9]. To solve the electrodynamics
equations from (1) jointly with the circuit equations (2), the flow-fitting method is used [9]. With the help of this
method the radiation transfer equations (5) are also solved. In calculating the radiation transfer, 40 spectral groups
for the photon energy in the range of 0.01–14,000 eV are used.

The calculations have been performed for typical conditions of discharges, which are investigated as an E′UV
radiation source. The working medium is xenon with a pressure of 5–10 Pa, the initial radius of the plasma sheath
r0 < 1 cm, the level l is D1 cm, the power supply voltage U0 = 10–15 kV, the initial energy content E0 = 5–50 J, the
current maximum of 20–50 kA is attained in a time of about 100 nsec. Let us consider the results of the calculation
for the following variants of plasma sheath acceleration and compression in xenon:

1) r0 = 0.75 cm, l = 1.5 cm, the initial density ρ0 = 3⋅10−7 g ⁄ cm3; the circuit parameters are: Ls = 15 nH,
C = 1.4 µF, R = 0.075 Ω, U0 = 7 kV, R∗ = 3 cm;

2) Ls = 9.6 nH, R = 0.045 Ω, l = 0.75 cm, the other parameters are same as in variant 1;
3) r0 = 0.15 cm, l = 0.5 cm, ρ0 = 5⋅10−6 g ⁄ cm3; Ls = 20 nH, C = 50 nF, R = 0.08 Ω, U0 = 25 kV, R∗ =

0.5 cm.
Here the parameters of the first variant correspond to the device described in [5] and those of the third vari-

ant correspond to the device described in [8]. In the experiment, the current flow over the plasma sheath in the initial
time interval is due to the gas breakdown. However, the energy input at the breakdown stage is small and the break-
down actually has a weak effect on the further development of the phenomenon if the azimuthal symmetry is observed
(which is usually possible in experiment). Therefore, we will not calculate the breakdown kinetics but will simulate it
giving some minimal electrical conduction of the gas (D10−2 Ω−1⋅cm−1). The skin-layer thickness (δ = c√2πωσ ) at
such conductivity turns out to be large. Therefore, when a discharge of the capacitor bank is initiated, the electric field
is homogeneous throughout the plasma sheath and the gas is heated practically uniformly. With increasing current the
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gas in the discharge is heated, its conduction grows, and the skin-layer thickness δ decreases. Therefore, the electric
field is no longer homogeneous — its value is maximum near the outer boundary of the discharge where the most in-
tensive heating occurs and a plasma sheath is formed.

Consider the results of the calculation of the first variant. The flowing current quickly heats the sheath (in
D15 nsec), the maximum temperature on the discharge layer increases to 5 eV. The current gradually grows, due to
which the magnetic pressure increases and the sheath accelerates towards the symmetry axis. Before the compressing
sheath there appears a shock wave (ShW) moving to the symmetry axis and somewhat leading it. The result of the
calculation of the first variant are presented in Fig. 1. Solid lines in the r–t diagram show the motion of not only
the outer boundary of the plasma cylinder, but also the particles located somewhat closer to the symmetry axis (for
a better illustration of the compression dynamics), and dashed lines show the shock wave. At the stage of conver-
gence to the axis the energy gradually goes from the capacitor to the inductor and the kinetic energy of the sheath,
and an appreciable part of it is lost on external resistor. Note that the maximum temperature of the plasma at this
stage changes slightly and remains at the level of 5 eV. The current reaches a maximum of 37 kA in 160 nsec and
then begins to decrease. In 170 nsec the sheath radius markedly decreases and the gas compression leads to an in-
crease in the maximum temperature to 17 eV (200 nsec). At this instant of time the ShW arrives at the symmetry
axis, which causes a sharp temperature rise to 34 eV, and reflects from it. The plasma sheath continues to compress
and in 215 nsec the greatest compression on the axis occurs. The maximum temperature on the discharge layer rap-
idly increases and reaches a value of 55 eV. The sheath decelerates, reflects from the axis, and then begins to re-
cede from it. The radiation loss of energy in the process of sheath cumulation on the axis rapidly grows and reaches
0.7 J ⁄ mm (230 nsec). The discharge emits about 30% of the energy, and a considerable portion thereby is due to
the hard ultraviolet radiation. Practically the whole of the kinetic energy of the sheath and part of the energy pre-
viously stored in the inductor are converted to radiant energy. About one half of the initial energy is expended in
heating the external resistor. The outer boundary of the plasma sheath gradually recedes from the axis and then its
expansion is decelerated by the magnetic forces, since the current is still high (15 kA). By the instant of time 320
nsec it is at a distance of 1.5 mm and begins to accelerate again towards the symmetry axis. Subsequently secondary
compression of the pinch occurs (430 nsec). Note the characteristic feature of the time dependence of current: near
the moment of sheath cumulation on the axis the current drops sharply to a value equal to 1 ⁄ 3–2 ⁄ 3 of the maxi-

