Chapter five

Plasma and electrical discharges


Plasma physics is the study of charged particles collected in sufficient number so that the long-rang Coulomb force is a factor in determining their statistical properties, yet low enough in density so that the force due to near-neighbor particles is much less than the long-rang Coulomb force exerted by the many distant particles. The term fourth state of matter is also used.


Plasma physics is well known in physics literature by the efforts used to use this state to produce energy out of fusion reaction. In the following example we shall analyze a machine that can produce such a reaction.  

5.1 One-dimensional plasma calculations


Dense plasma focus (DPF) machine [1, 2, 3] consists of two concentric cylinders. The internal cylinder is the anode; the external cylinder is the cathode as in figure (5.1). The gap between these two cylinders is filled with deuterium and tritium gases in the case that this machine is used for the production of neutrons and x-rays [4, 5] in the form of pulses. This gap is filled with other gases for the production of x-rays only [6, 7, 8]. The produced neutrons energy is monoenergetic which makes them suitable for nuclear researches. Produced x-ray energies are of wide spectrum depending on the kind and gas pressure which includes hard and soft x-rays that has different and new applications [9]. 
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Figure (5.1.1) the two cylinders of dense plasma focus machine
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Figure (5.1.2) electrical circuit of dense plasma focus machine

Plasma goes through two phases in their production. The first is the acceleration phase. The differential equation of resistance, inductance and capacitor circuit (serious RLC circuit) is given by [4]:
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Where:

I is the current in Ampere,

L the induction in Henry,

R the resistance in Ohm,

C the capacitor in Farad and 

t the time in seconds.


The electric circuit of DPF is shown in figure (5.2). The inductance and resistance are variable and coupled with the motion of current sheath. The current sheath moves by the effect of Lorentz force which acts in a perpendicular way on both the current and magnetic field produced in this machine. Acceleration phase starts when the DPF circuit is closed. Electrical discharge begins at z=zins of the internal cylinder as in fig. (5.1). Induction coefficient of the current is variable and is given by:
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Wher

 (0=4( 10-7 Henry/meter,

z is the distance that the current sheath passed from the cylinder (meter),

r1 the internal cylinder radius (meter),

r2 the outer cylinder radius


Plasma resistance is also given by:

                                          (5.1.3)
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The final circuit differential equation is given by:
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(5.1.4)
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In order to find the values of Lp, Rp the translational motion of plasma should be solved. The magnetic pressure upon plasma is given by: 

                                              (5.1.5)
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Where,
Pm  is the magnetic pressure in Newton/Meter2
B is the magnetic field in (Tesla)
The magnetic field inside DPF is given by:
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Using the above two equations the magnetic pressure is given by:
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the plasma current sheath starts to plow the mass of the gas in front of it by the effect of the magnetic pressure. The plowed gas mass is give by: 
                                              (5.1.8)
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Where 

M is the mass of the plowed gas per unit area (kg/m2),

ρ0 the initial density of the gas (kg/m3),

v is the velocity of plasma sheath (m/sec).

As a result by using Newton’s second law, the equation of motion is given by 
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[image: image23.wmf]Where a is the acceleration in (m/sec2).

Using the above formula for the acceleration, the velocity and displacement of plasma is given by the following difference equations:
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where

Δt is a time difference (sec),

v0 initial velocity of plasma (m/sec),

z0 initial displacement of plasma (m).



Euler’s method is used for the above solution of the equation of motion. Improved Euler’s method, Runge-Kutta method [10] or any other suitable method can be used for the solution of the above equations.


The equation of plasma motion is coupled with current equation. The two equations are solved simultaneously by using the initial values of the inductance and resistance. Magnetic pressure, acceleration, velocity and displacement are evaluated as time proceeds. 


