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Introduction 

At the Air Force Weapons Laboratory , interest has 
continued for some time in energetic plasma in jectors. 
A possible scheme for such a device i s the plasma 
deflagration gun. When the question arose whether it 
would be possible to scale a deflagration gun to the 
multi-megajoule energy level, it became clear that a 
scali ng law which described the gun as a circuit 
element and allowed one to confidently scale gun 
paramenters would be required . We sought to develop a 
scaling law which self- consistently described the 
current, magnetic field, and velocity profiles in the 
gun . we based this scaling law on plasma parameters 
exclusively, abandoning the fluid approach used by 
Cheng ,t-'1 

Scaling Law 

Our one-dimensional quasi- s tatic plasma 
deflagration gun is shown in Figure 1. The boundries 
at y = 0 and at y = D are perfect conductors. The 
boundry at y = 0 is maintained at a constant voltage V 
with respect to the opposite boundry so that a 
constant electric field Ev exists throughout the 
volume of the gun. The flow of current through the 
yet unspecified plasma within the volume of the gun 
yields a current density Jy(z} and a magnetic field 
B. (z} within the volume. The current pat h enters at 
y = 0, z = z~, (z..,>O} , cros~es between the electrodes 
throughout the volume of the gun , and exits at y = D, 
z = zb ~o that the magnetic field is zero at the 
muzzle of the gun, z : z.,., (z,. <0} and the plasma 
moves in the - z direction . 

We begin by assuming a low density flow, 
dominated by single particle dynamics in which plasma 
motion is driven by the E x B drift of the particles 
as they orbit the magnetic field lines . The bulk 
plasma velocity is given by 

v EX B 
= -sr ~<-£> 

Now, unless the current distribution extends to 

(1) 

z = -oo (which would require infinite magnetic field 

Muzzle Breech 

l o • L 
! ~ 

Accelerating Region <z>Ol 

Figure 1. 1-dimensional quasi-static plasma 
deflagration gun . 
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energy} B, = 0 at ~ome station of the gun. Further, 
we could simply extend the conductor such that E 7 = E 
where B~ = 0 and this mechanism would imply an 
infinite veloci ty for the plasma. Since this is 
unphysical, v must plateau at some value v = vf. 1 • A 
possible explanation of this cutoff in -velocity"is the 
particles ' Larmer radius exceeding the interelectrode 
spacing (rc > D/2} , but for purpose of this discussion , 
it is sufficient to say that some mechanism does 
exist. 

We set z = 0 at the point where acceleration 
ceases and where v = v;in"l • We identify the magnetic 
field at that point as B. = B0 , so that 

From z = 0 to the muzzle of the gun at z = Zm, the 
~nly cur~ent flowing is the conduction current 

(2) 

J = u;kE resulting from the fact that the plasma has 
some finite temperature and hence some finite 
conductivity ~~ • We assume that the plasma 
temperature and conductivity are constant for all z 
(including z > 0} so that J. is constant . For 
completene~s we assume that the power input into the 
volume by J. x ~ is balanced through radiative and 
conductive losses. This is necessary if we are to 
find a steady- state solution to the problem, and is 
consistent with the constant temperature assumption . 

If particles ~nter the gun at positive z and are 
accelerated until they reach the cutoff point, there 
must be an additional input of electrical power into 
the volume for z < 0. We allow this additional power, 
input thro~h the presence of a current density Jd 
such that Jd x ~ contributes only to the drift of the 
particles, and it is this current density for which we 
wish to find a self-consistent solution. We begin by 
describing the dependence of B(z) on 
J(z} = Jc + Jd(z). We will solve the problem 
quasi-statically and one- dimensionally ; that is, we 
will allow variations on the z- direction only, 

d -di-
0 dt = 0 

It is easy to see from Ampere ' s law that for z > 0 , 

so that we may write 

(3} 

(li} 

(5) 

Now,~if ~e say that the bulk plasma velocity is simply 
the E x B drift velocity at any station in the gun, we 
have 

