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CHAPTER I
INTRODUCTTON

In 1966, Bruce presented the evolution in time for _the expansion
intq a wvacuum, of'a small sphere of aluminum plasma, Sufficient initial,
. uniform energy density was assumed to be added.to the.zluminum sphere
to produce a high density plasma. The results depended upon an analyti-
cal equation of .state which was developed for the problem, Two results
stand out significantly in Bruce's work:

1. The formation of a "cold, shell" at the outer edge of the ex-

panding material,

2. - The- creation of é-high temperature, low density core,
Subsequently, Brown (1968) measured the light output as a function of"
time from a vacuum spark between .aluminum electrodes, using a pulsed.
photomultiplier, . The results, which. Brown obtained, indicate the forma-~
tion of a:"cold shell" in the expanding aluminum plasma which conducted
the current of the spark discharge.

Another way to produce a high energy density, aluminum plasma is
the "exploding wire" phenomena. In the published literature, some, evi-
dence is presented .for the formation of a‘"cold shell™ (Bennett, 1962)
and the creation of a,'hot core" (Bennett, 1965) in the “exploding wire"
phenomena, It thus becomes very desirable to use the "exploding wire"
rhenomena as a means of checking the theoretical approach of Bruce,

using in part, the experimental techniques.of Brown.. Other tests ccould



be performed with a far ultraviclet-vacuum spectrographli built by Payne
(1966) and with a recently constructed quadrupole mass 'filter K (Willis,
1969), for determination of ionization in the dluminum plasma. To
properly correlate-experiments-to thé theoretical approach,.it is neces~
sary to know accurately the energy content and-volume of the wire prior
to its expansion,,

Kvartskhava et al. (1957) and:Thomas and Hearst.(1967) have pro-
posed and used methods for-measuring -the energy content of an "exploding
wire" in capacitive discharge systems. These methods can become rather
conplicated due.to the non-linear circuit equations; a simple, yet re-~
I1iable . method of meazsuring the energy content would be,of great worth,

Another problem associated with "exploding wires" is the need to
establish a volume for the wire at a time which can be,considered as
the beginning of the explosion. Before the initial energy density can
be determined, this wvolume must be established. Reithel and Blackburn
(1962) have discussed a concept that is known as the "resistance anomaly"
in "exploding wire" phenomena. This -anomaly expresses the fact that'the
resistance of a wire of a specific, initial size is.not a, unique func-
tion of the.energy content, but depends upon the rate of energy input.
to the wire. For a higher rate of energy input, the resistance increas-
es at a lower rate. This anomaly was discussed on the basis of a hydro-
dynamic model and was attributed to-:inertial confinement in the expan-.
sion process. . Tucker and Neilson (1959) previously provided, a very use-
ful messure of inertial confinement. The noted that for a given materi-
al, the integral of the square of the current density with respect to
time while the resistance increases to its first peak is a comstant. In

view of these remarks, it seems highly desirable to insert.the energy



into the wire<in as short a time as possible, Tﬁ%s employs the inertial
confinement in order to establish an initial wvolume at which the explo-
sion begins.

Another problem is-to.remove therelectromagnetic.fields after the
plasma is formed. In the conventional manner.of exploding a.wire by
discharging a capacitor bank-through the wire, electromagnetic fields
exist in and around the wire during the expansion of:ithe plasma.. This
effect does not correspond to the theorstical problem .and must be elim-
inated in order to compare the analytical solution with.the experiment.

One-might ask the question, is -the energy input.uniform throughout
the “exploding wire" whén it is heated by the conducting current, This
question is answered in Chapter II, It is shown for.a.small wire of
constant volume, that the current first travels on the outer edge of the
wire. Within a very few nanoseconds, the current density becomes prac-
tically uniform throughout the wire. For times much larger than anano-
second, the energy is inserted uniformly in, the wire provided that no
expansion occurs.

The main purpose of this thesis is to discuss the.theory and con-
struction of an "exploding wire" system which overcomes, to some extent,
the preceeding difficulties. The basic -eircuitry which appears capable
of satisfying the present goals, was found in the published literature
(Tucker, 1960), In the system which has been constructed,.a square
veltage pulse of known amplitude and, duration is launched down a coaxial
cable which is terminated in the wire to be exploded. .The -wire is
mounted in,a vacuum. This pulse is obtained by switching a coaxial
cable, pulse generator by means of a, pressurized spark gap. A second

gspark gap is placed just ahead,of the wire at the end of the cable in



order to sharpen the leading edge-of the-voltage pulse.. Of course, the,
wire will not absorb all of tﬂe incident energy; part.of._the.energy will
be reflected. This reflected energy could-enter the wire by multiple
reflections at the ends of the coaxial cable, if the energy were not re-.
moved from the cable and dissipated. Since it is.desirable for the wire
to expand in a region free,of electromagnetic fields,.a timed.and trig-
gered spark gap is employed.to-discharge the excess energy into a coaxr
ially mounted resistor. This system is equivalent, in its basic opera-
tion, tc that of Tucker, but has the additional .features of -having the
wire mounted in.a vacuum and of eliminating tlie reflected energy. - The
basic electrical features.of the system are presented in Figure 1,
The coaxialized "exploding wire" system which has been constructed
has several advantages over the capacitive discharge.system:.
1. The circuit equations are algebraic rather than non-linear
differential equations.
2. A voltage measurement across the wire alone serves to deter-,
mine the energy content of the wire.
3. By making the system completely coaxialized, good shielding
and frequency-response is obtained,
4, The wire is mounted as part of the center conductor of a coax-
ial cable delay line; the resulting eylindrical K symmetry
serves to .stabilize the wire.
5. A coaxialized pulse generator delivers curyent.to.the wire for
a predetermined period of time, after which the wire,is allow-.
ed to expand:
Since it is desirable to insert a large amount of.energy into a

wire in a very short pericd of time, it is important to use a very small
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diameter wire. For a given current.in the-wire, a smaller .diameter wire
has a-greater resistance, and accepts.more'energy per.unit time than a
larger .diameter ‘wire, The smaller diameter wire alsc.has.a.greater
"pinch" pressure (see Chapter "II) which tends to prevent, expansion of
the wire. The hydrodynamic;‘“pinc " pressure is proportional to the
square of the-current demsity in thé wire. Several.aspects.need'to be
coﬁsidered when selecting a‘'size of wire for a current pulse of known
amplitude and duration.
A, Wire Length
1. Long enough to minimize end effects,
2, Short.enough to appear as a sphere at a'few centimeters,
from the wire.
B, Wire Diameter
1. Small enough compared to. the length to_-minimize end effects.
2. Small-enough to be heated:to -the desired temperature by the
available current, -
3. Large enough to be handled .easily.
The duration of.the current pulse to the:wire is restricted in several
ways:
1. Short enough so the.wire.remains at essentially comnstant volume
during the energy input.
2, Short enough to prevent arcs from shorting the wire, or con-
ducting vapors.
The: remainder of this thesis is devoted to a thecretical discussion
of the "pinch effect", to the comstruction and operation of the complete-
ly coaxialized "exploding wire" system, and finally, to some preliminary

results that demonstrate the operation of,the system.



CHAPTER- 1T
"PINCH EFFECT" IN A SMALL ALUMINUM WIRE

When an electric current flows through a -cylindrical wire, the
self-produced 'fields-exert forces on the moving charges which are di-
rected toward the center of-the wire. These forces result.in a radial
pressure distribution throughout the cross,section of the wire. This
pressure distribution tends to squeeze or "pinch" the wire,

The purpose of this chapter is to determine the -current density ,
distribution.in a smail diameter aluminum wire as a function of time.
From thig distribution, the resulting magnetic induction ,and pressure

distribution will be determined.
The Piffusion Equation

To derive-the diffusion equation (Gartenhaus,.l964)., first consider
Maxwell's electromagnetic equations for a,conductor in rationalized MKS

units.

<1 <1 <]
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where,

B = magnetic induction vector
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electric-field vector

4l
[

electric current density.

It is agsumed that 'no charge density exists within.the_conductor, and
that the displacement,current vanishes, The permeability is assumed.to

have the free space value, u,,

In addition to Maxwell's equations, the conductor is assumed to

obey Chm's law in the form,

where
6 = electrical cenductivity.

