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ABSTRACT: A modified coaxial oun in the hioh density regime of 20-70 mTof Ha rastgas. La. 
without a fast-acting valve gaspuff, energized by a 1200J HV sinusoidaliy damped capacitor 
discharge with peak currents of 86KA in the potential range of 10-15 kV, was investigated. The 
acceleration of the current sheet inside the gun was studied, and an MHD current element 
model derived, which is in very good agreement with experimental data. The model suggests 
that thermal diffusion can be neglected during the acceleration phase and furthermore explains 
in a very simple way the sheet velocity limitation. At the muzzle of the gun, the plasma is 
magnetized by inducing a toroidal current in it (6.5 kA) through a permanent radial field (JZT), 
generating a confining poloidal field. The injection of the generated current-carrying 
plasmaforus into the driftspace was studied by means of a diamagnetical probe array, for two 
different cases: (1) toroidal bias field, and (2) helical bias field. The inner electrode, which has 
negative polarity to begin with, is continued into the driftspace by a considerably thinner, pyrex 
insulated central conductor, generating the toroidal bias. Quasi-Tokamak geometry is reached 
in the helical case (q33,fjp2.7,ljs1.2). The necessary axial bias field strength was thereupon 
calculated according to Tokamak-equilibrium (axial bias field coil discharge: aperiodtealry 
damped, flywheel diode, max. field strength .26T). Second half-period breakdown was 
observed, thus a positive electrode was present most of the time. This is a unique way to 
achieve autopreionisation. Plasma gun operation is very much breakdown dependent, 
specially in the region of the muzzle. This problem made it necessary to construct a special 
compensation coil for the axial field coil. The mean torus speed in the driftspace was 2 2 
em'usec. The tori were azimuthally very homogenous and exhibited enhanced stability. 
Transverse expansion at ejection and in the driftspace is prevented by a unique rarefaction 
wave-pattern resulting from the Mach 50 supersonic flow. The toroidal current was observed to 
decay continuously, not abruptly. No n type or oscillarotry instabilities were encountered. 
These findings are important for future designs of guns where a stable and homogenous torus 
is needed, such as magnetic confinement injectors (for Spheromaks,etc). 
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Plasma guns were first investigated by J. Marshall and H. Alfven between 
1958 and 1960 [1-4]. Most studies concerning this particular device were done 
between 1960 and 1965 [5-10]. Plasma guns were thoroughly investigated; however, 
a lot of questions remained unanswered, especially if the gun is operated in the high 
density regime. Thus the investigation of gun phenomena is still today a research 
task [11-14]. The field of applications is very large: Plasma guns are used to inject 
plasma into aR kinds of magnetic confinement devices, i.e. into conventional mirror 
machines [15], cusped traps [16], tandem mirrors [17], octupoles [18], Tokamaks [19], 
SteNarators [20], and Spheromaks [21]. Furthermore, they are important to plasma 
dynamics research (MHD and kinetic) [22], dynamics of fast ionizing shock waves in 
MAST1 devices [23], and for space propulsion [24]. Plasma centrifuges [25] are based 
on coaxial guns. Finally, they are used for deposition processes [26] and for REB2 -
interaction studies [27]. A closely related field, i.e. dense plasma foci [28], has also 
become of considerable interest. It is thus of great interest and value to achieve an 
understanding of plasma gun phenomena. This paper wants to make its contrbutjons 
towards achieving that goal. 

In section 2, the theory of plasma guns in the high density regime is descfced 
qualitatively, then quantitatively by an MHD current element model with analytical 
solutions for the sheet structure and speed derived by the author. The formula of the 
current induced in the plasma through flux conservation is discussed, as the 
processes in the driftspace and Tokamak equiltorium. The parameters of the plasma 
encountered in this particular design are given. In section 3, the experimental 
apparatus and design considerations are presented. That section is mainly technical, 
since unanticipated "design-effects" are presented in section 4, which also presents 
the results of the diamagnetic and magnetic diagnostics and shows the very good 
agreement with the mathematical model. The measurement of the magnetized 
plasma and of the preceding fast shock wave is described. In addition, the discharge 
current diagnostics by means of Rogowski belts are given. The paper concludes with 
section 5. For the notation of the formulae the reader is referred to the appendix. The 
figures are found at the end of the report, where the figure-text is given in the "figure 
captions' section. 

'Magnetic Annular Shock lube - Coaxial Plasma Gun 
• flaletimttc Electron Beam 
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The model that one has to apply to a particular plasma gun is heavily 
dependent on the design parameters, i.e. capacitor bank characteristics, aspect ratio 
of the gun, whether or not the gun is operated with a gaspuff. the kind of gas used, 
etc. Thus for the assumptions, approximations and computations, the design 
parameters have been introduced from section 3 & 4. 

2.1. Qualitative Description 

A capacitor discharge takes place between 2 coaxial cylinders. Because of 
the lowest circuit self-inductance and an ignition aid mounted on the inner electrode, 
breakdown occurs at the rear end of the gun (breech), where the energy is supplied. 
Thus a homogenous plasma disc forms, which is accelerated as current sheet 
towards the other end of the gun (muzzle) due to the magnetic pressure generated by 
the toroidal field of the dircharge current. The sheet acts as a snowplow, having to 
pull the rest gas. Thus a region of increased density forms in front of the sheet 
whereas behind the sheet the density is very low. The front of the increased density 
region propagates as a high Mach number shock wave with sufficient energy for 
partial ionization. The plasmoid (current sheet) starts to rotate around the axis during 
acceleration, due to a resulting Lorentz force. These processes are illustrated in Fig. 
1. When the toroidal plasmoid reaches the other end. it passes a permanent radial 
field, and through flux conservation a toroidal current is induced in it generating a 
confining poloidal field (Fig. 2). Finally, the plasmoid is ejected into the driftspace. A 
large current would be interrupted by this ejection, thus a high voltage would be 
induced and would fire a second plasma. But this voltage spike is suppressed by 
means of a thin, insulated central conductor fixed at the end of the inner electrode. 
The leakage current through the central conductor3 for its part generates a toroidal 
field; Tokamak field geometry is reached upon the addition of a third field, the coil-
generated axial bias. This configuration is very similar to half a small spheromak, 
since the toroidal plasmoids generated by the gun are elongated and thus compact 
(Fig. 3). Now the toroidal current in the plasma is measured as it propagates down 
the driftspace. It has to be mentioned that plasma can very well propagate after 
extinction of the toroidal current in it. This is the broad outline of what happens in this 
experiment. The following sections describe these phenomena mathematically and 
in greater detail. 