(6) 

and 

(7} 
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We choose to evaluate v, because it is related to the 
directed kinetic energy of the ions, by which the bulk 
of the momentum and energy are carried . Per particle , 

K(z) = (;•) 

d~~z) = {~') 

(8) 

(9) 

Now, i f the particles are streaming through the gun so 
that the particle f l ux is ~. the diff erential 
electrical power per uni t length input i nto bulk 
plasma motion (recalling that particle energy is 
increasing with decreasing z) is 

(10 ) 

But the differential power input must be related to 
particle kinetic energy by 

<M dK (z) 
dz <l>A \~;) 

: <l>A (~;) 

• [ .l'oJc + .l'oJd (z ~ 
Equating the two expressions yields 

( 11) 

(12) 

( 13) 

Solving for J (z), we a r rive at the integral equation 

Jc~(z) = ( 15) 

This equat ion may be evaluat ed numerically to arrive 
at a current profile, but we may readily solve for J 
at z = 0 where acceleration ceases . 

(16) 

Note at Jd(O) becomes quite small for small m;<t>B,..., 
and becomes negative (corre sponding to energy 
extracted from the plasma, an unphysical solution) for 
m;<t>E,..., > B~ • Therefore, we must operate the gun such 
that 

( 17 ) 

Recalling that v.f;.,Q1 = E /B0 , we rearrange terms to get 

a! 
m;4>vf;,..1 S ,..., ( 18 ) 

In other words, the pressure (or momentum flux) of the 
plasma stream cannot exceed twice the magnetic 
pressure at cutoff. It i s noteworthy that this is 
s i milar (within a factor of t wo) to the result which 
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Cheng derrived by elimi nating terms of the momentum 
equation by estimating orders of magnitude. 2 We may 
define an effective beta 

m;<t>v. i,..•' 
( B:/21lo) 

( 19) 

For a deflagrati on gun operat ing with maxi mum output 
of momentum flux (maximum effective beta), Jc~(O) is 
infinite ; that i s, power input i nto the bulk plasma 
motion takes place in an infinite l y thin current 
sheath . For fi ni te Jd(O), the current sheet has 
finite thickness, but an examination of equation (18) 
shows that the larger Jd(O), the qui cker Jc~(z) falls 
off With increasing z. I n short, our simple model 
returns a result that has been verified in experiment: 
the current distribution in a deflagration gun is 
composed of a diffuse current throughout the barrel 
and a thin current sheath of high current density at 
the breech. (See Figure 2. ) 

Comparison wi th Experiment 

Let us consider the B- field profile that would be 
observed i n a defl agration gun oper ating at maximum 
efficiency ( I'J eH = 2), accelerating particles from 
rest to v = v~ ino\ in a i nfinitely thin jump region. 
Granted, this limit 1s unattainable , but it is the 
simplest to analyze . We integrate over the 
delta- fUnction current pr ofile J 4 to obtain the 
current 1n t he jump region Id. Power balance requires 
that 

E or6 = 

Now, we may use our two equivalent expressions fo r 
Vf;"'l'' , equati on (2) and a derivati on from equation 
(19J, 

along with Ampere's law, 

(20) 

(22) 

to solve for the step increase ~B across t he current 
sheath . Combini ng equations (2),(20),(21) ,and (22) 
yields the result 

Ll.B = (23) 

\ j3eff ( 2 

' 
\ ·,. Aeff « 2 

\ ..... ,-
' -··-. 

z•O 

Figure 2. Current density in the model gun. 



This analysis gives favorable comparison wi th 
experiment. Figure 3 shows a magnetic field contour 
measured by Cheng during a quasi- steady discharge 
phase in a coaxial plasma deflagration gun.1 Figure q 
shows the current density on the outer electrode 
derived from this magneti c field profile. Overlaid on 
these plots is the magnetic field profile predicted by 
our model if the current density Jd were a delta 
function at the peak of the calculated current 
distribution and Jc were suffi cient to support the 
magnetic field in the remainder of the gun. Certainly 
the agreement is not perfect, but it is qualitatively 
correct, and is a good fit considering we are 
comparing an i deali zed, recti linear model wi th an 
actual, coaxial experiment. 