Taking the curl of the last of Maxwell's equations, and using the

vector identity,

- - 2

VyxVxA = V(V.A) - VA,

appropriate substitutions give the diffusion equation,

2 2 -

B = V¥ B/uoc°
This equation is solved for B, and then.J is determined by the last of
Maxwell's equations,

Geometry and Boundary Conditions

Consider a cylindrical conductor 'of .radius ¥ s of infinite length,

and oriented along'the z:axis of .a cylindrical coordinate system. A
current, i, flows along the eylinder., The resulting current density
has only a component in the z direction which is a function of the rad-

ial distance, r, only, The magnetic induction has only a component in



the r d6 direction which is a function of r only. The following solu-
tion for B'and J-is given by Anderson et al.‘(1Q58).
The diffusion equation, after convertion to ecylindrical coordi-

nates, and with the above'conditions.is written,
11 1 2
B* + B'/r - B/r" = 1100~B,

where
B = tangential component 'of B

According to the “skin effect™ (Firancis, 1960), -the current first
travels on the outer surface of the conductor.and then diffuses toward
the center. The boundary conditions for B, corresponding to this situa-

tion, are
B(r,o0) = 0 3 r<zr

B(ro,t) = BO s £t >0,

where Bo is.the constant value of ‘B at the surface of the,conductor,

Solution of the Diffusion Equation

Employing the substitution
B{r,t) = U{,t) + V{(r).
the following is obtained,
1" T 2' ’
" 4+ UYr -Ufr = K oU
2

v+ Ve -v/ix® =.0,

with boundary conditions

Ur,0) ., = - V(r)
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U(r,st) =, 03 t>0

¥

V(l'b) = B‘; .

The equation for V is an Euler's -equation- (Rells, 1960). The-solu~
tion, after applying the boundary condition and-imposing the restriction

that.V be finite at r = 0, is

V = Béx

»
Il

crfry .

Separating the radial and time dependence by thersubstitution,

U(x,t) s(r) T(1),

results in the following:

L 0 T/A" = 0

2

r” 8" + r8' + (kz rz

-1)s8s=0
12 = undetermined constant .

The equacion for T is readily solved.

T = exp(- kz tﬁJoc) .

The equation for S may be solved by making the substitution,
W = Ar,
te obtain_
2

WSt o+ WS'-+ (W -1)s = o.

This is a Bessel's function of order one b (Kells, 1960). Its solution is

S =_ E An Ji (Wn)‘
n=1



Jl(Wﬁ) = Bessel function of-order one'

By collecting terms, the solution for U(r,t) is

«© .2
Ulr,t) = I An Jl(Wn) exp (= A" t/uoc).
n=1

From the boundary condition at r = r, for t < 0,

Jl(an) =.0
where,

a = X T .

n n o

We can now write U as a function of the relative coordinate x.

- 2,2
U{x,t) = nél An Jl(an x) exp(~- a t/rd uoo).

To evaluate the Ah, the boundary condition at t,= 0 is applied to ob~

tain

U(x,0) = ngl'Ah Jl(arl x) = - B, x

Multiplying this last expression by x Jl(am x) and integrating with re-

spect to x between 0 and 1, using the orthogonality conditions fox

Bessel functions, (see Appendix.A),
An = 2 BO/an_Jo(an)
Jo(an) = Besgel function cf order'zero.

The solution for the magnetic induction thus bectomes.



12

B o 2,2
B(x,t) = B, [x + 2 n§1 Jl(an x) exp(- a t/ro uoc)/an Jo(an)].

In the actual calculation for the magnetic induction, -this last expres-
sion will not-be used. Rﬁther,-B is calculated from J'by an appropriate
inte;gration° In this way the use of Bessel functiong of two different
orders will be avoided;, which saves considerable computer time. Upon
integrating the last of Maxwell's equations using Stokes' theorm, one

obtains for the present situation
. T.
B(xr) =,uo/rg Jrdr 3 r#£0
0

B(O) = 0

The solution for the current density is obtained by using the equations

J = [vx E]Alo
J(x) = [B/r+ B‘]/uo
J = =z component of I,
or, in terms of x,
= t -
J(x) [B/x + B'1/r u

The equation for the current densgity is

J(x,t) = y[1+ nﬁl Jo(aﬁ x) exp(- ai t/ri uoc)/Jo(an)j

Yy = 2 Bo/rou0 .
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The "Pinch®™ Pressure

For an infinitely long, uniform cylindrical conductor -which hag a
uniform current density distribution,:Hagune®(1962) presented arguments'
establishing the "pinch" pressure as a function of.the.radial -distance.
Similar arguments allow for an arbitrary current density .distribution
in the conductor.

Consider a volume elemert, &8, which is-at a distance, r, from the

center of the cornductor

¢ =- r 6r 89 61

1 = conductor length,

The: force Fc on a single charged particle in 4R is

fc = q[v x Bl,

where

charge of the current carrier

=
i

<1
I

velocity of the current carrier

This last equation is indicative of, the fact that the -force.on a charged
particle 1s directed radially inward. For the present situation this

equation reduces to

|fc| qvaB

v = gz, component of v .
The force S6F per unit volume &Q ig

§ F/r 8r 6061 = |F | n,
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where

n = number density:of current carriers .

Thus,
§F = nqv.Br dr 88 61,

where v is now an average velocity for the current carriers, But the,

current density is given by
J =.1q V,.
so that,
8F .= J B r 6r 86 681,
The force 6F is exerted on the area r 68 81; hence, the.ring of radius
v and thickness 6r experiences a pressuredifferential &P given by

8¢ = &F/r 86 &r = J B 8r°

The total pressure,at a distance,.r, from the center of the -conductor is

obtained by integrating P from r to the surface'of.the conductor.

To
P(r) = f) J B dr .
T

It should be realized that this result implies that pressure effects are
instantaneous, 1In actuality, pressure effects are.expected to propagafe
at  the velocity of sound in.the conductor, This requires a more compli-

cated set of equations than.those for the present problem,
The Computer Solution

In order,to prepare the equations for J, B,'and P to be.solved on
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a computer, it was decided to avoid absolute-values by -defining relative
values for all of the variables. In addition to the_relative coordinate,

%, which has already been defined, the following are-also defined:

I = J/IO

I, = i/ﬁrg = current density when it.is uniform
M = B/B(ro)

B(ro) = u, if2 7w r,

1l

constant magnetic induction .at surface of conductor

Q = P/PO

P = q

.2 2 2
. o 1 [an rg

pressure at ¥.= 0 for uniform K current density.

Using these definitions, the equation to be solved become,

© 2 2
I(x,t) = 1+ n§1 Jo(an x) exp(- a_ t/r0 uoc)/Jo(anz
M{x,t) 2/x Ixdx ;.x <0
0
MO,t)-= 0
i
Q(X,t) = 2 IMdx
-

These equation were solved on,an IBM 360/50 computer which.is.available
at Oklahoma State University. The following parameters are used for an

aluminum conductor.
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r = 1.27x 107 m

6 = 3.57-x 10’ who/m @ 20°C

n, = 4o x 1077 hy/m .

The results of the -computer caleuvlations appear_ in.Figures 2, 3, and 4,
A polynomial approximation is;used.for the Bessel . .functions of order.
zero. This approximation is given.in Appendix B. .The:zeros of the
Bessel functions of oxder one were obtained.from the tables of Jahnke
and Emde (1943), The series expansion for I converged very rapidly.: As
a result it was found necessary to use only ten, terms of the expansion.
The values of I, M, and @ at t = 0 and at t = «.are.of particular
interest ir checking the cowmputer solution. At t = 0,.the current flows

entirely on the surface of the conductor and may be.represented by

Dx,0) = % 6x.~1) .
Consequently,
M{x;0) = 03 x<1
M(l,O) = l .

In order to obtain Q at-t = 0, a delta function, multiplied-by M, is in-
tegrated. This integral has a discontinuity of magnitude 1,at x = 1,

If M were written in-a Fourier series it would comverge.to % at x = 1,
Thig value is the one assumed to be valid for use with .the delta fune--
tion when integrating at x = 1. As a result, the ‘following value is

obtained:

Q(x,0) = 3
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This value for-Q is in agreement.with the calculations:of-Van:Kampen and
Felderhof (1967) who use a slightly different approach to-the problém,
It is further substantiated by the computer solution for times near

t = 0. At t-= o, the following is obtained:

I(x,») = 1
Mix,®) =.x
Q) = 1-x

The quantity"rg'uoo should give-some indication of the time need

for the current.density to become uniform throughout.the conductor. In

the case of a 0.00l inches diameter wire, a calculation shows
2
r wo = 7.24 nanosec.
o o

The: computer solution shows that the current density.becomes essentially
uniform after about 2.5 nanoseconds. An expression.may be written that.

is wvalid for any cylindrical, conductor. The approximate time, to, is

required to obtain-a uniform current density distributionm,

_ .2
t, =1, no/3

As stated earlier, the pressure effects in .the .conductor were as-
sumed. to be instantaneous. This - -assumption-is now.investigated further,

The velocity of propagation, Vi of a plane longitudinal wave in bulk

aluminum is

Ve 6.42 % 103 m/zec
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Figure 2, Computer Solution for the Current Density
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Figure 4, Computer Solution for the "Pinch" Pressure
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A pressure wave which travels from-the outer -edge of-the conductor to

the center requires a time tL’ where

tL = r'O/VL *

By equating té and tL’ we can find a-conductor radius R for which the

electromagnetic and pressure effects, in some sense, propagate with the

sane velocity.