2.2. Model for the Acceleration Phage 

The classical snowplow model [29] is very well applicable to this gun, 
because (1) there is preionisation, (2) the sheet speed < thermal speed, and (3) 
collisions between particles are important, since the gun is operated in the high 
density regime. The plasma sheet is very homogenous due to a clean, homogenous 
breakdown and because azimuthal exchange is fast, since the thermal speed < 
Alfven speed. Wall friction due to ion drag ocurrs at much higher speeds than 
encountered in this experiment, thus it is neglected (especially for helium the drag is 
negligible, but not for argon [30]). The ion current is negligible too, since again the 
density is high, so that there are well enough ions in the central region hitting the 
cathode to strike out electrons. This is important because the electric field across the 
plasma is very small after breakdown, so that electrons are only able to leave the 
cathode through a collision interaction. According to the plasma parameters and 
previous papers , Maxwellian distribution is assumed for the electrons with a mean 
temperature of 10 eV. That value was confirmed by previous authors by means of 
magnetoacoustic oscillations and inference of plasma parameters from other 
measurements [6,7,31]. Since the design parameters of this gun are in the same 

The central conductor leakage current will be discussed in section 4 
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range, the electron temperature was not measured again; it would be beyond the 
scope of this work. 10 eV is wel below the occurrence of run-away electrons [32]. 
Table 1 gives the parameters of the plasma (the design parameters have been 
introduced into the computations): 

Electron Temperature 
Mass Density of the He Restgas (optimum) 
Mean Free Tme 
M w i F m P a h 
Degree of formation (Saha) 
Plasma Conductivity for 1X B 
Max. Magn. Field of Discharge Currant 
Moan Electron Larmor Gyration Freq. at Max. of Magn. F M U 
Maan Elactron Larmor Gyration Radius 
HalParamatar 
Debye Length 
Number of Parades in Debye Sphara 
V o l t y ^ ^ r n a s r n a ^ D i ^ f ^ C u r r ^ M a x 

10 aV 
l.l'IO-Sfcgm-3 

1.9 ns 
4.3 mm 
100% 
a 2 * 1 0 * S 
.4T 
15Ghz 
aa'io-Sm 
174 ^>1) 
5.8*10-7m 
1.34M03 

25V 

For the mean free time, the mean free path, and the conductivity computation the 
SpHzer relations [33] have been used. A Laplace network analysis was carried out for 
the discharge current, but is not shown here. From the analysis it was seen that to 
assume a current of the form I = Insiruot (1). where In is the amplidude of the ignition 
half-period, within which the plasma is ejected (in this case, only that very period is of 
interest), is very reasonable, since also i-circuit» Lgun> and dLgur/d2 & very small, 
i.e. © remains essentially constant. According to table 1, the discharge current is fully 
thermalized. The transverse electron driftspeed including the larmor gyration 
correction factor is given by: 

V d 4*rneV2DF ( 2 ) 

D _JL_. „ idnr ^ ( H ^ 3 ^ A 12«(eQkT)3g 
D = , O = 14.86 — — ; A = — 1 / 2 o— (3,4,5) 

urjo Zm^eZlnA n 1 / z «*3 

e 
The infinitesimal elements (concentric rings) are therefore treated as magneto-
hydrodynamical current elements. Compare with fig. 4 & 5; from momentum 
considerations, it is readily found that: 

| [ M u z ] » | 2 s i n 2 « , t c o s o ^ 

| [Mur] - i j sinZwt since ^ 

(6) 

(7) 

B has to be averaged over the sheet lenght because of Vl a x i a | . The factors sin a and 
cosa appear because of Vu z r a ( j j a | and because the discharge current is confined 
within the curved sheet. M is the total mass, i.e. the mass of the hot current sheet 
region expanding according to (2Dt)1/2, and the snowplowed mass by the sheet. In 
the high density regime, snowplowing is both caused by collisions and by 
collisionless Coulomb turbulence, so that % is essentially 1; therefore it will not be 
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written in the following formulae. From the shock wave theory of Hugontot-Raniane 
[34], where it is implemented that the Mach number N m » 1 : 

o Y-1 1 u»_ f+1 f+1 9 (8.9.10) 

Upon calculating the total mass as discussed above and performing a couple simple 
manipulations, (6.7) turn into: 

M = 2xrAr(1 

l*sin2©jt cosa __»j?_ 0 8n2r(1+f)po 

J«L IJ sin2»t sina . 0 4*^(1+f)po 

(11) 

(12) 

(13) 

The boundary conditions of the system (12,13) are clear, for t=0 they are: dz/dM), 
dr/dt=0.2=0, r=rQ, cosa=1, sina=0. Racial motion and electrode wall reflections4 only 
have a small impact on the current sheet front and therefore on uz. Disruptions or 
discontinuities in the sheet are quickly compensated with new ionized gas. However, 
the snowplowing is affected since it is no longer parallel to the axis. In the following, 
axial snowplowing only will be assumed for simplicity, and a posteriori it will be seen 
that the error introduced is negligible. Thus dr/dt is neglected, but (12,13) used for 
numerical integration in order to obtain a mean value for cosa5. Then the system of 
(12,13) reduces to: 