The internal cylinder length should be reached when the current reaches its highest value. This design parameter is checked with the results of the two DPF machines given in references [1,2] as in table (5.1.1)

Table (5.1.1): calculated and experimental results of the maximum current value of references [1, 2]

	Imax (kilo amperes) experimental
	Imax (kilo amperes) theoretical
	Machine

	220
	212.6
	DPF machine [1] 

	180
	181.5
	DPF machine [2]


When the current sheath reaches the end of the internal cylinder its shape begins to change to be parallel to the internal cylinder and the magnetic pressure begins to act in the direction of cylinders radius. The mathematical formulation of the model will remain the same except that the variation now is with the radius (r) instead of z. The magnetic pressure increases with the decreasing radius and at the same time the pressure of the plowed gas which is now confined in a small cylinder increases too. Pressure in the general equation of gases is given by:

                                             (5.1.11)
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Where 

N number of molecules in plasma confined cylinder

k Poltzman constant (1.28 10-23 J/K)

T Absolute temperature and

V plasma volume (m3).


The kinetic energy of an atom or molecule moving in one direction (in the direction of the radius in the present case) is given by the equation:
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The number of nuclear reactions that occurs between deuterium nuclei per unit volume and unit time is given by [5]:
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Where

n the density of deuterium nuclei,

σ the fusion cross section for the reaction

D+D→3He+n                                       (5.1.14)
v the relative speed between deuterium nuclei. The fusion reaction cross section is also given by [5]:

                                  (5.1.15)
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where G and S are experimental constants given by:

G=31.4 (keV)1/2, S=53 barn.keV                            (5.17)

EC.M. is the kinetic energy in the centre of mass coordinates.

Applying the above equations we can estimate 108 neutrons for the neutron production for the chosen DPF machines which is very near the experimental values.

The parameters of the two DPF machines of references [1, 2] are also given in table (5.2).

Table (5.1.2): parameters of the two DPF machines [1, 2]

	DPF machine [2]
	DPF machine [1]
	

	19.7
	15
	(kV)voltage 

	7
	16
	Internal cylinder length (cm)

	0.82
	0.95
	Internal cylinder radius (cm)

	2.47
	3.2
	Outer cylinder radius (cm)

	31.7
	110
	Outer inductance (nH)

	7.2
	30
	Capacitor (μF)

	14.3
	14.3
	Outer resistance

 (mΩ)

	3.2
	3
	Insulator length on the internal cylinder(cm)

	4
	3
	Gas pressure (Torr)
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5.2 Two-dimensional plasma calculations

How can we transform the above model to two-dimensional calculations? Can this problem be transformed to three-dimensional problem? The answer to this question depends on the geometry of the fields and instruments that surrounds the plasma.


The difference between one-dimensional and two-dimensional calculations can be seen from the plasma inductance term Lp. This term is given by:

                            (5.2.1)
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Where ∆zs is given by:
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where λs is a curved part of the current and θs is the angel between this part and the z axis. This value of the plasma induction will also affect the value of plasma resistance as was discussed in the one-dimensional calculations. The movement of plasma in plasma focus device is a two-dimensional motion. However, since the difference between the two radii of the electrodes is much less than the radius of the internal electrode, the motion appears as one-dimensional. This proves that, one-dimensional calculation is a good approximation which is obvious from the good results of one-dimensional calculations of the previous section.


The magnetic pressure in the two two-dimensional calculations is given by:

                                   (5.2.3)    
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 is a unit vector perpendicular to the directions of both the current and magnetic field. Although the magnetic field is always perpendicular to both r and z directions, the current sheath is not. As a result the force, acceleration and velocity of each part of the current sheath has different values in direction and magnitude. As an example the velocity of a certain part of the current sheath is given by:

                                       (5.2.4)
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This difference in shape and magnitude of current in the two-dimensional calculations is essentially due to the differences in the values of Lp and Rp which are less than their values in the one-dimensional values. The net result of the above difference is a slight increase in the current value as shown in table (5.2.1) for the DPF machine [1].

Table (5.2.1) comparison between theoretical one-dimensional, theoretical two dimensional and experimental results for the DPF machine [1]

	Imax (kilo amperes) experimental
	Imax (kilo amperes) theoretical two-dimensional
	Imax (kilo amperes) theoretical one-dimensional
	

	220
	214


	212.6
	DPF machine [1] 
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