R =-30 av

For aluminum,we have

R = 1.07x10° m

The- above ‘discussion indicates the formation and propagation of a shock
wave in the wire. It should be realized, that in an,actual situation,.
the current camnot rise instantaneously on the surface of the wire.
This "shock effect" is, therefore, less than what it might.appear., It
is desirable to indicate the magnitude of the "pinch'" pressures which
may be encountered for a:'0.001 inches aluminum wire. For this purpose,

Table I presents values of PO for various currents.

As a conclusion to thig chapter, a simple calculation indicates
the order of magnitude of the compression for a wire, which is expected
from the "pinch effect". The isothermal compressibility, k, (King,

1962), is defined by the following equation:

k = - (1/v) (3V/3P),

where



22

volume

P.

|

pressure ,

Thermal effects are not considered since they would tend.to expand the
wire rather than compress it. Compressional.effects are.calculated for
the initial instant before the temperature starts to rise. The-equation

for the compressibility is rewritten in-terms of the mass density p.
k = (1/p)(3p/3P)

Assuming k to be conmstant, this equation may be integrated in the fol-

lowing manner:

P+ AP o
k dp = do/p
P Py
k &P = Inlo/p)
By letting
AP = Po/2 .

the following equation is obtained;:,

p/po = exp(k P0/2)

8ince the compressibilities for solid conductors are so small, the fol-

lowing approximation is made:

plp, = 1+kP /2.

The isothermal, compressibility for aluminum is
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W,; = 1.37 x 1074 w¥/ne e 20°

Values for the compression ratio p/po are presented in'Table I, It is

obvious:that the effect is very small,
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TABLE I

PRESSURE EFFECTS IN A 0.001'INCHES DIAMETER ALUMINUM.WIRE

i (ampc;.res) ) . I?(J (nrn:/m?') S .p/po
0. . 1.97 x 10 . ‘ 1.000000600135
100. 1.97 x 10° 1.0000000135
1000. 1:97 x 0% 1.00000135

2000. 3.94.x 10° 1.00000270




CHAPTER IIL
COAXTAL CABLE THEORY

In- this chepter, the characteristics of coaxial cables are reviewed
and- their application to.obtain a pulse generator is presented. This
summar§ emphagizes the importance of the coaxial cable in the assembly
of the "exploding wire" facility. The-presented .equations are taken
from the development of the subject by Millman and Taub (1956), Whitmer
(1962), and Frungel (1965). This chapter includes the development of
the equations which relate the wvoltage across the wire to its resistance,
and to the energy input to the wire and the resulting plasma., In con-.

clusion, a short description is presented of circuits of.cables that may

be employed to increase the-input of energy to the "exploding wire'.
The Coaxial (Cable as a-Delay Line

Delay lines are passive, four-terminal networks.which have the
property that a signal applied to the input terminals.appears at the
output -terminals after ,a time interval, T, which is called the delay
time., If a signal is applied to a practical delay line, the signal will
suffer distortion-and attenuation., In this case, the delay time is de-
fined;as the time interval between.theé 50 per.cent amplitude points of
the rising edge of.the incident and-of the delayed signals.

The coaxial cable delay line is of particular interest for the

problem that is comsidered in this thesis. It is practical to use a

25
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coaxial cable as a delay line sinee.its electrical parameters are dis-

tributed; that is, the coaxial cable has a capaecitance, C., and an in-

L’
ductance, HL, per unit length. Physically, the coaxial cable consists
of two concentric, cylindrical conductors with dihme;ers A and B, which
are insulated by a dielectric of high electrical resistance. The geome-
try of a section of coaxial cable and its equivalent,.electrical circuit
are gsketched in Figure 5. Between the two conductors, the insulating
material has a dielectrie comstant, k.

An important-parameter.of the-coaxial cable is its characteristic

impedance, which is defined by the relation,

Rb - 4/E£7E£T’

where.~R0 has the units of electrical-resistance. If an ideal cable isg

terminated by a non-inductive resistance which .has .the same walue as its
characteristic impedance, the output signal will show.no.distortion of
input.signal at the output terminals, In particular, there is not dis-
tortion of a complex wave. According to-electromagnetic theory, a
siunsoidal voltage that is .applied to the input.terminals of a cable
will travel toward the output terminals with a.constant velocity of
propagation, v, which is independent of frequency. Since any wave form
can be resolved into its Fourier speectrum, an ideal coaxizl cable that
is terminated in its characteristic impedance will act as a delay line
for any input wave form. The delay time is T = L/v, L.being the length -
of-the cable, For an imperfect, but practical cable, that is terminated
in a resistor with the, characteristic impedance of the cable, the most

usual source of error is a distributed leakage resistance between the
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center conductor and the ocuter conductor, or .shield., This leakage re-
sults in different,frequencies propagating with different. wvelocities.

The second most common defect in- practieal ' cables is a failure for Ré to'

have “the same value from one end of the-cable to the.othér, including
connectors. It ig customary- to-refer to any length.of .coaxial cable as
a delay line, even if it is not. terminated in its characteristic imped-
ance,

The parameters for a ecoaxial cable depend on the . variable dimensions'
A and«B, and on the dielectric”constaﬁt, k. A list-of -these parameters

and the equations which determine them-aré colleeted in Table IT,
Reflections at the Termination of a-Coaxial (Cable .

A wave form traveling along a finite-length, coaxial cable delay
line will eventually reach the end of the cable. If the cable is not.
terminated by its characteristic impedance, the wave-form will be .re-
flected, and travel.back toward the inpuf- terminals.  The amount of the
reflection will depend upon the value of the terminating resistance, 1In
this section, reflection of a wave form at the termination of a coaxial
cable -will be discussed.

The general solution for the voltage, E, and current, I, along. a
coaxial cable delay line as.a function of the distance along the cable,

x, and the time, t, islgiven by
E(x,t) = Fl(t - x/v) + Fz(t + x/v)

I(x,t) = 1/R -+ [F (t - x/v) - Fylt + x/v)]

Fl is an arbitrary function of-t — x/v and represents a wave traveling



TABLE II

COAXTAL CABLE PARAMETERS

Known Parameters

A (Inside Diameter)

B (Qutside Diameter)

k (Dielectric Constant)

Universal Constants

€, (Electric Permittivity of Free Space)
= 1077/35.952 1 £d/m

u, (Magnetic Permeability of Free Space)
= 4 7% 10-7 hy/m

Determinable Parameters

Capacitance per Unit 'Length +veisversannss CL

Inductance per Unit Length .oeeesnavrocras LL

Characteristic Impedance sssssssecvsasaess Ry

Velocity of Propagation csvesssssnsavssess V

]

I

27k eo/Ln (B/A) fd/m
(u,/2m) Ln (B/A) hy/m

(1/2-W)Juo/k €, In (B/4A) ohms-
1/ m m/sec

6¢
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in the direction of increasing x; F, is an-arbitrary funection of t + x/v

2
and represents a wave traveling in the -opposite direction., The specific
solution for wave propagation along a coaxial cable delay line is ob-
tained by combining waves traveling in opposite directions.in such a way
that the boundary condition is.satisfied at each termination. The re-
quirement that E/I equal the terminating  impedance is a statement of a
boundary condition.

Consider an infinitely long delay line- to which is applied the unit

step voltage, U(t).

o) = 03 t<90
ue) = 1;t>0

There is no reflected wave from the -end of the cable, and the solution

for the voltage and current is given by

E{(x,t) = U(t - x/v)

I(x,t) = l/Ro + Ul - x/v)

Since Rb = E/I, an infinitely long, delay line acts as a resistance of
value, R .
o

Assume that U(t) is applied to a-delay line of finite length, L,

which is terminated by R,. It-is observed, that the boundary condition

is satisfied by the solution that.is given for the infinitely long delay
line. It is concluded*that-a delay line which is terminated in its
characteristic impedance does not-reflect an incident wave.

For the case in which the terminal ‘resistance, R, of a finite,

length.delay line is not equal to Ro’ the solution is quite different
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from the two preceding-.cases. - Assume that a unit step voltage is
applied to a delay line of length, L. Then-a’voltage reflection coef-

ficient, p, is found, which is defined by theé.following equatioﬁs:

E(x,t) = Ut - x/v) +p * Ut = 21/v + x/v)

I(x,t) = (L/Ry) [U(t - x/v) - p * Ut - 21/v + x/v)] .

A current reflection coefficient, ¢, may-be defined:

q9 = =P .

It may easily be showm that the voltage reflection’ coefficient is given.
by

R/R0-1
p = R/R +1 °

Two special cases are of particular interest. In.the first case, R is
equal to infirity (open-circuited 1line), for which, p =+ 1 and q = - 1.

For R = 0 (short-circuited line), p =- 1l and q = + 1.