Mocosa 
dt^dt 2f dt ) 0 Sx^UfJpo 

(14) 

which is a second-order unlinear, inhomogenous differential equation with particular 
solutions for special coefficients, if it is analytically solvable at all. An analytical 
solution can be obtained upon assuming (2Dt)1/2 « <d> to be constant, as previous 
authors have observed it [31]. The term with d(z2)/dt is dominant, so that diffusion 
only plays a minor role and could be neglected; the snowplowed shock mass is » 
than the sheet mass. This is confirmed upon numerical integration of (14), both for 
constant and time-varying diffusion length. For completeness however, <d> is 
included in the following formulae6. The equation is then easily solved by separation 
of variables and analytical solutions for z and u z dependent on time and the 
parameters are obtained: 

4 The impact» an amplification of the density gradient wrthin the sheet. 
s The author does not want to focus in on the numerical integration, because the followmg analytical formulae give the 
same vafuet for u2 with negligible relative error. 

• In section 2.4 <d> will have to included in the consideration. Generally, for larger t,<d> has to be included, so that His 
also induced in the following formulae. 
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HQCQsa 
(15) 

-cd> + -v/<d>2 + g Kl2 ^ ( V t 2 - sin2«t) 

«z! 

f 

Kt^ (o>t - shMBtcosot) 

2tt - V / < d > 2 + g K l 2 - ^ ( » 2 t 2 - sin2«t) 

(16) 

(17) 

[6] found similar formulae, except K was afferent since no snowptowing was 
included, because the gun was operated in the "slug" gaspuff mode with acceleration 
of plasma into vacuum. Furthermore, the equation old not include <d>, thus the from 
is slightly dfflemt; the double integration of sirAut however remains the same as in 
this case. From the numerical integration the mean value of coso? is computed to = 
1/2 (the sheet becomes conical). Table 2 gives some sample values for different 
times at the mean radius of 4 cm, computed according to (16,17), where the optimum 
parameters have been introduced from section 4; <d> is computed to have an av. 
value of 1 cm according to table 1 and (4) in the case of (2Dt)1/2. The mean radws of 
4 cm was chosen, because the toroidal plasma current density has a maximum there, 
and the toroidal current is what was measmed by the diarnagnetical probes8. 

TatftyffafWTlfYrttwflfriniluxtnfdiffr^t^f-^a" 

* fin Himfl 

i 
2 
3 
4 
5 

0.25 
2.5 
6.6 
11 
15 

ibjjafioAufcl 

0.9 
3.5 
4.5 
4.2 
3.5 

If <d> were set zero in (16,17), the relative error of u z within the relevant times of 
table 2 would be less than 2%. Therefore, thermal diffusion does not have to be 
considered for the relevant times during the acceleration phase in this experiment 
and most other plasma guns, where the ejection time might be even shorter. Fig. 6 & 
7 show the graphs of z(t) and uz(t); z(t) is very quickly close to be linear, thus a 
plasma gun in the high density regime will exhibit velocity limitation, as observed by 
previous authors [35]. If the functions are evaluated over such a long time, damping 
should be included, since the current can no longer be assumed to be oscillatory in 
that case. However, this only gives smaller values of the functions at larger t, the 
limitation in the oscillatory case is not affected. And again, further periods are of no 
interest in this experiment, since the sheet is ejected within the first half-period. Fig. 8 
shows the motion of the current sheet during acceleration computed according to 
(16,17). The front surface is hyperbolical; this figure is in very good agreement with 
image converter photographs of previous authors [5,7,11]. Of course, this model 
cannot account for all effects. For example, the spin of the torus was neglected, 
thermal diffusion taken constant, no electron nor ion temperature gradient was 
included, axial snowplowing only was considered, electrode material ablation 

* TN» totor too W M Mawmd to bo constant during accaleratfon 
• Tho tto INOX-cySndricoJ otoctooto of tw dhchanjo chombor havotwradHSomandScm 

-6-



neglected, etc.. But to account for everything is widely beyond the scope of Ms work 
and the necessity of having to include them for experimental testing of the model 
(16.17). In section 4 it wHi be seen that the values of table 2 are in very good 
agreement with experimental data. 

1 3 . Ejection Phame at the H u r r f of the Gun 

When the plasmoid reaches the muzzle, it is ejected from the gun due to high 
uz (Fig. 2). It is not exactly known, when the discharge current through the sheet is 
interrupted. One might expect that the current continues to flow as an arc between the 
edges of the two cylinders, until finally it is interrupted. But experimental data suggest 
that the gun remains short circuited at the muzzle, so that the sheet can exit freely. 
The central part of the sheet in the driftspace is therefore heavily dependent on the 
aspect ratio of the gun. For small aspect ratio, ft will be flattened [11]. but for a large 
one very conical [7]. These processes are extraordinarily complicated to calcualte. a 
very complex simulation would be involved, giving just conclusions about processes 
of second priority. (18) gives the toroidal current induced in the plasma, where for the 
flux conservation it has been assumed that the flux in the dUftspace be enclosed 
totally within the outter aluminum cage (section 3). S is a geometry dependent factor, 
whereas K has to be assumed (1 in our case). 

