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1. INTRODUCTION 

Experimental and theoretical'studies that are 

carried out on plasma focus devices at the Central 

Institute of Physics, Bucharest, have as main objec

tives the construction of an overall physical picture 

for the operation of a plasma focus device, develop

ment of engineering characteristics of these devices 

and feasibility studies for certain applications 

such as neutron sources for material testing, high 

intensity X-ray flashes, high-current heavy-ion 

sources /l/. Three plasma focus devices of increasing 

stored electrical energies have been constructed and 

a number of standard diagnostics techniques /2/ and 

theoretical models have been developed within a re

search program that started in 1971. 

The plasma physics research work performed during 

the last years has been concentrated on two main 

problems : 

- study of plasma sheath structure and parameters 

during run-down and collapse stages, and 

- study of the characteristics of the ionic plasma 

component and their relation to neutron production. 

Other work, of less extent, dealt with the interac

tion of high power laser beams with the plasma focus 

/3/, study of the soft and hard X-ray emission /4/, 

influence of an external magnetic field on plasma 

focus parameters /5/. 

2. PLASMA FOCUS DEVICES 

Three Mather-type plasma focus devices, designa

ted by IPF-1/4, IPF-2/20 and JPF-3/50, having sto

red electrical energies of 4, 20 and 50 kJ, respec

tively, have been designed and constructed. The prin

cipal electrical and mechanical parameters of the 

devices are presented in Table I. All three devices 

can operate with either hollow or massive end (heavy 

alloy) inner electrodes. Pyrex glass insulators have 

been used so far, but other Insulator materials are 
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envisaged. The energy stored in the condenser banks 

is transfered to the discharge chamber by coaxial, 

cables, the electrical circuit being closed by gas 

discharge switches (field distortion switch for the 

smaller device and atmospheric pressure» swinging-

cas< ade switches for the larger ones). 

3. PLASMA SHEATH STUDIES 

The plasma sheath axial acceleration between the 

two coaxial electrodes of the IPF-1/4 device was 

studied usin9 magnetic probes. The working gas pres

sure and voltage were varried in the range 0.6-10 

torr and 10-16 kV, respectively. The following main 

results were obtained : 

- the plasma sheath reaches a steady state motion 

soon after the begining of run-down; the steady state 

propagation velocity has values in the range (3-11)x 

10 CIA/S for the specified range of voltages and 

pressures ; 

- the plasma sheath has a thickness that slightly 

increases in time. Typical values fcr the sheath 

thickness are in the range 3-5 cm ; 

- an azimuthal magnetic field is detected in front of 

the plasma sheath. This diffused magnetic field in

creases with increasing working gas pressure. 

The radial collapse in front of the inner elec

trode was studied by means of optical spectroscopy 

combined with laser beam deflection. The later was 

used to specify both the time and space origin for 

these.measurements /6/. The hydrogen continuum 

emission at A. - 454.4 nm and A. • 351.5 nm (on both 

sides of the Balmer discontinuity) was detected at 

different radii in a plane perpendicular to the 

electrode axis, at a distance of 1 cht from the inner 

electrode end. By applying the Abel inversion method 

the light intensity spatial distribution in the col

lapse region was obtained at various time intervals. 
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The electron temperature was determined from the ratio 

of intensities at the two wavelengths, while €he elec

tron density was determined by measuring the absolute 

continuum intensity at A * 454.4 nm. 

The resulting radial distributions (Fig.l) indica

te tue existence of plasma regions of maximum electron 

temperature and density that propagate towards the 

electrode axis. Maximum values for temperature and 

density are also seen near the outer electrode, in 

agreement with MHD calculations /7/. As the moment 

of pinch formation is approached the electron tempe-

rature oh the axis Increases rapidly and the Balmer-

discontinuity method can no longer be used. 

The experimental results were compared with theo

retical models for axial plasma sheath propagation. 

A two-dimensional snow-plough model /8/ describes the 

axial, inter-electrode, propagation stage starring 

from a given initial shape of the current sheath. Rea» 

sonable agreement between theoretical (9x10 cm/s) 

and experimental (11x10 cm/s) values for the axial 

sheath.velocities was obtained. Preliminary experimen

tal results confirm the geometrical shape of the 

plasma sheath as derived from a two-dimensional ana

lytical fluid model. The plasma sheath geometrical 

shape can be uniquely determined, In this model, by 

conditions specified at the inner electrode surface. 

4.. STUDY OF THE PLASMA FOCUS IONIC COMPONENT 

In an attempt to obtain experimental data on the 

physical Mechanisms responsible for the energetic ion 

production in the plasma focus and to determine their 

relation to the neutron emission a direct energy 

analysis on the ions escaping from the plasma has 

been carried out. Ions propagating along and about 

the electrode axis have been analyzed. 

