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ABSTRACT

Experimental observations were made of exploding wires of
different sizes and types. Explosions in air and vacuum were studied.
Kerr cell pictures were taken in air and the time dependent energy in-
put obtained. The shock wave was photographed and compared with
theoretical calculations from which estimates of other quantities were
made, The time integrated spectral energy density was determined
for the wave length region 2300 Ao; - 5500 X for 3 mil diameter iron
wire, Photographs of the exploding wires in a vacuum of 10-5 mm Hg
are presented and discussed,

The maximum energy which could be stored was 7500 joules,
Most of the experimental work was done using 3., 75 microfarads
charged to 40 kv with a circuit resonance frequency of 50 kc, Pictures
were taken at the rate of 4 x 105 frames per second in most caseé,

with exposure times of about 1/20 microsecond.
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I. INTRODUCTION

The study of wires exploded by means of large current pulses
through them has had, so far, three distinct stages of development,
The first, beginning shortly before 1800 and continuing until about
1920, was a period during which exploding wires were mentioned only
occasionally. Little could be accomplished during this period because
of the lack of methods of observation in the microsecond region. The
second phase began with the work done by J. A. Anderson“” 2) and
lasted until the early 1950's. During this time much work was done in
studying spectroscopic phenomena, and papers involving exploding
wires were published frequently., During the 1950's exploding wire
research was accelerated again, this time because of the fusion proj-
ects and the use of Kerr cell cameras., Several Russian publications

appeared“’ 4),

and research in this country on all features of the ex-
ploding wire has continued on a large scale. Sometimes exploding
wires were studied because of interest in the phenomena for their own
sakes and sometimes because useful applications were found.

The majority of work which has been done and is being done is
experimental. There has been some theoretical progress on certain
aspects of the exploding wire among which may be mentioned a simi-

(5)

larity solution for cylindrical shock waves and, more recently,

(6)

Rouse has undertaken a series of theoretical calculations in which
the intention is to make the model for his analysis gradually more
complicated, first considering the gross characteristics and later ad-

ding refinements to account for remaining effects,
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Applications of the exploding wire include the production of
thin films of certain metals without liquefying; a high voltage, fast
response fuse; a high power pulse steepener; a short duration, high in-
tensity light source for photographing rapid events; and many others.
Wire explosions can produce high temperatures at high densities where
little information now exists on the equation of state. An estimate of

(1)

the temperature attainable is about 20, 000°C when the explosion
occurs in air and several times this figure when in a liquid.

Exploding wires may be classed according to the behavior of
the current oscillogram. Under certain conditions, depending upon the
parameters of the circuit and the size and type of wire, there may be
a period of very low conductivity immediately after the wire has been
gasified. Under this type of behavior, the current oscillogram shows
an initial pulse of current followed by a period of up to about a hundred
microseconds during which no current flows. Then the current begins
again and follows a damped sine wave shape. This case goes smoothly
into the case where the current follows a damped sine wave shape from
its beginning; when the time of the "'dwell" becomes zero, there is still
a rapid drop followed by a sine wave rise in the current. As the condi-
tions are further removed from those required for the dwell to occur,
the amount of the drop becomes less and less until, finally, it is no
longer noticeable. There are several theories of the cause of this '"cur-
rent pause'' or ''dwell'' or "dark time' based on very different physical
factors (compare, for example, references (3) and (6), pp. 9-11).

The objective of the present investigation has been to ascertain

as much about the many characteristics of exploding wires as possible.
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The work was of an exploratory nature, and much time was spent in the
development of laboratory techniques. Emphasis has been placed on
the reliability of the data, but an effort was also made to be as accurate
as possible., Where a questionable method or assumption is involved,
an attempt was made to state and discuss the problem involved,‘ Some
parts of the work reported here are amenable to much greater accuracy
than others. The investigation can be divided into four major parts:
1, Observations of explosions in air with emphasis on obtaining
data concerning the hydrodynamic flow,
"2, Comparison of the experimental results obtained in Part II
with the Rouse theory,
3, Observations of explosions in vacuum,
4, A study of the continuous radiation using a photographic

method.,



wda

II. APPARATUS

The Discharge Circuit

The basic equipment used in this study of the exploding wire is
summarized by the block diagram in Fig. l. A corresponding photo-
graph of the equipment when taking Kerr cell pictures of the wire
explosions in air is shown in Fig. 2, In operation, when Kerr
éell pictures were being taken, for example, the charging of C1 was be-
gun after the wire to be exploded had been set in place. The charging
current was left on this bank so as to compensate for leakage while the
operator carried out such last xﬁinute details as.opening the shutter on
the recording camera of the oscilloscope, bringing the turbine up to
speed, and opening the Kerr cell shutter. Then the double-pole