The Coaxial- Cible Pulse Generator,

T

A length of coaxial cable will-act as a pulse generator if it is
charged to a voltage, V. It may be discﬁafged'through'abloaé resistance,
just as a-capacitor would-be~discharged. -The'energy stored.in'such a
pulse generator is given by the usual  formula.for-capacitive energy-

storage, Wé =5 C Vz,twhere €C =0C. L and L.'is the length of the pulse

L
generator, The pulge generator -that is-congtructed in this manner has
characteristics different from those of a‘'simple.capacitor that is dis-

charged through a resistor. The voltage rises as.a step function, is
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constant for a short period-of time, and then-falls to zero as a step
function,

The operation of the -coaxial cable pulse generator is explained by
applying its Thevenin equivalent circuit. This-circuit diagram-and a
schematic diagram for the pulse generator.are shown in-Figure 6. When

the switch, 5, 1s closed, the voltage drop across R is

RV
E " X+R

It is noted that there is a discontinuity in-veltage at the load resist-
N (

ance, its amplitude being

Suppose R = Rb’ then this discontinuity-is of magnitude - V/2. This

discontinuity travels down the  cable and-discharges it to a voltage, V/2.
When this discontinuity reaches-the open end of tﬂe cable, it is re-
flected without inversion, discharging the cable completely. It is thus
concluded that a length of-coaxial-cable-charged-to a voltage, V, and
discharged into a load-resistance equal-to the characteristic impedance
of the cable, will produce-a square-voltage pulse of amplitude V/2 and
duration 2T,

In the next sectiom,.the reflection of a square voltage pulse from
the termination of a coaxial cable is considered. For this study it is
desirable to have an analytic-expression for  such a wave form. Consider

a square voltage pulse, Ep(t), of amplitude Vo, and duration tp. This

pulse may be represented in terms of the unit step voltage.
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Ep(t-) = v, [u) —ue - tia)] s

where the boundary conditions'are

The -Coaxial Cable Circuit for Exploding Wires

In the preceding éhree sections' of  this chapter the basic concepts
for constructing a-coaxial, "exploding wire™ system were considered.
In this-section, these concepts will be assembled and relevant equatiouns.
presented, )

Essentially, the "exploding wire" circuyit consists of a pulse gen-—
erator, a delay line, and the wire to be exploded as illustrated, in
. Figure 7. The pulse generator is charged to a voltage, V, and discharg-
ed into the delay line., B8ince the characteristic impedance of the de-
lay line is the sdme as that of the pulse generator, a square.voltage
pulse will be launched down the delay line. The wire forms.a resistive
termination for the delay line, When the pulse arrives at the wire,
current passes through it, and causes its resistance to change. The
voltage reflection coefficient at- this termination is, consequently,

time dependent.

R(t)/Ro -1

p o= p(t) = RCO/R + 1°
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Figure 7. Basic "Exploding Wire'" Circuit
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- The-next problem is to determine the reflection 'of a square voltage -~
pulse at.a time dependent-resistive  termination of.a coaxial .cable.

For the situation described-in the preceding.paragraph, the current
and voltage along the delay line are represented by the -following equa~

tions.

E(x,t) = EP(t -x/v) +p Eﬁ(t - 2L/v + x/v)

I(x,t) = 1/Ro . [Eb(t -x/v) -p * Ep(t - 2L/v + x/v)] .

The primary concern 1s' the voltage and-current at-the.wire.termination,
that is, at x'= L. MaKing the substitution for U(t), the following re-

lations are obtained:.

E(L,t) = v, (+ p) [Ue - L/v) - U(t - Lfv - tp)]

I(L,t) = (VolRo) (L - p) [UCt = L/v) -~ U(t= Liv - tp)] .

For times such that t < L/v, the pulse has not yet arrived aglthe Wwire
ternination; comsequently, E{L;t) = I(L,t) = 0. It is, therefore, conv
venient, to define a new time variable, t', such that,the pulse.is just
arriving at.the wire termination at t' = 0. This requires the substitu-.

tion t' =t - L/v, to give

E(L,t') = V(L +5p) [Uce?) - U(t" - tp)]

I,e") = (O /R)Q -p) [ - U ~ )] .

The only, times during which voltage appears across,thé wire and energy

is inserted are times for which 0 < t' < tp. For such times, .

v, 1+ p),

E(L,t")
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IL,e) = (V/R) (1-3p) .

Substituting for p(t'), the following is obtained dfter some algebraic

manipulations.
(') = 26"/ @+ 6(t')
KD = 2/ + 6",
where
Y(t') = E(L,t')/V0
G(t') = R(t‘)/RO
K = I(L,t')/IO 31 = VO/Ro

Since there are two eduations in three variables, one of them must be
considered as independent. It ;seems most convenient to let Y(t') be the
independent variable, since.it is the voltage that is most readily
measured on the oscilloscope. Considering Y(t') as the independent

variable, the following is obtained.

(L") 2 —1(e")

G(c") ¥(t')/(2 - ¥(e"))

Consideration is now given to the input of energy to the wire by

means of joule heating. The rate of energy input to the wire is given

by
W(e') = I@;t') E(@,t")

The total -energy input is obtained by integrating W over the time inter—
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val of the, square voltage pulse. Thus,

.
W = Po S; Poy(ery .~ ¥(e")) at' ,
0

where

The energy content of the wire-at any other:time, t, between 0 and tp

is determined.by integrating between, the limits 0 and ¢.
Cable Circuits -for'Increasing Energy

It.is desirable that)thére be a"means of increasing the energy
delivered to the wire to be-exploded, .without increasing the length of
the voltage pulse’ in which-the- energy;is contained,.and-without in-
creasing the voltage-to which-the-pulse generator is.charged. Increas-
ing the voltage beyopd-a certain point becomes;impractical, because
dielectric breakdown begins to-occur. The problem is one of designing
a pulse generator-using several lengths-of-cable, in.such a way that
the characteristic impedance:of the generator matches that of the delay
line into which it is-discharged.

The general scheme for- accomplighing -the .above.is.as follows.
Select n2 sections of ecdble-of.length; L (n, a positive integer). These
ng cables are divided into n groups.of n cables each. All the cables
of each group are comnected in parallel and charged to a voltage, V.

In each case the center conductors are charged to the higher voltage.

All the n groups are then connected in series. When this arrangement
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is discharged, a voltage-pulse  of amplitude; n"V, is produced. The
léngth of the pulse is exactly the same-as would be.produced by a single
cable of length, L. This means that the energy of the pulse has been
increased by the factor,'nz.

An illustration of a pulse generator using four.cables appears in
Figure 8. This figure illustrates how the cables are connected after

they have been charged- to-the- appropriate wvoltage. .
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Figure 8. Four-Cable Pulse Generator
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CHAPTER IV
COMMENTS ON SPARK GAP BREAKDOWN

As indicated in Chapter I, three different spark gaps are gpployed
in the coaxial cable “exploding wire" system. One gap starts the pulse
dpwn the coaxial cable‘deLay,line. A.;ebond gap sharpeqs the leading
edge of the pulse before it impiﬁges ﬂpon the wire., The third gap is a
three-electrode gap and is employed to divert the reflected -pulse into
a dissipative circuit that absorbs the energy in the pulse without re-
flections,

Basically, a spark gap consists of two, separated, metal electrodes
emerced in a confined gas. Application of a sufficiently high potential
difference across the electrodes results in a breakdown with the flow
of a large current, Breakdown occurs when a sufficient potential dif-
ference is applied and held long enough to cause the dynamic resistance
of the space between the electrodes to approach very near to zero. A
study of spark gaps, thus, becomes one of the phenomena of electrical
breakdown of gases, The literature on this subject is very extensive.
Any elaboration of details would be out of place here. Rather, an over-

view of the subject is presented in order to place the understanding of

spark gaps in proper perspective to the purpose of this thesis,
Factors Affecting Spark Gap Breakdown

The factors which affect spark down breakdown can be classified as

41
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either external or internal., There are many external factors which
affect apark gap breakdown, the most prominant of which are:

1.. Gas in the gap

2, TInitial. temperzture and-pressure of the gas

3. Ambient radiation preseant

4, TImpedance and nature of the voltage source

34 Elect?ode spacing and shape

6. Rate of rise of the voltage across the gap

7. Electrode'composition, state of oxidation, etc.

In contrast to the above mentioned external factors, there are in-
ternal mechanisms of breakdown,which occur in.the gas. In the litera—

ture, these have been divided into two groups:

1. The primary ionization process

2, Secondary ionization processes

The process of primary,.ionization (o effect) occurs wﬁen electrons
crossing the gap collide with atoms, producing ion pairs. Theoretically,
this process cannot cause bredkdown by itself. For-breakdown teo occcur,
the cufrent must increase without' bound,,limited only by the source
supplying the wvoltage. In order to explain breakdown,, secondary ioniza-
tion processes have to be introduced. A number of secondary processes
have been recognized to contribute to breakdoim, in-gases. The magni-
tude of each effect varies with the external factors, especially with,
the pressure of the gas. 1In.the literature, two main approaclies have
been advanced to explain breaﬁdown, the Townsend avalanche theory, and
the streamer theory (Meek and Craggs, 1953). The Townsend theory. is a

low pressure theory including ionization at the. electrode surfaces.