4.1. Experimental set-up and measuring technique. 

The plasma ions were analyzed by a method combining 

electrostatic deflection and time-of-flight separation. 
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The experimental set-up is presented in Fig.2. 

Chargfd particles escaping from the plasma enter the 

drift tub» through a system of diaphragms, that also 

ensures the vacuum separation between the drift tube 

<lo~ torr) and the discharge chamber. Distances and 

vacuum conditions are chosen such that the interaction 

of analyzed ions with the working gas can be neglected 

for energies above 5- keV. 

Flight bases of 120, 1*2 and 192 cm can be ensured. 

The parallel-plate electrostatic analyzer has. an en

trance aperture of 1 mm height. The energy resolution 

of the analyzer is A E/E « 0.05 and the relative error 

in the estimation of the flight base is about 2%. The 

ion detector system is made up of entrance, aperture* 

"Venetian-blind" ion-electron converter /9/, plastic 

scintillator with aluminium coating and photomultiplier 

The ion measurements were performed together with 

the recording of the hard X-ray pulse which was con

sidered as the time marker» Monoenergetic ion pulses 

were detected by placing one or two 1 mm height 

apertures in front of the ion detector, while a broad 

energy range (15-120 keV) was recorded with a 35 mm 

height aperture. Most of the measurements were carried 

out with the analyzer directed along the electrode 

axis. 

4.2. Experimental results 

The ionic component measurements were performed 

for working gas pressures in the range 0.7 - 1 torr 

and voltages in the range 16 *- If .5 kV. 

The analyzer working in the monoenargetic mode 

was used to determine the impurity level (especially 

copper) and the time and amplitude characteristics of 

the ion pulses at various energies* When working with 

a massive end inner electrode appreciable fluxes of 

highly ionized copper ions were detected /10/. 
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These disappeared below a detectable level when working 

with a hollow inner electrode. 

Using the analyzer in the monoenergetic mode the 

energy range from 5 to 2O0 keV har been scanned.Re

producible ion emission is recorded up to about 1O0 

kev. Ion Dulses were detected up to an eAergy of 200 

keV, but their reproducibility is very poor. 

Two typical monoenergetic ion pulses are shown in 

Fig.3.a and b. As can be seen from Fig.3.a, 7 keV pro

tons are produced during a time interval of about 350-

4oo ns, their emission showing two peaks at 150-200 ns 

apart. These features are characteristic for mono-

energetic pulses having energies less than about 40 

keV. These lower energy ions are detected independent 

of the existence of hard X-rays. For energies higher than 

4o keV the ion production time is shorter and has 

values in the range 40-80 ns (FWHM) (Fig.3.b). When 

taking into account the time of flight one finds 

that the monoenergetic higher energy proton production 

is simultaneous with the hard X-ray production. Hard 

X-rays and high energy ions have allways been detected 

together in these experiments. 

By using a large aperture '.35 mm hexght) xn front 

of the detector protons having energies in a broad 

range were detected on a^single discharge. When 

corrected for the time of flight and the finite ion 

production time these measurements yield the proton 

energy spectrum on a single shot. A typical record of 

such' a measurement covering the energy range 15 -120 

keV, is shown in Fig.3.c, Two peaks situated at 

approximately 30 and 50 keV can be seen. The energy 

ranges of these two peaks» as determined from a large 

number of experiments, are 20 - 30 keV for the lower 

energy protons and 50 - 70 keV for the higher energy 

ones. 
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Experiments carried out with deuterium as the 

working gas led to results very similar to those 

obtained for hydrogen discharges. So, a broad maxi

mum at higher energies was determined ; this again 

extends from. 50 to 70 keV. 

5. HEUTRON MEASUREMENTS 

Neutron measurements coupled with ion (deuteron) 

and hard X-ray detection have been carried out using 

scintillator-photomultiplier assemblies as neutron 

detectors. Deuteron energy analysis was performed 

using the experimental set-up described above (Fig.2). 

5.1. The relationship between neutron and 

deuteron yields 

The neutrons were detected by a scintillator-

photomultiplier assembly placed at 90° with respect 

to the electrode axis. The deutdron energy analysis 

was performed by means of the method described in the 

Previous paragraph. A typical oscillogram showing the 

neutron and deuteron signals is shown in Fig.4. From 

the analysis of experimental results it follows that : 

1). There exists an obvious relationship between 

the neutron and fast (energy range 40-100 keV) mono-

energetic ion yields t the neutron yield increases 

with increasing ion yield. 

2). For monoenergetic deuterons below about 40 keV 

the above relationship was no longer found. Morever, 

for energies less than 10 keV one finds that the 

neutron yield decreases with Increasing intensity of 

deuteron signals. 