Fig. 1. Time dependence of the current (a), maximum temperature (b), plasma
sheath and UV front boundaries (c), and energy per unit length (d) [1) internal,
2) kinetic, 3) capacitor, 4) resistor; 5) radiation, 6) magnetic] in the first vari-
ant of calculation. I, 100 kA; r, mm; T, eV; E ⁄ l, J ⁄ mm; t, µsec.
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mum. Such behavior of the current is observed in experiments ("stall" of current) [5, 7] and is due to the rapid
change in the inductance and resistance of the plasma caused by compression. Write the first equation of (2) in a
different form:
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Moreover, at the final stage of pinch compression the plasma cylinder resistance rapidly increases, which can also
influence the behavior of current [13]. In simulating pinches, the electric circuit equations are often not taken into
account and the time dependence of current is given. However, it is possible to obtain such behavior of the current
in the calculation only by solving the self-consistent problem when the current is found from the electric circuit
equations in which the pinch acts as one of its elements having time-variable parameters in accordance with the
compression dynamics.

The results of the calculation of the second variant of the discharge are presented in Fig. 2. Qualitatively, the
discharge dynamics pattern is as before. The current reaches a maximum of 50 kA (115 nsec), which is a somewhat
larger value than in the first variant. The plasma sheath compresses near the symmetry axis in 165 nsec, and the tem-
perature increases to 100 eV. By this moment the current rapidly decreases to a value of 30 kA, after which the
plasma sheath reflects from the axis, expands, and decelerates on a radius of 1 mm. Then its secondary compression
on the axis (230 nsec) occurs, which leads to a current drop to 15 kA. In the second compression, the maximum tem-
perature appears to be rather high, D60 eV. Subsequently, the sheath reflects from the axis and expands outside, and
the current slowly decreases. Note that the maximum temperature between the first and the second compression re-

Fig. 2. Time dependence of the current (a), maximum temperature (b), plasma
sheath and UV front boundaries (c), and energy per unit length (d) in the 2nd
variant of calculation. Notation 1–6 same as in Fig. 1. I, 100 kA; r, mm; T,
eV; E ⁄ l, J ⁄ mm; t, µsec.
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mains rather high, over 20 eV. By the instant of time 400 nsec the energy emitted from the discharge accounts for
about one half of the energy input into the discharge and slightly exceeds the external resistance losses. Note that in
the time interval between the first and the second compression of the pinch the radiant energy almost doubles. Com-
paring to the first variant, note that a decrease in the inductance and external resistance of the circuit leads to an in-
crease in the energy input into the plasma and in the efficiency of its conversion into radiant energy.