*-^' S ' ( b " 2 3 a + R C 2 + l n a ) ) (18'19) 

This current magnetizes the plasma producing a confining poJokfal field, which 
drastically aids the stability of the ejected plasma rings. These rings really do have 
enough mass to be considered as such, since thermal diffusion should not be 
forgotten. The current is then distributed over the whole torus cross-section with a 
gradient. At the ejection, a highly supersonic flow of Mach 50 enters a region of lower 
pressure. There are two edges at the muzzle, one of the inner and one of the outter 
cylindrical electrode. Fig. 9 shows the rarefaction wave pattern that forms [34]. It is 
readily seen that this prevents transverse expansion at first, therefore enhancing 
stability. An exact computation of the intercepting shock wave pattern, which is quite 
complicated since the plasma also rotates arid magnetic fields are involved, would 
be widely beyond the scope of this work. 

2.4 Drtftspace Phase without Axial Blaa Field/ » Toroidal Bla» 

Without axial bias field means with toroidal bias only, since the helical bias 
will be generated by a superposed axial field to the toroidal field. The phenomena at 
ejection are very complex: Bohm diffusion, curvature drift, rarefaction wave pattern, 
rotation around the axis, poloidal field envelopping, X-point occurrence, etc. . A 
simple approach from momentum conservation is made in the following, where radial 
motion and transverse expansion are neglected to begin with (rarefaction waves 
prevent transverse expansion). From momentum conservation: 

-A + J A ( A + 2 - ^ 
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Uz= 
up VA" (22) 

Where A«(<d>+lgun/t); t and z are set zero at the time of ejection. The same 
approximations have been made to solve (20) as to solve (16). <d> has to be 
considered in this case at larger t. otherwise the induced error is of the order of 8%. 
Table 3 shows some sample values for i^inthediWspace. andfig. 10& 11 show the 
graphs of z(t) and iijft) for the ptasmoid in tie drfflspace. 

f f l l m r t t A A t f i i i d 

1 fin uteri 

i 
2 
3 
4 
5 
6 

UyJJDSBldUtSi. 

3.0 
2.6 
2.4 
22. 
2.0 
1.9 

The speed that is finally measured in the form of a time delay is that at the mean 
radius (4 cm), since the toroidal plasma current density has got a maximum there. 

2JB. DrifteMce P h — with Artel Blae Ftetd/ » Helical B I M 

In that case, the magnetized elongated torus is injected into a helical bias 
field, produced by the toroidal field of the leakage current in the central conductor 
and the coil-generated field. The plasmokJ moves as in section 2.4, but it is slowed 
down slightly by the magnetic pressure gradient of the bias field. In that way. 
Tokamak geometry is reached. Recent findings at the Spheromak SPHEX with an 
independent central iron rod pi ] show an enhancement of torus stability, in this work 
it was tried wheather it was possible to use an elongated central electrode (as 
described) instead of an independent rod in order to achieve better gun operation 
and enhanced stability after injection. This will be discussed in section 4. The 
necessary axial field strength has been computed according to Shafranov's formula 
(23) [36,37], which has been derived for Tokamak equiHbria: 

Ba: * ( ' • 
8R 
a + r 

* > 
rv| (23,24) 

The definitions used for lj, Bp, and q are: 

fl.±§IIft«*fc-3 
q *2 * *RBe-RBe = a (25) 

Pp»1* (aBe.8)2, dr r2dr-fi2 (26) 

2xrdr 

(Beoa^W)) *a* 
•12 (27) 
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The numerical values are given for the optimum parameters from section 4. The field 
profile inside the torus was taken to have a squared paraboficat form. Effects of that 
field computed accorrJng to Tokamak equttbrium were sturjed and are presented in 
section 4. 
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Due to the unique design of the gun, some effects not anticipated were found. 
These are discussed at the beginning of section 4. here, only the apparatus itself is 
presented as it has been planned. 

3.1. Modified Coaxial Gun and Drlftaoaca 

Fig. 12 shows the heartpiece of the apparatus. The reader is also referred to 
photographs 1-3. The discharge chamber lies between r = 3 cm and r = 5 cm, having 
a total acceleration length of 15 cm. The electrode material is INOX, the insulator 
teflon. Actually, the discharge is short circuited, by the central conductor (insulated 
from the driftspace by a thin pyrex tube), the copper cross, the bottom plate, and the 
outter aluminum cage. But due to the high self-inductance of that circuit, the 
discharge takes place anyway. The leakage current through the central conductor 
generates the toroidal field necessary for the helical bias, together with the axial field 
coil. Due to the central conductor, the large discharge current is not interrupted, when 
the plasmoid is ejected. In previous experiments, the current has been observed to 
continue as a helical pinch, if this is not provided [7]. The pyrex tube of the drift space 
has an inner radius of 8.5 cm and a total lenght of 48 cm. The diagnostics and the 
axial field coil are held by a hexagonal cage, embedded between the aluminum cage 
and the pyrex tube. The radial field at the muzzle of the gun is generated by 
assembled permanent-magnet cubes, liing on top of the inner electrode. The flux is 
guided to the muzzle through the massive iron plates (not in axial symmetry) and the 
central iron core. The permanent field strength reached in this manner is 0.2 T. The 
leakage flux is negligible. Unique are the central conductor and the outer aluminum 
cage. At the gun breech, an INOX ring with a sharp edge has been mounted on the 
inner electrode to stimulate ignition. The polarity has been chosen negativ to begin 
with. In section 4 it is explained, why the polarity was not changed although it was 
found that a positive inner electrode stimulates immediate breakdown. For more 
details, the reader is referred to the legend of Fig. 12. 

3.2. Vacuum System 

Helium was chosen as the working gas; the pressure was varied between 20 
ml and 70 mT. For this pressure range, a common rotary pump is adequate. The 
vacuum chamber is evacuated well below 1 mT, before helium is admitted. This 
experiment does not use a fast-acting valve as a gaspuff, thus the helium is admitted 
through a manual valve. After a period of preliminary tests, it was found that the 
discharge chamber, especially the teflon insulator, became too dirty due to the oil 
steam coming from the pump. Therefore, a liquid nitrogen cryotrap has been added 
and the problem was reduced to a very well acceptable level. 