5.2. SpaVxal origin of the neutron emission 

The spatial drigin of the neutron emission was 

studied by means of a "shadow" technique. The expe

rimental set-up is shown in Fig.5. Detector Dl is 

used to record the neutrons emitted at 90 from the 

region unobstructed by the paraffin block. A second 
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detector D2 is directed along the electrode axis and 

its output is used to normalize the signals from 

The two signals recorded on a typical oscillogram are 

shovm in Fig.6. The experimental results show (Fig.7) 

that the neutrons are emitted over a distance practi

cally equal to the axial length of the discharge 

chamber, the neutron yield per unit axial length 

slightly decreasing with the distance to the elec

trode end. A time interval between neutron signals 

at z - 0 and z = 10 cm was measured and this proves 

the existence of a "propagation" process with a speed 

of 2.5 x 10 cm/s. This represents an energy of 60 keV 

for deuterons, whicfi corresponds to the peak detected 

by energy analysis. 

By using a metal (copper) disc placed on the axis 

at various distances from the inner electrode end a 

different evolution for the neutron and hard X-ray 

emissions was observed (Fig.8). The neutron yield was 

strongly affected as the disc approached the electro

des. At a distance z = 1 cm the neutron yield was re

duced to less than 1%, while the hard X-ray emission 

remained practically unchanged. 

6. CONCLUSIONS 

Experimental 'investigations on plasma sheath evo

lution during the axial inter-electrode propagation 

and radial collapse provided information on both the 

sheath structure (thickness, shape, magnetic field 

distribution) and the parameters of the plasma (den

sity, temperature). The dynamical evolution of the 

plasma sheath is well described by a two-dimensional 

snow-plough model, while tone structural characteris

tics are fitted by an analytical fluid model. 

The analysis of the results of direct energy 

analysis peiformed on the ionic plasma component in 

correlation with hard X-ray and neutron measurements 

has led to the following conclusions : 
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1). The hard X-rays and the high energy ions are 

produced in the plasma focus device by a unicue me

chanism of acceleration in electric fields ; 

2). There exists an obvious relationship between 

the neutron yield, the intensity of hard X-ray emission 

and the generation of high energy ions. 

These conclusions and other experimental inves

tigations /ll/ on the neutron emission in our plasma 

focus devices indicate the existence of a beam-target 

mechanism in low-energy focus devices operating at 

low pressures. Other mechanisms haim a negligible 

contribution to neutron production. 
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FIGURE CAPTIONS 

Fig.l. - The radial distributions of electron den

sity (a) and electron temperature (b) at: 

various times in the plane z = 1, perpen

dicular to the electrode axis. The time 

when the plasma sheath reaches the z = O 

plane is taken as the time origin. 

Fig.2. - Experimental set-up for plasma ion analysis 

1- plasma focus electrode system 

2- drift tube 

3- electrostatic analyzer entrance aperture 

4- deflection voltage feed-through 

5- analyzer exit aperture 

6- ion-electron converter voltage 

feed-through 

7- photomultiplier 

8- scintillator 

9- entrance diaphragm system 

Inset : 

a- exit aperture for monoenergetic ion 

measurements 

b- exit aperture for broad energy range 

ion measurements 

Fig.3. - Typical oscillograms for the plasma ion 

measurements 

a)- 7 keV proton pulse 

Flight base is 120 cm 

b)- 70 keV proton pulse 

Flight base is 182 cm 

c)- broad energy range (15-120 keV) 

ion analysis record 

Flight base is 120 cm 

Fig.4. - Neutron and fast (80 keV) deuterons 

oscillogram 
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Fig.5. - Experimental set-up for "shadow" technique 

neutron measurements 

1- plasma focus electrode system 

2- discharge chamber 

3- horizontally moving support table 

4- Pb screen 

5- photomultiplier 

6- scintillator 

7- paraffin block 

i'ig.6. - Typical neutron signals for "shadow" 

technique measurements 

A- output of detector Dl placed at z - 8 cm 

B- output of detector D2 

Fig.7. - Axial dependence of neutron emission inten

sity 

Fig.8. - Influence of a metal disc on the neutron 

and hard X-ray emissions 

ai" zdisc m'lem 

b)~ zdisc * 8 m 
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TABLE I 

Principal electrical and mechanical 

characteristics of plasma focus, devices 

constructed at the Central Institute of 

Physics, Bucharest. 

Device 

Parameter IPF-1/4 IPF-2/20 IPF-3/50 

Nominal 

operating 

voltage 

U(kV) 20 20 20 

Stored 

electrical 

energy 

W(kJ) 2C 50 

Short-

Circuit 

maximum 

current 

sc 
730 1900 

External 

inductance 
Lext(nH) 250 60 25 

Electrode 

dimensions: 

-length 

(inner 

electrode) 

-outer 

electrode 

diameter 

-inner 

electrode 

diameter 

1 (mm) 200 

D (mm) 84 o 

Dt (ram) 43 

130 

84 

48 

150 

155 

100 

-Electrode 

material 
copper copper 

stainless 

steel 
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Fig. 3 la) 

Fig. 3(b) 

Fig.3 (c) 
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