The: basic secondary processes contributing to the Townsend theory are
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the B, Y, &, and'e processes, which are briefly described as follows:
1. B effect: Tonization of the gas by positive ions created by’

the passage of an initial electron..

2, Y effect: ZFEmission of secorndary electrons by the -cathode under
impact by positive lons in the discharge.

3., & effect: Emission of secondary electrons by the cathode,under
impact by photons comiﬁg from the discharge.

4, € effect:; Emission of secondary.electrons..by.the cathode under
impact from excited.atoms in.a metastable state.

The Streamer theory is a high pressure theory which ignores ionization
at the electrodes, This theory is controlled by the n and ¢ effects
given below: e -

1, n effect: PhotoXionization of .the .gas., This process becomes-
significant at high pressures. TImpurities in the,
gas tend to decrease, or even.to block this effect.

2, © effect: BEffect of Space Charge, When the applied pressure
or potential difference is very high, ther density ofa
charges of each sign rapidly assumes a value such
that the elec%ric field is strongly perturbed. Be-
yond a critical threshold, it becomes possible for
ionization.of the space between the charges to rise
sharply.

The- preserit state of the art is one in which there is .controversy over
the role played by the various processes at different pressures. This
is evidenced by a recent journal article describing.production of

streamers at low potential gradients (Acker and Penney, 1969).
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Paschen's Law

0f great practical importance is a knowledge.of .the relation be—
tween the gas pressure, electrode spacing, and breakdown voltage for a
particular spark gap arrangement, A relation which is valid for a lim-
ited range of parameters is known as Paschen's law. Although it is an
experimental law, it does have some theoretical justification from a
combination of the Townsend theory with some. elementary kenetic theory.

Let P be the gas pressure, d, the electrode separation, and Vb, the
breakdown wvoltage, Then, Paschen's law is stated in two parts:

1. Vb is a unique function of the product, P d.

2. V., bas a minimum in the range of low P d.
A curve which expresses Paschen's law is known as a Paschen!s curve.
Its general form is illustrated in Figure 9.

Experimental evidence indicates that Paschen's law is valid in the
approximate region, 0.01< P d <20, where P d is measured in units of
cem x psi (Papoular, 1965). Breakdown phenomena in the low P d range are
of no concern:to the purposes of this thesis, but values of P d up to
approximately 50 are required to hold off the high potential differences
to which the pulse genmerator is charged. When the pressure becomes high
enough, Vb is no longer a unique function of P 4. In this regiom, a
relation, that was established by experiment and was later justified by
means of the streamer theory, is known as Raether's criterion for break-
down., This criterion seems to give results consistent te wathin about

10 percent of experimental values, If is expressed by the following

equation: *
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Figure 9., Paschen's Curve
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where o is the number of ion pairs that are produced per.unit length of
electron travel. The subscript, ¢, denotes that o corresponds to a cri-
tical charge demsity which appears in the theory. In the next chapter,
an experimental Paschen's curve for nitrogen is extended to the high P d

region by using Raether's criterion.
Time Lag

When the voltage:on a spark gap is increased very, very slowly, the
voltage at which the gap breaks down is called the dec (direct current)

breakdown voltage, V When the voltage is applied more and more rap-

de’

idly, the voltage at which breakdown occurs, becomes larger and

Vpas

larger. The difference between these voltages is called the overvoltage,

vov-, and the following relation exists.
Vba ™ Vao = V5 20

For a pulse of voltage with a very rapid rise at the front of the pulse,

the overvoitage may be large; that is, it may be larger than Vd

With a steeply rising voltage, there is a lag between the time that

the steep front reaches Vdc and the breakdown occurs at Vb This time

d’
lag depends on the amount of overvoltage, the pressure of the gas about
the gap, the electrode separation, the electrode shape and surface ef-
fects on the electrodes which are usually called the Paetow effects.
The time lag is important for the design of the pulse shaping gap. The
time lag decreases with an increase of overvoltage, and with very large
overvoltages, time lags may be as small as tens of nanoseconds, or less.

Below 0.05 per cent overvoltage, time lags may be of the order of milli-

seconds. An increase of the electrode spacing increases the amount of
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time lag. The-time lag increases with an increase'of pressure, with some-
restrictions. The pressure must be in excess of a critical pressure,

and the amount of overvoltage must be constant,
Switching Actiomn

As discussed in the preceeding portion of this chapter, a two-elec~
trode spark will hold off wvoltages up to a critical breakdown.voltage.
For purpcses of switching, the problem becomes one.of. changing from a-
very good insulator at less than breakdown voltage, to a conductor.’
Williams - (1959) lists eight ways to.accomplish this:

1, Increase the voltage across the electrodes.

2, Reduce the electrode spacing.

3. Reduce the gas density (pressure)..

4. Irradiate the gap.with radioactive materials, or x-rays.

5, Ultraviolet irradiation of the gap..

6. Emission of electrons from a hot f£ilament.in.the gas,

7. Injection of electrons and/or electrons into the gap.

8. "Bistortion-of the electric field.
The Switching Gap

After the pulse generator is charge to a voltage, V, it must be
discharged into the delay line to produce a square voltage pulse. This
is accomplished by "firing" the switching gap which is illustrated in
Figure 1. The gap housing is.filled with gas to a high pressure such
that breakdown cannot.occur. A valve is opened which allows the gas to
exhaust from the gap housing. The gas pressure between the electrodes

eventually becomes low enough for breakdown to occur.
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Pulse Shaping Gap

As the square voltage pulse travels along the delay line toward the
wire to be exploded, it-loses some of its high frequency components on
account of the imperfect nature of the delay line, . This loss consider-
ably extends, that is, increases, the rise time of the voltage pulse at.
the wire. . This would result in inaccurate calculations from the oscillo=-
graphic traces. To Obtain a more rapid rise of voltage, a second spark
gap is inserted at the end of the delay line, just ahead of the wire.
This gap has a shorter electrode spacing than the switching gap and is
overvolted by the pulse. In accordance with Fletcher .(1949), the oper-
ation of the%pulse shaping gap is explained as follows. The pulse gen-
erator is discharged into the delay line. When the pulse arrives at the
pulse shaping gap, this gap has a large overvoltage on it and breaks
down very rapidly.after its normal lag time. If this lag time is long-
er than the rise time for the voltage on the switching gap, the pulse
appearing on the other side of the pulse shaping gap is determined by
the second gap, rather than the first. This cause. a pulse sharpening

effect
The Triggered Gap

As stated edrlier, it is desirable for the plasma from the ex-
ploded wire to expand in a field free region. If the pulse that is re-
flected from the wire is not eliminated, it will eventually be.refleated
back into the wire. This would apply a field during the expansion of
the plasma. To eliminate this reflected wave, a triggered spark gap is
"fired"., This diverts the wave and discharges its energy into a resis-

tor. This resistor terminates a length of coaxial cable and is mounted
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as part of the center conductor, The value of.the.resistor is equal to
the characteristic impedance of the cable; in this way, there is no re-
flection from this termination.

The triggered spark gap is connected in.a "T" fashion on the wire
side of the switching gap, as is illustrated in Figure 1. A swall por-
tion of the original square voltage pulse is diverted to a time delay.
After appropriate delay, the output of the delay activates a thyratron
circuit which "fires" the triggered gap.

The- triggered gap must be able to hold off the initial square volt-
age pulse and must be capable of being "fired" to within an accuracy of
perhaps 1/10 of a microsecond, A method which appeared capable of ac-
complishing this is the three-electrode spar% gap., Two basically dif-
ferent types of three-electrode gaps are illﬁstrated in Figure 10. Each
types consists of two main electrodes, across which breakdown occurs,
and a trigger electrode which "fires" the spark gap. Type I.has the
trigger electrode mounted coaxially within one of the main electrodes,
and is insulated from it. In type II, the trigger electrode is mounted
separately from the two main electrodes and at right angles to them. At
"firing" time, a voltage is place across electrode B and the trigger
electrode, causing breakdown. The-three-electrode gap of type II seemed
best suited to the present application for the following reasons:

1. With type II, all three electrodes may be made adjustable.

2. Type II allows for variation of the trigger electrode geometry.

3. TFabrication of type I becomes difficult since both of the main

electrodes are connected as the center conductor of a coaxial

cable,



Type I

AN

Type II

A, B ... Main Electrodes

T .... Trigger Electrode

Figure 10, Three-electrode Spark Gap Types
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CHAPTER V

SYSTEM HARDWARE .