3.3. Main and Vertical Field Coll Discharge System 

The triggering is performed by the same chain of pulse amplifiers for both 
discharges: A manual switch triggers a TTL time base unit with a resolution of 1 usee, 
from where everything else is triggered, i.e. discharges, oscilloscopes, etc. The timed 
pulse for each discharge is amplified from -5V to +300V, then from +300V to -5kV by 
a thyratron pulser. That pulse is then coupled into a diode safety electronic by a HV 
coupling-transformer. Finally the ignitron is fired discharging the capacitors. The data 
given below have been calculated using transient Laplace network analysis, and are 
in agreement with experimental data. 
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Main Discharge 

The potential on a 13.7 u.F low-inductivity capacitor is varied between 9 kV 
and 15 kV for the different shots. For 15 kV, the charging time is approx. 3 min. The 
discharge current has the form of~ damped sinusoid, with t p i a s m a = 1 5 usee and 
fplasma = 2 0 0 k H z w n e n a plasma is ignited, and ^central = 5 5 V&ec I fcentral = 
100 kHz when the current flows through the central conductor. Originally, the circuit 
was intended to give a plasma discharge current of 100 kA, but due to second half-
period breakdown discussed in section 4, the maximum plasma discharge current is 
86 kA. To keep the inductivity of the circuit low, the energy is transported from the 
capacitor to the gun by a low-inductivity slab line. 

Axial Field Coil Discharge 

Two electrolytic capacitors having a total capacity of 6200 uF are charged to a 
potential of 50 V to 400 V, which is varied as a parameter. The polarity of the field 
generated by a coil of 25 turns can be changed by exchanging the cables. Coil 
currents reached are between 500 A and 4000 A, according to the discharge 
potential. The discharge itself is aperiodically damped by means of a flywheel diode, 
where Vise = -7 m s e c a n d x = 2 msec. The charging time is 4 min for 400 V. The 
maximum field strength in the middle of the coil is 0.26 T. 

3.4. Diagnostics 

The discharge currents are measured by Rogowski coils; i.e. cne for the total 
discharge current, one for the current through the central conductor, and finally one 
for the axial field coil discharge. For plasma diagnostics, an array of 9 diamagnetical 
probes held by the hexagonal caqe around the quartz tube is used. These probes 
are at a certain distance apart from each other; the time delay is measured and thus 
the velocity obtained. What is actually measured by the probes is the time-derivative 
of the flux generated by the toroidal current in the plasma. The signal is integrated by 
a passive RC-network, then directly registered by a digital storage oscilloscope. Each 
probe consists of two nested loops with diffemt radii, hooked up in such a manner 
that only the flux through the area between the two loops is measured in dependence 
of time. This procedure minimizes noise and the signal is not affected during the flat
top of the bias field. Fig. 13 shows the array of probes and one probe in detail. The 
maximum of the signal also allows the computation of the toroidal current. In this 
case, the computations were rather complex, since the torus is moving. The formula 
found is so much geometry dependent, that it is not discussed here. Fig. 13 also 
shows 3 planes with 3 magnetical coils each. Each coil consists of 12 windings. With 
that second array the uniformity of the toroidal current can very easily be measured. 
Instabilities up to n«3 are possible to be detected. Again, the signals are integrated 
by a passive RC-network and registered by a digital storage oscilloscope. For some 
shots with marginal parameters, it was necessary to feed the signal into a filter first, in 
order to reduce RF-noise. 
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4. RESULTS 

First, some results that affect the design of a coaxial plasma gun are going to 
be presented. Then, in the second part, the actual results of the diagnostics will be 
presented. 

4.1. Effects of Electrode Polarity : Second Half-Period Breakdown 

This consideration starts at the time, where the ignitron of the main discharge 
has been fired. The energy is delivered to the gun, the central cylindrical electrode 
having negative polarity. The inductivity of the short-circuit through the central 
conductor and the aluminum cage is much higher (4 times) than the discharge 
inductivity, so that one expects a breakdown. The electric field between the 
electrodes is still high, so that electrons can leave the central electrode. Now, the 
magnetic field of the current flowing through the central electrode (because the 
discharge current starts to flow) exerts a force on the electrons deflecting them in the 
axial direction (also, the restgas is not preionized at that timepoint). That field is 
strong enough, so that the electrons cannot reach the outer, positive cylindrical 
electrode. Thus breakdown does not occur, and the current flows through the central 
conductor. But when the second half-period of the potential is reached, i.e. the outer 
cylinder is negative and the inner positive, electrons leave the outer cylinder and first 
are in a region of weaker toroidal magnetic field9. They have gained enough 
transverse velocity when entering the strong field region close to the inner cylinder, 
thus they can reach it and breakdown occurs. This is also enhanced by the 
preionisation taking place on the first breakdown effort. Without a central conductor 
continuation, breakdown has to take place on the frist have-period. But the polarity 
should still be negative to begin with in the central conductor operation mode, 
because autopreionisation is very conveniently performed, resulting in very 
homogenous, clean breakdowns on the second half-period. Note that the central 
conductor does not loose its original purpose to generate a toroidal field in the 
driftspace: When the plasma is ignited, the current in the central conductor circuit 
loop decays due to the high inductivity with x = 55 usee, but the plasma is ejected 
within 3 usee to 4 usee, so that the toroidal field is still well maintained! Fig. 14 shows 
a typical oscillogram for the total discharge current and the current through the 
central conductor. Note that the gun remains short circuited after breakdown. 

