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INTRODUCTION
New unexpected effects were discovered in the Dense
Plasma Focus (DPF) experiments, in which high-energy ion
beam with Ei ~ 100 keV having power flux density on the
target’s surface q 1011 – 1012 W/cm2 and with pulse duration
τ ~ 0.1-0.5 μs and high-temperature plasma with Tpl ~ 100-500
eV having power flux density q 109 – 1010 W/cm2 and pulse
duration τ ~ 0,1-1 μs irradiate materials.
In particular, in experiments with Cu targets,
spectroscopic studies has shown that the secondary plasma
(SP) of Cu near the surface exists during the time interval
equal to τ ~ 100 μs. During this time (1…100 μs after current
abruption) the temperature decreases from T ~ 5 eV to 2 eV.

Spectroscopic measurements of evolution of plasma
temperature and density in the devices PF-1000 and PF-6

Temperature/density
evolution at the PF-1000
facility

Density evolution at the
PF-6 device

The mechanism for such long existence of SP is
not clear.
The size of the intensively irradiated region of
the target surface in the DPF experiments is usually
about d ~ 1 cm, the thermal velocity of the Cu ion at
Tpl ~ 5 eV is v ~ 106 cm / s. Thus the characteristic
time interval of plasma expansion (i.e. decreasing of
its temperature and density down to zero) should be
about τ ~ d/v ~ 1 μs - not 100 μs.
In this work some possible mechanisms of the
increasing of SP existence time near the target surface
under irradiation in the DPF experiments are
examined with the help of numerical simulation.

QUASI-TWO-DIMENSIONAL
MODEL OF THE SECONDARY
PLASMA DYNAMICS IN THE DPF
EXPERIMENTS
We use an upgraded quasi-two-dimensional
hydrodynamic model, developed previously for
calculation of the parameters of laser-produced
plasma (LP). The model allows to calculate the basic
parameters of the SP, arising from the interaction of
intense ion and plasma flows generated by the PF
with solid targets.
Besides, model allows to calculate the heating
and melting of the surface layers of the target.

Plasma was simulated in large particles which had
the form of thin discs. Under the action of gas-kinetic
pressure, discs could move along the normal of the target
surface and change their radius. Thus, quasi-twodimensional model is a transitional model between a
purely one-dimensional model and a two-dimensional
cylindrically symmetric model.
Quasi-two-dimensional model has been used for
the calculation of the charge composition of ions in LP,
temperature of LP, a number of recombination effects
and the density of the ion current in the expanding LP. It
was shown that despite the rough simulation of the
radial plasma expansion the quasi-two-dimensional
model calculates the current density of the ions moving
along the normal from the target surface quite accurately.

CALCULATIONS OF THE
PARAMETERS OF THE
SECONDARY TARGET PLASMA
Х, Vx, Z, T

Fe, q=10 GW/cm2, t=1000 ns
20
15
10
5
0
-5
-10

1

3

5

7

9

11

13

15

17

N

Average charge of ions Z (♦), position X [cm] (■),
temperature Tpl [eV] (▲), velocity Vx [106 cm/s of the
different disks (□), and N – disc number
X-axis is directed inside of the target

In these calculations iron was selected as the material
of the target. The initial thickness of all disks was 0.3 μm.
This corresponds to the range of deuterium (PF working gas)
ions with energy 100 keV in iron. The energy of ion and
plasma streams is absorbed in the first disk. Therefore, the
temperature and the charge of the first disk are maximum.
Disc with a critical temperature is the boundary between the
plasma and the liquid. The critical temperature for iron is
equal to Tcr = 0.57 eV.
Below Tables 1-3 show the results of calculations for
the targets made from Al, Fe, W under the heat time t = 1 μs
for different power densities. T, Z - temperature and average
charge of ions of the first disk, Levap - the thickness of the
evaporated layer of the target, Lliq - the thickness of the liquid
layer.

Table 1
Al, t =1μs
q, W/cm2
Т , eV
Z
Levap , μm
Lliq , μm

1010
17
6
14
3

109
10
4.5
5
5

108
6
3.5
1
7

107
3
2.5
0.2
11

108
5.5
3.5
1
2.5

107
3
2.5
0.1
4

Table 2
Fe, t =1 μs
q, W/cm2
Т , eV
Z
Levap , μm
Lliq , μm

1010
18
7
9
1

109
10
5
4
1

Table 3
W, t =1 μs
q , W/cm2
Т , eV
Z
Levap , μm
Lliq , μm

1010
18
9.5
9
2

109
10
5.5
4
3

108
6
4
1
6

107
0.6
3

THERMAL INFLUENCE ON THE
TARGET UNDER IRRADIATION IN THE
DPF EXPERIMENTS
The numerical simulation showed, that the heating of
the working gas near the target by fast ions has an important
role in the thermal influence on the irradiated material in the
PF experiments. The working gas was deuterium with
pressure P = 3 Tr. Collision losses of deuterium ions with
energy E = 100 keV in this case are dE / dx ≈ 1 keV / cm.
If the power density of fast ions is q = 1010 W/cm2 , ion
pulse duration is τ = 200 ns and the corresponding molecule
concentration of the working gas is n = 1·1017cm-3 , the
plasma temperature of the working gas in the absence of
energy losses is: Тpl = q τ (dE / dx) / 6 E n ≈ 200 eV

As it will be shown below, this formula describes well the
temperature of the working gas at the end of the heating stage by
intense ion beam. It is so because the radiation and heat conduction
losses from the working gas/plasma are insignificant in comparison with
the power of heating by the ion beam.
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Temperature distribution in deuterium plasma and Fe target (a) and
time dependence of the secondary plasma parameters: temperature
T(▲), experimental values of the temperature Tex(∆), thickness of the
molten layer Lliq(□), and thickness of the evaporated layer Lev(■)(b)