Another result fa l ls out of this analysis of the 
maximum-efficiency gun. If the integrated current 
density Jd yields a current Id , and i f the jump in the 
magnetic field is ~B = Bo/2, then it is clear that 

I not 
-3- (24) 

Thus, for a constant electric field E , only one-third 
of the power input into our maximum- efficiency gun 
goes into accel eration of particles, whi le t wo-thirds 
is dissipated. Hence, measurements which claim that 
efficiencies of 70 percent or greater are possibl e 
with the deflagration gun are highly suspect . 

Suggestions for Further Work 

It would be highly desirab l e to build 
deflagration guns in the megajoule energy range and 
beyond and at the gigawatt power level. However, 
deflagration guns which have been built to date occupy 
a small area of parameter space. Table 1 lists some 
of the parameters of deflagration guns which have been 
built by various experimenters and for which a body of 
data is available. Also l i sted is a fictitious 
"typical" deflagration gun. Note that the parameters 
of the guns which have been constructed vary from 
those of the typical gun by thirty percent at the 
most, often by a much smaller margin. 

If we ask which parameters we might change to 
build a more powerful deflagration gun, the simple 
answer is found by treating the gun as a resistive 
element, specifically by a pair of paral lel resistors 
Rd and Rc = Rd/2. If the gun is filled with plasma of 
resistivity P ~h, then we simply have 

R D = Pt'n LW (25) 

For a given voltage source, we i ncrease. the power 
dissipation of our resistive element by lowering its 
resistance. Looking at equation (24), we probablY can 
have l ittle effect on the plasma resistivity. So, we 
make the gun thinner, or longer, or both (increasing 
its aspect ratio) , or larger in diameter. The most 
attractive, from the standpoint of beam colli mation, 
is increasing the aspect ratio. This simple analysis 

Experimenter Charge Maximum Inner Outer 
or Group Voltage Current Radius Radius 

D. Y. Cheng I·Z 20 kV 0.65 MA 0.63 em q.5 em 

Case Western 6 9 kV 0.50 em 4. 0 em 

AFWL 5 18 kV 0 .42 MA 0. 65 em 2.5 em 

Typical 20 kV 0.50 MA 0.60 em q.o em 
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Figure 3. Magnetic field distribution in the gun - ­
theory versus experiment. 
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Figure 4. Current density distribution in the gun -­
theory versus experiment . 

indicates that high-aspect- ratio deflagration guns 
should dissipate hi gher power than those that have 
been constructed to date . 

One would feel more comfortable about designing 
an experiment if a more sophi sticated analysis of the 
problem could be conducted. Analysis of the 
deflagration gun problem using the one- dimensional 
code MAGPI E is planned at AFWL. Figure 5 illustrates 
the initial conditions for this problem. Orginally 
designed to analyze an imploding plasma liner in a 
cylindrcal geometry , by setting the radius to a large 
value and scaling components of the dr i ving circuit 
apropriately , it is possible to do the rectilinear 
deflagration gun problem. 

Aspect Gas OUtput Output 
Ratio Species Vel ocity Density 

7.6 He 3 - 12 cm/JJs 10'$ - 10
14 

em 

9. 1 He 10 - 12 om/JJS 10's - 10" em 

12 . 3 H,He,Ar 11 cm/JJS 3- 5 X 10 IS em 

10.0 He 11 cm/JJS 5 X 10 1
$ om 

Table 1. Comparison of parameters of several pl asma defl agration guns. 
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Figure 5. MAGPIE !-dimensional probl em. 

Conclusion 

o r(<mJ 
1000 

We have developed a simple model of the plasma 
deflagration gun which includes a self- consistent 
description of magnetic field and current density 
within the volume of the gun. The results of this 
analysis are in agreement with data available from 
deflagration gun experiments. The analysis points to 
high- aspect ratio designs for deflagration gun 
experiments i n high-energy, high-current regimes. 
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