4.2. Sensitivity of the Breakdown to Magnetic Field Components 

This problem was first encountered when the operation of the axial field coil 
was started. Whenever there was a helical bias instead of a toroidal, no signal was 
measured by the diamagnetical probes. This can only suggest one thing: there is no 
toroidal current leaving the gun. It was found that this is due to a stable electron orbit 
effect at the muzzle of the gun. A complicated field geometry exists there: First, there 
is the radial field. But this alone cannot be the cause, since if this is the only field, the 
gun works fine. It must thus be the axial field component of the coil that causes the 
problem. With an axial bias in that region, a quasi-magnetron geometry is obtained. 
Thus 3rillouin clouds can form [38]. Stable electron orbits are greatly enhanced by 
that and the complex field geometry (X-point, etc.). Breakdown then occurs at the 
muzzle of the gun, and it is clear that no toroidal current will be measured by the 
diamagnetical probes. In order to get rid of that problem, a second, much shorter coil 
with 6 turns having a larger radius than the main coil has been added, as it is shown 
in Fig. 15. The second coil has opposite current polarity, and has been computed in 
such a manner that axial field componets cancel out in the very region of the muzzle. 
The axial and radial componets of the field, into which the plasmoid is injected, are 

The breakdown occur* a little after the current goes through zero, so that there is a toroidal magnetic field 
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shown in Fig. 16 a) and b). It must not be forgotten that those are twisted into a helix 
by the toroidal field of the central conductor. After having added that second coil, the 
gun worked just fine, so that the injection could be studied. This sensitivity of the 
breakdown to axial field components is also of importance to other guns, which are 
operated with axial bias in the discharge chamber region. Then, the breakdown 
region is no longer exactly defined, so that operation problems may arise. 

4.3. Results of Plasma Diagnostics with Toroidal Bias Field 

The optimum parameters within the range of variation are for this case: a 
discharge potential of 13 kV, and a pressure of 50 mT, which has been computed to 
be the optimum. The pulses obtained were very highly reproducible, only 
unsignificant noise levels made up the vanishing difference. Consider fig. 17 - 22. In 
fig. 17 (data are given in each figure's legend) it is clearly visible, that the plasmoid 
with the toroidal current moves down the driftspace. The pulse becomes smaller 
since the current decays, and due to Vuz, the pulse widens because the plasmoid is 
streched. Fig. 18 -22 show the same, but the signals can be viewed much clearlier. 
Fig. 18 indicates a time delay of 2 usee between two subsequent probes. Since the 
probes are spaced 4.8 cm apart from each other, the mean velocity is 2.4 cm/usec. To 
compare: The MHD-model from section 2 predicts a velocity of 2.6 cm/iisec (compare 
with table 3)! The time delay between the second (D2) and the third (D3) 
diamagnetical probe is measured to 2.5 usee, thus uz =1-9 cm/usec. Again, the 
model predicts 2.1 cm/usec! This is really a very good agreement with the 
experiment. From the fig. 17 - 22 it's clear that the toroidal current lasts for at least 
12 usee; which is rather long. The toroidal plasma current is computed from the 
extreme value of the pulse. For this probe design it is 2.13 kA/V. Thus the current in 
the torus is 6.4 kA when passing the first probe, but then it decays rapidly, so that q is 
expected to increase, generally leading to higher stability. The length of the pulse 
allows the computation of the length of the elongated torus. It is found that the torus 
has a length of about 8 cm, which changes slightly as it propagates down the 
driftspace10. The torus is very compact, as in a Spheromak. The magnetical 
diagnostics confirmed a very homogenous toroidal current, because signals from the 
3 coils per plane were identical. No n instabilities were observed, the decay of the 
current is very continuous and does not happen abruptly. No oscillatory instability 
occurred. Transverse expansion did indeed not take place, due to the rarefaction 
wave pattern discussed in section 2. 

4.4. Results of Plasma Diagnostics with Helical Bias Field 

For this particular design, the optimum parameters within the range of 
variation are: 13 kV / 50 mT / 1000A coil current, thus B m a x = 0.065 T, I; = 1.2, 
Bp = 0.7, and q = 311. This is about three times less than the equilibrium field 
computed according to Shafrartov's formula. The explanation will be given later on, 
since it is combined with some other effect. Again, the pulses obtained were highly 
reproducible. The speed of the sheet in the driftspace is only insignificantly affected 
by the magnetic field. The geometry of the field, into which the torus is injected with 
6 = 0.7, has been shown in fig. 16. Fig. 23- 26 show what is expected to happen to 
the plasmoid: the penetration into the stronger helical field region causes the toroidal 
current to decrease more rapidly. Fig. 27- 31 are the same series as fig. 18-22 
expect that now, the discussed field geometry exists. Consider fig. 27; the first 
15 usee are noise, then, there is a short positive pulse followed by a wider, negative 