Disks 1-20 correspond to working gas, disks 21-50 - Fe
target. The deuterium plasma temperature is TD = 210 eV.
This magnitude agrees with the estimation given above. The
temperature of the iron plasma is TFe = 18 eV, which agrees
with the energy balance q = 2 σT4 (it gives T = 15 eV).
In the heating stage the difference between numerical
results for the Fe target with and without the working gas
simulations is insufficient. The main reason for it is that the
heating power flux density from the heated working gas to
the target is more than one order less than the power flux
density from the ion beam to the target.
The principal differences in the numerical results
appear after the end of the ion beam. If heating of the
working gas is not taken into account, the target plasma
cools rapidly. The temperature drops to almost 0 in a time τ
~ 1 μs. The thickness of the molten layer is L ~ 1μm.

If the heating of the working gas is taken into account the
numerical results are significantly different. In this case the plasma
working gas continues to heat the target during a time period of τ
~ 100 μs. The heat flux is by 1-3 orders less than the power flux of
the ion beam during the heating stage. The Fe SP temperature
gradually decreases from 18 eV to 1-2 eV. The thickness of the
molten layer is significantly different: L ~17 μm. The evaporation
process continues after the end of the ion beam action and the
evaporated layer increases from 6 μm to 11 μm.
The agreement between the experimental and numerical
values of the temperature is quite satisfactory. But we should not
compare the numerical result of the temperature in the heating
stage T = 18 eV with the experimental one because all the
experimental measurements took place after the end of the ion
beam radiation and they were provided with time resolution ~ 1
µs. The thickness of the molten layer agrees with the experimental
results, where thickness of the molten layer was Lliq ~10-20 μm.

It should be noted that significant increase of the target heat
duration have been also examined on the base of the electric energy
dissipation during the late stage of the oscillating process of the current
during the discharge of the capacitor bank of the Dense Plasma Focus.
We found here actually two phenomena. The first one is illustrated by
the below pictures:

Five periods of the decaying discharge seen in the traces (see,
especially, the oscilloscope trace in the above figure obtained for the
fourth period with the high enhancement), have about identical
durations being very close to 5 μs. This means that the inductance of
the channel where the current passes the plasma and plasma size are
approximately identical in all these periods.
In its turn, this leads to the fact that after the powerful HTP and
fast ion irradiation in the first half-period of the discharge, the targets
located close to the anode are subjected to the “smoothing” action of
the low-temperature plasma, which exists near the DPF anode, in the
following half-periods up to the complete decay of the discharge
current. This effect is not produced on the targets, which are located at
the relatively distant regions from the anode.
At the same time, it is necessary to remember that, at a
significant distance of the target from the DPF anode, the action of the
high-current fast ion stream decreases sharply due to strong scattering
of the ion beam at the external border of the region, where its
compensation by the reverse current is impossible.

Second phenomenon has been observed at the PF-1000 facility
having an anode of a special configuration.
We proposed to use this special configurations of electrodes (see
picture below) to facilitate electrical breakdown between the ends of
cathode rods and the anode edge at the moment of current abruption
when we have inside the DPF chamber a voltage jump up to 1 MeV or
higher

It could also be reached by closer positioning of cathode rods to
the anode or by placing the upper wall (or a large target) in front of the
anode in its close vicinity
We found that in this case at the end of the first half of the current
discharge period we have a formation of closed current loops near the
insulator and a formation above an anode a torus-like structure as it is
shown on the picture below

Schematic of the current configurations arising
inside the DPF after secondary breakdown
between ends of cathode rods and anode’s
edge

We found that the existence (confinement) time of the
above-mentioned torus-like loop with the “post-pinch” in the
centre is determined by damping of the plasma inductive
storage system:
Δt ~ L/R
where L ≈ 10-7 H is an inductance of the structure and R ≈ 10-3
Ohm is a resistance of the pinch column having mean
temperature of about 10 eV
According to this formula Δt for the PF-6 device is
about 30 µs whereas it is 100 µs for the PF-1000 facility
These data found their full support in the interferometric
and spectroscopic measurements provided in the DPF devices
PF-1000 (ICDMP), PF-6 (IPPLM) and PF-5M (IMET)
Results of these measurements are presented in the
below figures

Oscilloscope traces of dI/dt, taken by 4 magnetic probes placed near
collector of PF-1000 at the angles 0, 90, 180 and 270 друг к другу in
dissimilar scales. It is clearly seen that during first period they coincide
whereas later they have different behavior (even opposite in phase)
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Interferometric picture taken at the 10th µs after the current
abruption phenomenon (“dip”) at the PF-1000 facility

Shock wave at the
backside of the
target
Target (cathode)
Secondary plasma
“Post-pinch” –
central part of the
torus-like plasmacurrent structure
Anode with anode’s
plasma

CONCLUSION
The numerical simulations of the thermal influence on
the target material in the PF experiments allowed to explain
the strong prolongation of this process from τ ~ 0.1-1 μs,
typical for the time of intense heating of the target, to τ ~ 30100 μs. It appears that the reason for this event is the
thermostatic influence of the working gas, located near the
target and heated by the intense ion beam.

All together these calculations and experimental
investigations of late stages show, that such results as the
thickness of the melted layer and the thickness of the
evaporated layer are not formed on the intense heating stage.
They are formed at the low-intensity and prolonged stage,
when the heated working gas effects on the target.