In the preceeding chapters, the theory relating to the "exploding
wire" system was discussed. In-this chapter, the electrical circuitry.
is discugsed in greater detail, and the design features of the wvarious
machined parts are presented. A block diagram of the complete system
is shown in Figure 11, This diagram serves as a basis for the present

d iscussion.

The Power Supply

In order to ebtain a high input current to. the wire, it is neces-
sary to charge the pulse generator to a high voltage, The power supply
to accomplish this is the Keleket 115,000 volt, x-ray transformer, which
is modified as illustrated in Figure 12, Primarily for safety reasons,
the case of the high voltage transformer.is railsed.above ground, the
center tap of the secondary winding is left ungrounded, and the nega-
tive output terminal is grounded. The-primary.of the high voltage wind-
ing and the primaries of the filament.windings are isolated by means of
1:1 isclation transformers which were constructed for this purpose.
The control bok which is illustrated in Figure 12 consists, mainly, of
an auvtortransformer. With the auto-transformer, thefoutputAvoltage of
the high voltage transformer.may be increased-in steps of approximately

1000 volts The primary of the, auto-transformer.is connected to a 220
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volt A. C. line. TIf the pulse generator is charged to the full 115,000
volts, then the initial current in the wire is approximately 2300 am-
peres.

A small inductor is placed in series with the positive output ter—
minal of the power supply. This is to prevent surge currents, which
might be produced in the pulse generator, from damaging the power sup-
ply. A surge current, which is incident upon the positive terminal of
the power supply, is reflected by the inductor.

In order to allow the pulse generator voltage to build up gradually,
a 25 megohm resistance is placed in series with the inductor and the
pulse generator. This resistance consists of 25, l megohm resistors
connected in series and mounted in a section of phenolic tubing, as il-
lustrated in Figure 13. By using registors which are rated at 2 watts,
50 watts may be continuously dissipated. This means that approximately
35,000 volts may be placed across the charging resistance, and that the
pulse generator can be charged in steps of any value, up to this value.

Berween the inductor and the charging resistance is placed a knife
switch. When this switch is closed, the pulse generator is charged, and
the switch may be opened, remotely, by a cord. If this switch were not
opened, energy would be continuously fed into the cable system after the

"firing" of the switching gap.
The Cable Elements

The cable which forms the pulse generator and the delay line of the
"exploding wire" system is RG~19A/U coaxial cable, The various parama-
ters for this cable are given in Appendix C.

The pulse generator consists of approximately 325 feet of the
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RG-19A/U cable, This length gives a pulse of approximately 1 micro-
second. The distributed capacitance of the generator is approximately
10,000 pf. The value of the RC time constant of the charging resistance-
generator combination is approximately 0.25 seconds. This means that
the generator is able to charge to 98 per cent of full voltage in about
1 second.

The delay line consists of approximately 1675 feet of RG-19A/U
cable. The two way delay time is approximately 5.7 microseconds. This
long length of cable is desirable for two reasons:

1. The pulse generator must be discharged into its characteristic
impedance. If the delay line is too short, the pulse genera-
tor will see the resistance of the wire rather than that of the
delay line,

2, It is desirable for the delay line to be long enough so that
the ionization in the switching gap i1s sufficiently reduced to
withstand some of the reflected pulse before it breaks down.
The pulse of reflected energy is diverted through the triggered
gap rather than through the switching gap.

At various placed along the delay line, "I" connections are made as
indicated in the electrical diagrams. The Amphenol #28000 "T" connector
is employed. Since the required, coaxial connectors were not available,
special connectors were fabricated to connect the cable to the "T" and
to conmect the "T" to external circuitry. The "T" and these connectors
are illustrated in Figure 14, The main body of the connectors are made
of brass. The insulating material is high density polyethelene.

The delay line is wound around the sides of an oval-shaped "cage",

about 10 feet long, 4 feet wide, and six feet high. The pulse generator
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is mounted atop the "cage" on a spool'about 4 feet in diameter.
The Spark Gaps

As discussed earlier in thig thesis, there are -three spark gaps in
the "exploding wire'" system: the switching gap, the pulse shaping gap,
and the triggered gap. The first two of these are comstructed in exact-
ly the same manner and are illustrated in Figures 15 and 16,

In order to prevent the possibility of breakdown between an elec-
trode and its housing, the dimentions of the housing, the insulating
material, and the center conductor are tapered to a larger size. This
taper is such that the ratio of the center conductor diameter to the
housing diameter remains constant. In this way, the spark gap rétains
the characteristic impedance of the cable to which it is attached. This
taper also prevents sharp voltage gradients which would result from
abrupt changes of diameter.

A "donut" is placed between the two housings. This “‘donut" pro-
vides proper.separation between the electrodes and provides an orfice
through which nitrogen may be admitted. This assembly is held together
by eight cap screws; pressure seals are made by standard industrial "oV
rings.

A1l parts of the spark gap are made of cold.rolled brass, except
the hemispherical electrodes and the insulators. All current conduéting,
internal, metal parts are plated with a thickness of 0,002 inches of
silver, This takes advantage of the high conductivity of silver to re-~
duce the resistance of the conducting surfaces, which results from the
"skin effect",

The insulators in the spark gap are made of high density
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polyethelene., Before insertion into the spark gap, .the insulators are
are coated with Dow Corning Compound 4., This compound is a non-melting,
silicone dielectric and lubricant, which excludes moisture. It complies
with the specification, MIL-I-8660. As a lubricant, it allows the in-
sertion of the insulator into the housing to be accomplished with ease,
As a dielectrie, it -fills the irregularities on the surface of the in-
lator, reducing the possibility of electrical leakage paths.

The two electrodes of the spark gap are hemispherical and are made
of copper. Then they are plated with silver. They are screwed into the
ends of the center conductors. Springs behind the electrodes maintain
proper tension, and slots around the circumference of the ends of the
center conductors prevent binding. This arrangement allows the separa-
tion of the two electrodes to be adjusted to appropriate wvalues. The
plane, parallel, and infinite electrodes, 'which are used for theoretical
calculations, are impractical; therefore, the hemispherical electrodes
are used. This design results in a slight decrease in the breakdown.
voltage. Peak (1929) predicts that the voltage gradient at -the elec-

trodes is increased by the factor,

£ = d/4r + 16+ \[@ar + /8 + 1/2,

where

o
]

electrode separation

electrode radius.

=
il

The maximum value of d/r is about 1/3 for these spark gaps. This gives
gives a maximum value for £.

£ = 1,115
max
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The triggered spark gap is constructed in a manner which is wvery
similar to the other twec spark gaps. This gap is dillustrated in Figure
17. The two main electrodes are constructed in exactly the same manner
as for the other two spark gaps. The center conduétors are somewhat
extended and are made in two sectioms. In place af the "donut" of the
first two gaps, there is an arrangement to house the trigger electrode,
This electrode is made of copper, and is screwed.onte the end of a stem
which passes through a high density polyethelene insulator. This insu-
lator is pressure sealed by an "0" ring and by a flange which has one
side slightly tapered, .on the end of the stem. ..A small orfice through

the side of this arrangement allows nitrogen to enter the system.
The-Discharge Resistor

After the reflected pulse from the "exploding wire" is diverted
through the "fired", triggered spark gap, the pulse continues intd a
dissipation chamber where a 50-ohm resistor is mounted, This 50-ohm re=-
sistor matches the characteristic, cr surge, impedance of the coaxial
cable, Provided there is no mismatch of the surge impedance in the
coaxial conductor between the triggered spark gap and the resistor, the
energy is completely disdgipated with no reflections. The resistor is
mounted coaxially as is illustrated in Figure 18. The- resistor is a
Corning, H-type, and is non-inductive. The upper part of the housing is
exactly the same as the housiégs for the spark gaps. The resistor is
held by two holders whichhare slotted around the circumference. The
bottom of the resistor housing is removable. This arrangement allows

the resistor to be inserted or removed with ease,
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Electroniec Circuitry .for the Triggered Gap

The electronic circuitry, which is required to "fire" the triggered
gap at the,proper time, is shown in Figures 19 and 20, A signal from
the delay line is fed through a voltage divider.and an impedance match-
ing network to a varidble time delay. This-delay is the AD-YU, type
553e, variable from O to 15 microseconds. The delayed.signal "fires" a
2D21 thyratron, which produces’a positive output pulse of approximately
350 volts. The 50,000 ohm potentiometer in the cathode circuit controls
the semsitivity of this thyratron circuit. THe 350 volt pulse from the
2D21 is used to "fire" a 6279 hydrogen.thyratron., When the hydrogen
thyratron conducts, 30,000 volts is made available tc the triggered
spark gap by the pulger-cable, In the above arrangement, twe thyratrons
are used, rather than one, in ocrder to keep voltage across the time de-
lay at.a sufficiently low value.