1 0 These calculations are not shown, since they are only of technical nature. For the same reason, the Laplace 
network analysis is not shown for the discharge current, the axial field coil discharge, or for the diamagnetical probe 
signal. 
1 ' The determination of the time-dependence of these parameters is beyond the diagnostical capacity of the apparatus 
and the scope of the work. 
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one. This includes a neat diamagnetical measurement of the preceding fast shock 
wave: When the shock front reaches the muzzle of the gun, helical current discharges 
take place into the drift space12. Those are caused by the ionizing front being ejected, 
forming a rarefaction wave pattern. The flowing of helical currents has been observed 
previously by others, in some cases, the helical current had the from of a helical 
pinch exiting from the central electrode [7]. But in that case, each probe should 
measure the same time of occurrence of the positive pulse after triggering. And 
furthermore, in fig. 27 the ratio of the time of occurrence of the pulse amplitudes of the 
negative and the positive pulse should be (f+l)/f = 1.33, since the shock speed 
equals (f+l)/f times the sheet speed. This is exactly what is observed, in fig. 27 the 
ratio is 1.3, and throughout fig. 27- 31 the positive pulse occurs at the same time. It is 
otserved that the toroidal current decays more rapidly, because of the penetration 
into the strong field region. Eventually, the toroidal current seems to be reversed. This 
is due to the fact that the propagating plasma continues as a homogenously 
distributed cylindrical helical current discharge due to the resulting Lorentz force. If 
the field polarity were reversed,-one expects that the toroidal current, and therefore 
the flux be amplified13. But upon changing the field polarity, the electron cloud effect 
again took place, so that no toroidal current was measured (because of a bad 
breakdown). This is also the explanation of why the optimum field is 3 times less than 
the computed value. According to the computation, the current in the coil should be 3 
kA. But then, toroidal current reversal occurs much faster (fig. 32 & 33). And that it 
was impossible to synchronize in order to achieve flux amplification was just 
discussed to be due to bad breakdowns. The magnetic diagnostics give the same 
conclusion as in the previous section: the toroidal current again is very homogenous 
and decays continuously, not abruptly. No oscillatory instabilities ocurred. If the 
stabilizing effect of the magnetic field in particular is to be studied, it is better to 
operate the gun with a gaspuff, since the stabilizing effect of the rarefaction wave 
pattern is considerable. 

4.5. Variation of Parameters 

The optimum discharge voltage was determined to be 13 kV. If the potential 
was risen above that, breakdown occurred right on the beginning of the first half-
period, often resulting in much noise and non-reproducible pulses due to 
inhomogenous breakdowns. When the voltage was reduced to 8 kV, not much 
plasma mass left the gun, or no plasma discharge took place at all. The pressure was 
varied within 10 mT to 200 mT, but only in the region of 20 mT to 70 mT a toroidal 
current was measured. Above 70 mT, breakdown again is affected, so that pulses 
become much noisier and are less reproducible. Furthermore, the resistance of the 
plasma becomes higher, so that the toroidal current decays much faster. For the 
sheet speed the model predicts: uz - p'1/2, this was observed and is shown in fig. 34 
(consider its legend). The axial magnetic field was varied between 0.065 T and 0.26 
T (max. flat-top values). It was observed that the stronger the field the faster the 
toroidal current was reversed, because of the resulting Lorentz force. 
Synchronization was impossible to achieve, as discussed in section 4.4. . Fig. 35 
shows the timing of the two discharges, whereas fig. 36 shows the discharge current 
on the same timescafe along with the signal from the first diamagnetical probe. 

1 2 A helical current discharge It encountered when helical current exits from the flat end of the inner cylindrical 
electrode into the driftspace (not the same a t the ejected plasmoid or the central conductor leakage current). The 
experimental setup is in such a way, that the probes must give a positive pulse for a helical current discharge, and a 
negative one for the propagating toroidal plasma current, because the current polarities are opposite. 
1 3 Where the energy is supplied from the axial bias field 
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5. CONCLUSION, j 

A time-dependent MHD current element model for the coaxial plasma gun in 
the high density regime was derived and examined by the experiment. The very good 
agreement between experiment and model was shown. It was found that radial 
motion and thermal diffusion can very well be neglected during the acceleration. The 
design of the gun used in this experiment was described, and design considerations 
given. Some modifications, i.e. the central conductor and the aluminum cage, turned 
out to be rather useful in tic ermining what is happening. The unique design allowed 
to measure both time delays of the plasmoid and the shock wave with the same array 
of diamagnetical probes. The stability was enhanced by two factors: (1) toroidal, 
respectively helical bias field, and (2; by prevention of transverse expansion in the 
driftspace through the rarefaction wave pattern. The operation of the gun was very 
much breakdown-characteristics dependent. The findings of the enhanced stability 
and of the central conductor operation mode should be of interest to further plasma 
gun research, and to injection devices for magnetic confinement as discussed in the 
introduction, specially for Spheromaks. 
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I APPENDIX - FORMULA NOTATION I 

The selected formula notation is given in the order of appearance: 

1 

tf> 

«-x 
n 
D 

o 
k 
Z 
M 

«*r 
f 

P1 
u 

K 

a 
b 

t 
Pp 
* 

main discharge currant 

circuit resonant frequency 
inductivrly of x (for example Lgun) 
partida density 
diffusion coafficiant 

conductivity 
Bohzmann constant 
order of ionisation 

total mass 

radial velocity 
degrees of freedom 

pressure in compression-region 
velocity 

apparent flux conservation factor 
plasma minor radius 
distance aluminum cage - R 
length of the gun 
axial bias field strength 

confinement efficiency 
poloidal magn. field strength 

>0 
t 
r 
e 
MO 

«0 
T 
m. 
u2 
T 
us 

PO 
•p 
• 
R 
to 
"0 
q 
ij 

Be 

amplitude of ignition haf-period 

time 
radius 

elementary charge 
permeability of vacuum 

permttivfty of vacuum 

electron temperature 
electron mass 
axial velocity; sheet speed 

>(f+2)/f 
shock front velocity 

mass density of restgas 
toroidal plasma current 

permanent flux 
plasma major radius 
ejection time of a certain inf. elem. 
axial speed at ejection 
safety factor 

internal inductance 
toroidal magn. field strength 
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[ FIGURE CAPTIONS | 

Fig. 1: Current sheet and shock region in the coaxial plasma gun. 
Fig. 2: Current sheet at the muzzle of the gun. 
Fig. 3: Ejected current-carrying (elongated) plasmatorus in the driftspace. 
Fig. 4: Illustration of an infinitesimal current sheet element. 
Fig. 5: Discharge current distribution geometry. 
Fig. 6: Graph of z(t); from N2usec on z increases almost linearly with t. Ejection is at Z«15 

cm, which is the length of the gun. Then t«5usec. Of course, the graph is no 
longer valid for t>5usec for this gun, but to illustrate that the curve is almost this 
section was included too. It would hold for a gun with longer electrodes, i.e. larger 
ejection time. 