Consider the results of the calculation of the third variant (Fig. 3). The qualitative pattern of the discharge dy-
namics is similar to the previous variants; however, there are certain differences. The current grows faster and reaches
its maximum in 50 nsec (32 kA). Joule energy release leads to a heating of the gas and in 15 nsec the maximum tem-
perature does not exceed 10 eV. An increase in the magnetic pressure causes an acceleration in the heated gas sheath
towards the symmetry axis. Since the initial radius of the sheath is much smaller than in the previous variants of the
calculation, its compression occurs faster, in 48 nsec. At the compression stage of the pinch a large portion of energy
from the capacitor is transferred to inductance energy, a certain portion (D15%) is expended in heating the external
resistor, and a still smaller portion changes to kinetic energy and is emitted from the discharge. In this variant, pinch
compression causes no drop of current, which is due to the higher initial density and the smaller initial radius. In com-
pression, the temperature grows rapidly and reaches a maximum of 70 eV (48 nsec). After that the pinch expands and
decelerates on r = 0.3 mm and the maximum temperature decreases to 22 eV. Since the current is not yet high (D20
kA), the pinch compresses for the second time (in 75 nsec) and the temperature increases again (to 35 eV). It should
be noted that in the time interval between the first and the second compression the energy emitted from the discharge
almost doubles. Then reflection from the axis occurs and the pinch expands for a long time, since the current passes
through zero and the magnetic pressure is low. Subsequently, the current passes through the minimum in 150 nsec and
the increase in the magnetic pressure causes deceleration and termination of expansion. Then the pinch compresses
once again (180 nsec) and the temperature increases to 25 eV. The discharge characteristics obtained in the calculation
(time dependence of current and voltage, moments of three compressions of the pinch, etc.) are in fair agreement with
the experimental data of [8]. By the instant of time 200 nsec the energy emitted from the discharge amounts to 45%
of the initial energy, and much less energy is expended in heating the external resistor. In this variant of calculation,
the efficiency of energy transfer into the plasma and its conversion to radiation are fairly high.

In investigating the given discharges, the composition of the radiation obtained is important. Figure 4 shows
the change with time in the radiant fluxes from the discharge in 13–19 spectral groups (boundaries 54.2–66–88.6–
93.5–95.4–107.4–182.2–237 eV) for the second and the third variants of calculation. This figure shows that at pinch

Fig. 3. Time dependence of the current (a), maximum temperature (b), plasma
sheath and UV front boundaries (c), and energy per unit length (d) in the 3rd
variant of calculation. Notation 1–6 same as in Fig. 1. I, 100 kA; r, mm; T,
eV; E ⁄ l, J ⁄ mm; t, nsec.

233



compression moments maximum radiant fluxes are attained in 15–17 spectral groups. And their value therewith ex-
ceeds 100 MW ⁄ cm2 in the first compression and somewhat less in the second one.

The results of the calculations performed show that the considered discharges are intensive sources of radia-
tion in the ultraviolet region of the spectrum, and the maximum radiant fluxes can reach 100 MW ⁄ cm2. A correct de-
scription of the discharge dynamics requires a self-consistent solution of the problem with the determination of the
current from the electric circuit equations. An important feature of the considered discharges is the double compression
of the pinch with a short interval between compressions (so that the maximum temperature does not drop below 20
eV). This makes it possible to markedly increase the radiant energy and transfer to the radiation more than 40% of
energy by matching the parameters of the plasma sheath and the current pulse.

NOTATION

c, velocity of light; E B Ez and H B Hϕ, components of the electric (axial) and magnetic (azimuthal) field
strengths; e, electron charge; f, force acting on the plasma due to the current-magnetic field interaction; In, ionization
potentials; j, current density; k, Boltzmann constant; m, Lagrangian (mass) coordinate; M, atomic mass; ne, n0, ni, con-
centrations of electrons, atoms, and ions of the ith degree of ionization; n, concentration; P, pressure; q, Joule energy
release; r, radius; R, L, and C, resistance, inductance, and capacitance of the circuit; S, radiant flux; s, transport cross-
section of the electron scattering by atoms; t, time; T, temperature; U, capacitor bank voltage; v, velocity; Z, average
charge; αi+1

r , αi+1
3 , αi+1

d , coefficients of radiative, three-particle, and dielectronic recombination; βi, collisional ionization
coefficient of the ion; ε, specific internal energy; Λ, Coulomb logarithm; ρ, density; σ, electrical conduction; ω, fre-
quency. Subscripts: e, electron; 0, neutral; r, radiative; 3, three-particle; d, dielectronic; z, axial; ϕ, azimuthal; s, total;
eq, equilibrium; N, point number.
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