The hydrogen thyratron and the pulser—cable arrangement is an adap-
tation of circuitry published by Theophanis (1960). The pulser-cable is
made from-24 feet of RG-58/U coaxial cable, and is initially charged to
15,000 volts. When the hydrogen thyratron coaducts, a 30,000 volt pulse
is produced across A and B. The 15,000 volts is applied to the thyratron
by a small, 15,000 volt, 5 ma power supply that is manufactured by
Plastic Capacitors, Imc. It was found that the ends of the pulser—cable
could not be connected by means of high-volitage coaxial conmectors; as
a short would occur. The positive and negative terminals had to be sep-
arated. The pulser-cable arrangement is advantageous in that it allows
the polarity of the pulse to the triggered gap to be reversed by re-
versing the output leads.

The time delay is set in the following manner. Switch, §, is



To Pelay

v
To Oscilloscope
Trigger Input

Figure 19.

Pulser-
|1 om- cable
H .
r—
50% A
10K
To To <
Triggered Oscilloscope
Gap
10 Meg
<

Time Delay and Thyratron Pulser

99



S Gwiis O g -Gl G NN OGmme | et SR W A R mm—

SO
To 6279

repR————— g P S itk

~

i — _
e \
y

Thyratron

k’“ o S S e A e M D W G i S S s S - O

R

A B BN e s o o o p———

Figure 20.

Pulser—cable

L9



68

closed, This applies a small step voltage to the trigger input of the
oscilloscope, causing the electron beam to begin its trace. At the same
time, a step voltage is applied to the time delay.. .After a time interval
of duration, ty 30,000 volts appears across A and B. Part of this volt-
age is applied to the vertical input of the oscilloscope. Thus, a pulse
1s seen on thg oscilloscope at a time, td’ after the electton beam be-
gins its trace. The variable time delay is adjusted until the correct
value of td is cbtained. The correct value is approximately 5.7 micro-

seconds, which is the time for the pulse to propagate from the switching

gap to the wire and back to the triggered gap.
The Nitrogen System

The gas in the spark gaps of the "exploding wire'" system is nitro-
gen. This gas.is employed because it is readily awvailable in bottled
form, and because it does not support oxidation of the spark gap elec-—
trodes. The nitrogen is fed to a manifold (Figure 21). where its dis-
tribution is controlled by high pressure valves, The pressure is de-
termined by a regulacor that is mounted on the gas bottle.

Attached to the botrvom of the manifold is a solenoid exhaust valve,
which is activated by a 30 volt power supply. After the spark gaps have
been filled with nitrogen to the proper pressure, the valve to the
switching gap is opened, leaving all others closed. Activation of the
solenoid valve releases the pressure from the switching gap, and the
voltage falls until the voltage of the pulse generator causes the gap
to break down.

In order to prevent circulating currents in the "exploding wire"

system, metal tubing is not used to distribute the nitrogen. Instead,
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1/4 inch, high pressure nylon tubing is used. This._tubing is rated at
3000 psi, and is connected by means of standard high pressure stainless
steel pipe fittings, Circulating currents are further averted by mount-
ing all metal parts on a three-deck aluminum table by means of lucite
rods. This construction is clearly seen in Figure 21,

In Chapter IV, the general form of Paschen's curve was discussed.
Paschen's curve for high pressure nitrogen is presented in Figure 22,
The-minimum of the curve cannot be seen on this scale., This curve is
derived from two sources. Below a breakdown voltage of 9000 volts, the
curve is obtained from the experimental data of Williams (1959). The
upper range is obtained by applying Raether's criterion, (o d)c = 20.
The calculations were made in the following manner, First, a value of

P d is selected, and then c%/P is calculated by the equation,

’

ut/P = 20/P d.

A value of E/P is found from the curve for the coefficient-of ionization
for nitrogen given by Cobine (1958). This curve is presented in Figure

23. Finally, the breakdown voltage, Vb, is calculated from the equation,
E/P = Vb/P d.

It should be remembered that the Paschen's curve is only aceurate to
within perhaps 10 per cent in its upper range. This should be sufficient
for initial setting of the spark gap electrodes, Ultimately, the elec-

trode separation of the spark gaps is determined by experiment.
The Explosion Chamber

In designing the chamber in which the wire is exploded, several
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qualifications are stipulated:

1. The explosion is to take place in a vacuum.

2. The chamber is to be impedance-matched to the RG=19A/U cable.

3. The current is to be deliveredLsymmetrically to the wire so

that no unbalanced.forces are produced.

4, Ports are to be provided for observation.and experimentation.

5. A means of measuring the voltage variation with time across the

wire is to be - provided.
Following the preceeding guides, the chamber that.is illustrated in
Figure 24 was designed and constructed, A photograph.of the chamber
appears in Figure 25. The main body of the chamber is.made of cold
rolled brass and is constructed in.two parts. In.this way, the chamber
may be disassembled for insertion of a wire. The two halves are sealed
by an "O" ring. The center comductor, which introduces current into the
chamber, is made of cold rolled brass and is silver plated, as is .also
the interior of the chamber. . The insulator, which holds the center con-—
ductor, is made of high density polyethelene. It is force-fitted in
place so as ro form a vacuum seal,

Four ports surround the position of the "exploding wire. Two of
these are windows and are made of pyrex glass. This construction is
illustrated at the top of Figure 24, A third port, similar in construct-
ion to the Windé% ports, is connected to a vacuum diffusion pump through
a 1.5 foor section of stainless steel pipe. Part of this comstruction
is seen .in Figure-25. Four inches outside the chamber, this pipe has
a joint so the chamber may be disconnected from the vacuum system. A
fourth port, illustrated at the bottom of Figure 24, is larger than the

other three. This port is used for insertion of probes, for the
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guadrupole mass filcer and for other experimental devices to measure the
properties of the plasma. When not in use, this porr'is covered with a
plate.

The explosion chamber is connected to the pulse shaping gap by a 10
foot section of RG-19A/U cable, This length of cable allows the chamber
to be moved aobut without causing the cable to bind. A "T" comnection
is provided on this cable just outside the chamber., A voltage divider
is mounted on a circult board, across the inner and ocurer conducrors of
this "fJu This construction may be seen the the photrograph, Figure 25,
This voltage divider is comnected to an oscilloscope through a section
of RG-58/U cable, where the voltage across the wire is measured.

In order to hold the wire, special wire holders had ro be disigned.
The final disign is illustrated in Figure 26. The wire holder is made
of copper, and is made in s conical shape. The apex angle of the cone
is 90°, A 0.004 inches slot is cut through the apex, along the axis of
the holder. Two holes, 1/16 inch in diameter, are bored at right angle-
to one another and at right angle to the axis of the cone. The bottom
of the slet corresponds to the hole, A - B. A wire is insralled in the,
left hand holder of Figure 24 in the following mapner, First, cthe small
gection of the body of the chamber is removed. The holder is partially
screwed into it mount. A wire is brought down through the slot so that
it lies in hole, A - B, A rod, about 1/32 inch in diameter, is insert—
ed through the hole, C - D, above the wire. The wire is held at one end,
the other end is pulled so that it is alligned along the axis of the
holdef, and the holder is tightened into its mount. The wire is pinched
held at the apex because of the tabs on the washer, made of shim stock,

beneath the holder, These tabs are alligned at 90° to the axis of the
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slot. The wire is installed in the other holder in.a similar. manner.
But, the holder is tightened to its mount by a nut outside the main cav-
ity of the caamber., The wire is pulled taut through .the port illustrated
at the bottom of Figure 24, Excess wire is easily removed from the hold-

ers by pulling on it, This breaks the wire somewhere inside the holders.
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CHAPTER VI
PRELIMINARY RESULTS

The primary objective of the project for this thesis is to design
and comnstruct an "exploding wire' system that is capable of producing a
high energy-density, aluminum plasma. The plasma is to have an initial
density near to that of solid aluminum and is to expand from this den-
sity inte a vacuum which is free of electromagnetic fields., In this
£final chapter, some preliminary results are presented on the performance
of this equipment. Wires have been exploded with the pulse generaroxr
charged ts 52,000 volts, which gives a pulse of 26,000 volts. This is
roughly 19 per cent of the energy rating of the equipment. Several dif-

ficulries were encountered. Improvements are suggesred.
Explosion Characteristics

In this section, results are given for wires exploded wich low and
medium voltages on the pulse generator. In the two cases which are das-
cussed, the swicching gap was set to "fire" in the neighborhood of 100
psi. The pulse shaping gap was operated at atmospheric pressurs. In
the first case it was completely closed, and in the second case the elec-
trodes were separated abeut 0.020 inches. In both ¢ases the fore pump
lowerad the explosion chamber pressure to about 1 micron of Hg,

