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Abstract: 

We describe the plasma focus, a powerful pulsed source of multi-radiation based on compression of plasma. When operated with various gases the plasma focus emits powerful bursts of x-rays, ion beams, relativistic electron beams and electromagnetic radiation. Additionally, in deuterium, fusion neutrons are also emitted. Several applications are being considered by research groups, including time-resolvable x-ray and neutron radiography for high-speed machine defectoscopy and study of dynamics, high resolution tomography and simulation of radiation from nuclear weapons. We have developed 3 such devices, the UNU/ICTP PFF for basic studies and as part of an international collaboration; the NX1 and NX2 for soft x-ray microelectronics lithography.

1. INTRODUCTION

We have developed compact powerful pulsed sources of radiation. During the intense burst of radiation, extremely high powers are achieved. For example the x-ray emission peaks at 109 W over a period of nanoseconds. The emission comes from a point source making these devices among the most powerful laboratory pulsed radiation sources in the world. These sources are plasma-based.

When matter is heated to a high enough temperature, it ionizes and becomes plasma. It emits electromagnetic radiation. The spectrum depends on the temperature and the material. The higher the temperature and the denser the matter, the more intense the radiation. Beams of electrons and ions may also be emitted. If the material is deuterium, nuclear fusion may take place if the density and temperature are high enough. In that case neutrons are also emitted. Typically the temperatures are above several million K and compressed densities above atmospheric density.

One way of achieving such highly heated material is by means of an electrical discharge through gases. As the gas is heated, it expands, lowering the density and making it difficult to heat further. Thus it is necessary to compress the gas whilst heating it, in order to achieve sufficiently intense conditions. An electrical discharge between two electrodes produces an azimuthal magnetic field which interacts with the column of current, giving rise to a self compression  force which tends to constrict (or pinch) the column. In order to ‘pinch’, or hold together, a column of gas at about atmospheric density at a temperature of 1 million K, a rather large pressure has to be exerted by the pinching magnetic field. Thus an electric current of at least hundreds of kiloAmperes are required even for a column of small radius of say 1mm. Moreover the dynamic process requires that the current rises very rapidly, typically in under 0.1 microsec in order to have a sufficiently hot and dense pinch. Such a pinch is known as a super-fast super-dense pinch; and requires special megaAmpere fast-rise (ns) pulsed-lines. These lines may be powered by capacitor banks, and suffer the disadvantage of conversion losses and high cost due to the cost of the high technology pulse-shaping line, in addition to the capacitor bank.

A superior method of producing the super-dense and super-hot pinch is to use the plasma focus. Not only does this device produce superior densities and temperatures, moreover its method of operation does away with the extra layer of technology required by the expensive and inefficient pulse-shaping line. A simple capacitor discharge is sufficient to power the plasma focus. 

2.  THE PLASMA FOCUS

The plasma focus is divided into two sections. The first is a pre-pinch (axial) section. The function of this section is primarily to delay the pinch until the capacitor discharge (rising in a sinusoidal fashion) approaches its maximum current. This is done by driving a current sheet down an axial (acceleration) section until the capacitor current approaches its peak. Then the current sheet is allowed to transition into a radial compression phase. Thus the pinch starts and occurs at the top of the current pulse. This is equivalent to driving the pinch with a super-fast rising current; without necessitating the fast line technology. Moreover the intensity which is achieved is superior to the line driven pinch.

The two-phase mechanism of the plasma focus [1] is shown in Fig 1.  The inner electrode (anode) is insulated from the outer concentric cathode by an insulating backwall. The electrodes are enclosed in a chamber, evacuated and typically filled with gas at about 1/200 of atmospheric pressure. When the capacitor voltage is switched onto the focus tube, breakdown occurs axisymmetrically between the anode and cathode across the backwall. The ‘sheet’ of current lifts off the backwall as the magnetic field (B) and its inducing current (Jr) rises to a sufficient value. 

Axial phase: The Jr x B force then pushes the current sheet, accelerating it supersonically down the tube. This is very similar to the mechanism of a linear motor. The speed of the current sheet, the length of the tube and the risetime of the capacitor discharge are matched so that the current sheet reaches the end of the axial section just as the discharge reaches its quarter cycle. This phase typically lasts 3 microseconds.

Radial Phase: The part of the current sheet in sliding contact with the anode then ‘slips’ off the end ‘face’ of the anode forming a cylinder of current, which is then pinched inwards. The wall of the imploding plasma cylinder has two boundaries. The inner face of the wall, of radius rs is an imploding shock front. The outer side of the wall, of radius rp is the imploding current sheet, or magnetic piston. Between the shock front and the magnetic piston is the annular layer of plasma. Imploding inwards at higher and higher speeds, the shock front coalesces on-axis and a super-dense, super-hot plasma column is pinched onto the axis. This column stays super-hot and super-dense for typically tens of nanoseconds. The column then breaks up and explodes. The most intense emission phase lasts for the order of 5 to 10 nanosecond. The radiation source is spot-like (1mm diameter) when viewed end-on. 
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Fig 1. Illustrating the two phases of a Plasma Focus

3.  RADIAL DYNAMICS OF THE PLASMA FOCUS

Figure 2 shows a drawing of a typical plasma focus, powered by a single capacitor, switched by a simple parallel plate spark gap. Note the section where the current sheet is accelerated axially. Also shown in the same figure are shadowgraphs [2] taken of the actual imploding current sheet-shock front structure. The shadowgraphs are taken  in a sequence, at different times. The times indicated on the shadowgraphs are relative to the moment judged to be the moment of maximum compression. That moment is taken as t=0.  The quality of the plasma compression can be seen to be very good, with excellent axisymmetry, and a very well compressed dense phase. In the lower left of Fig 2 are shown the current and voltage signatures of the radial implosion, occurring at peak current. The implosion speeds are measured and has a peak value approaching 30cm per microsecond.