Fig. 7: Graph of uz(t); it is seen that the maximum speed of 4.5cm/usec is reached at 
approx. t-3.2usec. At ejection uz-3.5crn/usec. 

Fig. 8: Motion of the plasmoid in the acceleration phase computed according to (16,17). 
Fig. 9: Simplified rarefaction-wave pattern at the muzzle preventing significant transverse 

expansion. The intercepting shock wave pattern was simplified. 
Fig. 10: Same as fig. 6, but for the driftspace phase. The function is still close to be linear 

within the relevant times. Here, t-0 and z-0 at ejection. 
Fig. 11: Same as fig.7, with the same modification as in fig. 10. 
Fig. 12: Heartpiece of the apparatus: 1 - inner electrode/ 2 - outter electrode/ 3 - ignition aid 

(INOX disc)/ 4 - central conductor/ 5 • thin pyrex tube insulating the central 
conductor/ 6 - pyrex tube of the driftspace/ 7 • aluminum cage/ 8 - driftspace/ 9 -
teflon disc/10 - coil spring/11 - copper cross, together with 9,10 fixing 5 elastically/ 
12 - removable bottom plate/13 - fixed bottom plate/14 - permanent flux guide (not 
constuded in axial symmetry)/15 • teflon insulation layer/16 - permanent magnet/ 
17 • teflon ring insulating the two discharge electrodes/18 • O-ring/19 - neoprene 
ring for elastic fixation of 6/ 20 - hexagonal cage fixing axial field coil and the probes 
of the diagnostics/ 21 - muzzle. 

Fig. 13: Array of probes and one diamagnetical probe consisting of two nested loops in 
detail. 
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Fig. 14; 

Fig. 15: 
fjcUfi; 

Fte. 17; 

FiO. 18; 
Fig. 19: 
Fig. 20: 

FiO. 21; 

FiO. 23; 

Fjg^Sil 
£i£UL 

Fig. 27; 

Fig. 28: 
Fig. 29: 
Fig. 30: 
Fig. 31; 

Fig. 33: 
Fig. 34: 

Fig. 35: 

Fig. 3fi: 

Typical osciNogram for the discharge current (channel 1) and the current in the 
central conductor (channel 2). Channel 1: 4.3 kA/V/ Channel 2: 2 5 kA/V. The 
vertical soke at t«l5usec indicates breakdown. The first hal period is longer since 
the discharge current flows through the central conductor loop, which has a much 
higher inducttvity. 
Axial field coil with opposte current polarity compensation coM. 
Axial and radial components of the magnetic field, into which the plasmoid is 
injected. This geometry is actually twisted into a helix by the azirruthal components 
of the field. In the case of +4000 A (a) the gun worked fine, but for opposite field 
polarity (-4000 A) (b) in order to achieve flux amplification no toroidal current was 
measured. The bad breakdown for the latter situation is also influenced by the 
clearly visible X-point (-4000 A). The permanent field was represented with a 
current carrying loop. Not al field lines are shown for clarity. 
The movement of the torus in the driftspace can easily be viewed in this picture 
from the oscilloscope. From top trace to bottom trace: D1 (2V/div), D2 (2V/div), D3 
(W/div), D4 (.5V/div), where 0 means diamagnettcal probe and the higher the 
index the farther away the probe is from the muzzle. 5usec/div; p*50mT; 13kV 
discharge potential. 
The same parameters as in fig 17: Channel 1:01/Channel 2: D2 
Analogously to fig. 18. 
Analogously to fig. 18. 
Analogously to fig. 18. 
Analogously to fig. 18. 
Radial and axial field components after injection. The moving plasmatorus is 
approximated with a current carrying loop. For this figure, the axial coH discharge 
current was 1000 A and the current in the ring 5000 A with opposite polarity. Note 
that this is only a model. Behind the plasma, a X-point occurs. The positions of the 
turns of the coils are clearly visible. The muzzle is at z-0 between r«3 cm and r«5 
cm. The axis is at r=0. 
Com. fig. 23. 
Cont. fig. 24. 
Corrt. fig. 25. 
The same series as fig. 18-22, but for helical bias field. The notation is still the same 
as in fig. 18-22. The explanation of the fig. is given in the text. 
Analogously to fig. 27. 
Analogously to fig. 27. 
Analogously to fig. 27. 
Analogously to fig. 27. 
The notation is still the same; the axial field discharge current is here +4000A. First 
there seems to be no difference to fig. 27. 
Already at 03 the toroidal current is zero and wiil be reversed in the following. 
Pictrure from the oscilloscope; from top to bottom trace: 01,02 (60mT) / D1.D2 
(40mT), where the deflection is .2V/div; 5usec/div, 12kV. According to the model, 
the ratio of the two time delays should be 0.81, to which the measured ration of 
0.78 is in agreement. 
Timing of the two discharges. Upper trace: plasma discharge current/ Lower trace: 
axial field coil discharge current. The sensitivities of the traces have been selected 
in such a way that the signals can be viewed clearly. 
Plasma discharge current and signal of D1. Upper trace D1 (.5V/div)/ Lower trace: 
plasma discharge current (uncalibrated). 5usec/div / 60mT / i2kV. The first half-
period is longer since the current flows through the central conductor. 

PHOTOGRAPHS 
Picture 1; Total view of the apparatus at the CRPP. 
Picture 2: Headpiece, i.e. coaxial plasma gun at an early experimental stage. 
Picture 3; Rak with diagnostics and discharge triggering system. 
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