Little difficulty was encountered in exploding a wire with the
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pulse generator charged to 13,600 volts., In this.case, .the wire was
not mounted in the manner that is indicated in the ‘preceeding dhapterq
The wire was held by clamping it behind the two holders. This was
necessary since the holders were not yet completely .fabricated at that
time, The length, of the aluminum wire was about 1 inch and had a di-
ameter -of 0,001 inchea. The voltage across the wire was measured as a
function of time. This voltage variation with time is shown in Figure
27. A similar test was conducted with no wire and the holders removed.
In this case, a square voltage pulse is expected across the open,end of
the delay line. The pulse, which was measured, is indicated in Figure
28, TFrom the curve of Figure 27 and a knowledge of the amplitude of the
voltage pulse, the resistance, power and energy were calculated as a
function of time., A computer program was assembled to .perform the cal-
culations., The data points from the wvoltage curve, which were employed
for the calculations, were selected in such a manner so the curve be-
tween any two points was a straight line, From the calculations, a
curve was drawn which gives the relation between the resistance and the
energy. This curve is shown in Figure 29,

Difficulties .were encountered when a. wire was exploded with the
pulse generator charged to 52,000 volts. The pulse generator appeared
to have a leakage paéh, as the' generator would hold, the voltage for only
10 to 20 seconds after it was disconnected from the power supply. An-~
other difficulvy was that,of obtaining an oscilloscope trace. The elec—
tron beam would-begin its sweep across the oscilloscope face before the
wire began to receive energy, causing nothing but "trash' on the os-
cilloscope face., Ewvidently, the electromagnetic radiavion from the

"firing" off:thg. switching gap caused the oscilloscope,to trigger
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prematurely. .To alleviate this second situation, the .internal delay of
the oseilloscope was used. The stray radiation triggered the.delay.
After an appropriate delay, the oscilloscope made a:single sweep.

Employing the delayed sweep, a 0.002 inches diameter wire, about
1/4 inch in length, was exploded., The pulse generator was charged to
52,000 volts, as indicated by a high voltage probe which was connected
to a vacuum tube voltmeter. The high voltage powser .supply for charging
the "condenser" cable was disconnected from the _cable.after .the solenoid
valve was activated., This allowed perhaps one .and not,more than two
seconds for leakape to discharge the pulse generator. To allow for a
glight leakage, a wvalue of 22,000 volts was assumed for the amplitude
of the voltage pulse in the caleculations., The oscillographic trace of
the variation of the voltage across the wire is shown in Figure 30. A
curve for the resistance versus energy for this experiment is presented
in, Figure 31.

The results for the preceeding two expﬁggments,1which have been
discussed; are'similar in several respects. The initial rate a wire
absorbs energy- from thée voltage pulse is proportional to the quantity,
V2 L/A, where V is-the voltage to which the pulse generator is charged,
L is the length of the wire and A is the cross, sectional area of the
wire, In both of the experiments, this quantity is approximately the
same. This indicates that the .energy absorbed by the wires should be
of the game order of magnitude,

In both experiments, a dominant feature is evident. This 1s the
existence of a woltage peak. At :this voltage peak, the resistance of
the wire -becomes a maximum, the current through the wire becomes a.min-

imum, and the rate-of insertion of emergy into 'the wire becomes a ,
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maximum,

Very interesting situations'occur for both.experiments at an energy
density of approximately 0.9 x lOlO'joules[mB. In the first ;xperiment,
the resistance of the wire suddenly drops to zero., In the second ex-
periment, the resistance reaches a-secondary peak, _and then very sharply

decreases to zero. Additional experiments are'required before the exact

nature of this sudden voltage 'drop is determined.

The Triggered Gap

The electronic.circuitry for "firing" the triggered .gap was tested,
To-do this, two alligator.clips were-eclipped to a piece of plexiglass
and separated about 1/4 inch. This arranéément served as a'spark gap.
It was found that the gap would consistently gpark-over when the test
switeh, 8, of Figure 19 was closed. No attempt has yet been made to
test the triggered spark gap in the "dynamic" situation. It was be-
iieved that time could be better spent in working the "bugs™ out of the

other parts of the system,
Wire Length

In using the "exploding wire" system, the ability to accurately de-
termine the energy-density in the wire, or the plasma, is very important.
A means of measuring the length of the wire becomes very important for
this purpose. The following method acecomplishes this objective, The
joint between the two halves of .the explosion chamber szerves as a ref-
erence line for measuring distances. A thick washer with 2 conical hole
is fabricated to fit over. the wire holder in the large section of the

explosion chamber., A flat surface on the washer is perpendicular to
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the axis of the wire holder. A measurement is taken.between.the refer-
ence line and the flat surface of the washer, using .a depth gauge. A

second measurement is made frem the outer surface of.the small section
of the explosion chamber to a flat:surface on the .screw which holds the
other wire holder. A knowledge of these measured .distances.and the di-
mentions of the various parts of the explosion chamber serve to deter-

mine the length of the wire.
Spark Gap Leakage

The spark gaps, which have been designed, should be able to contain
a high pressure gas without much leakage. If-.a leak exists, long ex-—
posure to high pressures may result in a sufficiently high leakage so
the leak may be located, The spark gaps were measured for leakage., It
’Was determined that the leakage rate was on.the order of 10 psi per
minute at 1000 psi. This rate is sufficiently slow to allow experi-
ments to be performed,without concern for the variation in the spark
gap pressure with time,

If two more pressure regulators were employed, mo variation of
pressure would occur in the gaps. Valves would be provided to exhaust
the gaps when not in use. The present pressure manifold would be used

with the present solenoid valve on the switching gap.
Wire Holders

- The wire holders, as designed, seem to work very well, It was
found that these holders were capable of holding wires of diameter,

0.0007 inches .
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Suggestions for Improvements

Problems encountered during the-course,of the_project suggest sev-
eral improvements. Of primary importance is the elimination of the
leakage from the pulse generator., When this difficulty is rgsolved, an
accurate determination of the amplitude of the voltage pulse-is pgssible.

A second improvement, as indicated earlier, is to establish separ-
ate regulation for the pressure in each of the spark gaps.

In addition to the preceeding improvements, the following two tasks
are to be, performed:

1. Place the triggered gap into operation.

2, Determine the ¢optimum pressures.and the optimum electrode sep-

arations for the spark gaps. -

When -the improvements, mentioned in this section, have been accom-
plished; the system should be ready for making significant measurements

of the plasma by exploding wires at high energy densities.
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APPENDIX A
PROPERTIES OF BESSEL FUNCTLONS

The following properties of Bessel functions were needed in the so-
lution of the differential equations for the "pinch effect" and are
taken from Kells (1960).

Let Jn(x) be the Bessel function of ovrder-n with argument x. Then,

the relationship between Besseél functions of different orders is

JI'I(X) =T (x) + (n/x} Jn(X)

i

D&y= J & - @) J .

Integrals of Bessel functions of different orders are related by

the equation,

P P
x Jn+1(ax) dx = ((otk)/a) ' Xk—l Jn(ax) dx
0 0

~@%/a) 3_(aB) ; kZ1
The orthogonality condition for Bessel functions is

1
’ 2
= L !
xJ (ax) J (bx) dx s J'7(b) éab

0

where a and b are roots of Jn(x) =0,
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APPENDIX B
POLYNOMIAYT, APPROXTMATION FOR BESSEL FUNCTIONS OF ORDER ZERO

In the computer -calculations for the '"pinch effect", the following
polynomial approximation for Bessel functions, of order =zero, due to

Cliver (1965), was used.

Let x be the argument of the Bessgel function of order zero,'Jo.

Then for
the approximations is
& 2n
I (x) = Lcny + e
=
where y = x/3 and
C = 1.0
Q
Cl = -2,2499997
Cj = 1,2656208
C3 = -0,.31638066
04 = 0.0444479
C5 = ~0.0039444
06 = 0.0002100

The accuracy of this approximation is determined by

lel <5 x 107

94



For
32x< e,
the approximation is

; =]
Jo(x) = x fo cos(@o),

where

& n

fo = Ei:nn y o+ &1
© =0
6 n
00=x+ ZEny +E:2

n=0

y = 3/x
and

D = 0.79788456

Dl = -0.00000077
D2 = -0,00552740
D3 = ~0.00009512
D4 = 0,00137237
D5 = -0,00072805
D6 = 0.00014476
EO = -0.78539816
E1 = -0,04166397
E2 = -0.00003854
E3 = 0.00262573
E4 = -~0.00054125

E. = ~0.00029333



E6 = 0.00013558

The accuracy.of this approximation is determined by

|e < 1.6 % 1078

Isé\ £ 7 x 1075,
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APPENDIX C

PARAMETERS FOR THE RG-19A/U COAXTIAL CABLE

Below are given the various parameters for the RG-19A/U coaxial
cable, Some of the parameters were taken from the specification sheet
for the cable; others were calculated from the equations given in

TABLE II. Using the same notation as in Table II, these parameters are:

A = 0,250 in

B = 0.910 in
k = 2.24

¢ = 29,5 pf/ft
HL = 78.8 mhy/ft
R = 52 ohms

o

v = 587 ft/usec ,
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