This agrees with modelling, and by considering shock wave theory together with modelling [3] of subsequent reflected shock wave and compressive effects, a temperature of 6 million K (0.5keV) is estimated for the column at peak compression, with a density of 2x1019 ions per cc.
4.  PLASMA FOCUS DEVICES IN SINGAPORE

At NTU/NIE, we have developed 3 devices, the UNU/ICTP PFF [4,5] as the benchmark machine of an international network, the NX1 and  NX2 [6]. 

The UNU/ICTP PFF 

NX1



NX2

15 kV, 3kJ


12kV, 2 kJ


11.5 kV, 2 kJ

single-shot, portable

3 shots per sec


16 shots per sec

170kA



280kA



400kA

5J SXR per shot (neon)
50J SXR per shot (neon)
20J SXR per shot (neon)


108 neutrons per shot

5x108 neutrons per shot*
109 neutrons per shot*

1016 neutrons per second. 


*=estimated optimized value if operated in deuterium

In addition, ion beams, relativistic electron beams and broad spectrum electromagnetic radiation are emitted at very high intensity for each shot. The maximum electromagnetic surge power during compression exceeds 1010 W.
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                 Fig 2    UNU/ICTP PFF - Design, Signatures and Dynamics

5.  APPLICATIONS

We now have in Singapore one of the most powerful SXR point sources (300W) in the world. By using neon and by controlling the axial and radial speeds we are able to obtain emission predominantly in the range of 0.8 to 1.4nm which is a good spectrum for SXR microelectronics lithography [7,8]. We have already  demonstrated  sub-0.2 (m lines transferred from a mask to a substrate [9]. There is potential for applications in microelectronics lithography.

We have also used the ion beams from the plasma focus for plasma processing of thin film materials on different substrates with different phase changes. Specifically we have used argon ion beams to improve the crystallinity of Sb2Te3 (antimony telluride) thin films and to encourage a preferred direction of crystal orientation [10]. Deposition of carbon films, Fullerene films and diamond-like films using a carbon-rich gas in the plasma focus are also possibility [11]. Using nitrogen, nitriding could also be carried out. 

The level of radiation, neutrons and x-rays from the UNU/ICTP PFF have been studied from the safety point of view [12].  Such studies are useful as they contribute to an understanding of radiation safety from intense pulsed sources in general.

Speed enhancement of neutron yield [13] could lead to the development of a neutron source of fusion interest.  In the meantime pulsed neutron activation [14] has been used to determine the half-lives of 116In, 104Rh and 24Nam.  Pulsed neutron activation can also be used to generate short-lived isotopes for medical and other applications directly on site. An investigation is also being carried out to change neutron pulse profile by doping deuterium with argon in order to obtain suitable neutron pulse profiles for interrogation of materials such as explosives and illicit drugs. Such an application makes use of the pulse characteristics of the plasma focus.

The advantages of using the plasma focus as a neutron source is that it is portable and switchable. It radiates, briefly albeit intensely, only when it is operating. This is a great advantage compared with isotope sources which continually radiates even during its off-use time, hence needing careful and expensive storage facilities. 

Several other applications have also been considered for the plasma focus.  A study was made using the UNU/ICTP PFF as a source of high pressure to look into the possibility of developing a system to study  plasma space propulsion  [15].  The possible application of the focussed plasma to a situation of astrophysical interest [16] has been studied. A statistical model of non-linear deterministic mechanics was developed based on plasma focus operation. An UNU/ICTP PFF has been modified to assess the operation of a plasma focus based long conduction opening switch [5].  Ion beams of 85 keV for hydrogen, 225 keV for nitrogen and 285 keV for argon have been obtained. 

A sequential plasma focus was modelled [17] and subsequently confirmed in operation. This device is capable of generating bursts of neutrons and SXR at programmable times.

The short pulse duration and the high intensity of the radiation are special characteristics of the plasma focus as sources of various types of radiation. These characteristics give rise to the possibility of using these radiation for time-resolved studies of high-speed events including e.g. neutron and x-ray radiography of fast moving machinery or objects. Tomography using plasma focus x-rays has the advantage of improved contrast because of the broad spectrum of the x-rays. Using deuterium there is the possibility of simultaneous pulsed probing by neutron and x-ray.  The intense, pulsed, multi-radiation characteristics of the plasma focus naturally raises the possibility of simulation of radiation from nuclear weapons.   
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