double-~throw switch was thrown and bank C_ charged. When it had

2
completed charging, the double-pole double-throw switch was lifted to
a neutral position so that the system had only one ground, The switch
to the thyratron circuit in the Kerr space cell pulser was closed, si-
multaneously firing the spark gap switch and putting pulses on the Kerr
cell so that pictures were taken of the wire explosion. The shutters of
the recording camera and the Kerr cell camera were then closed, the
turbine was stopped, and any remaining charge on the capacitors dis-
charged,

To store energy, 16 Westinghouse 1,5 microfarad, 25,000 volt
inerteen type FP capacitors; each having a measured inductance of . 51

microhenries were employed giving a maximum total energy storage of

7500 joules., These were mounted in two groups of 5 and a remaining
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group of 6, A group of 5 and a group of 6 were placed on insulators
which could withstand high voltages; the remaining group of 5 was on
rubber rollers, but not otherwise insulated. Ths type of mountiﬁg
gave considerable freedom in how these capacitors were to be used. In
some parts of this work all the capacitors were used, For most of the
Kerr-cell pho*_tographs; the two 5 capacitor banks were used in series;
each group Wa’s charged to 20 kv so that the result was 3,75 micro-
farads charged to 40 kv The stored energy in this case was approxi-
mately 3000 joules., It was actually slightly less than this because the
bank first charged lost some of its charge through leakage while the
second bank was being charged,

For switching the discharge, a spark gap was found to be most
suitable,  Originally a vacuum switch was planned for this purpose.
This switch was donated for this work by the Jennings Radio Manu-~
facturing Corporation of San Jose, California. However, it was found
that identical current oscillograms were obtained when either this
switch or the spark gap was used. The vacuum switch had the disad-
vantage of being mechanical in nature so that the synchronization nec-
essary for Kerr cell photographs of the wire was impossible., In addi-
tion, this switch could withstand only 20 kv before breaking down. To
fire the spark gap a thyratron in the Kerr cell pulser discharged a '
2,00 microfarad condenser charged to 600 volts through an automobile
coil, There was approximately a 20 microsécond delay from the time
‘that the th‘yi‘atron broke down until the spark gap fired, This gave suf-
ficient time for the Kerr cell to begin to function properly. A 30 .kv,

500 micromicrofarad television condenser separated the spark coil
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from center knob of the spark gap to prevent the discharge from pass-
ing through the coil. The spark gap itself consisted of three brass
spheres 1-1/4 inch in diameter mounted so that the distance between
them could be adjusted., The potential of the center sphere was held at
one-half that of the high voltage sphere by means of 9 ten megohm re-
sistors. Without these resistors the spark gap did not break down

reliably.

Current-Measuring Resistor

One of the most significant measurements made during a wire
explosion was that of the current oscillogram. This measurement
could be made accurately and used as a convenient method for compar-
ing different exploding wire experiments,

The method used to obtain the current oscillogram was to
measure the voltage developed across a known inductance-free resist-
ance which was placed in series with the exploding wire, Great care
hat;d to be taken in the construction of this resistance in order to be cer-
tain that the self-inductance of the resistor made a negligible contribu-
tion to the signal. Since currents of the order of 40, 000 amperes were
passed through this resistor, a resistance value of , 002 ohms was con-
venient. The frequency of this current was about 50 kc, Thus the in-
ductance had to be less than 1/3 x 10_3 microhenries if inductive
effects contributed less than 5% of the voltage being measured, This
value of inductance cannot easily be measured, and so the resistor had
.to be constructed in such a way that the inductance céuld be accurately
calculated. Many types of resistors were tried, but the orly one which

proved satisfactory is shown in Fig. 3. This was a modification of a
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design by the National Bureau of Standards. Note that the voltage was
developed across two points on the same cylinder so that no soldered
connection was included, All the important connections were silver
soldered. It was permissible to measure the value of this resistance
- by a DC method for the frequency mentioned above, since skin effects
did not become significant until much higher frequencies. The value of
the resistance obtained by the voltmeter-ammeter method using a Hew-
lett Packard microvoltmeter and a Simpson meter as a milliammeter
was . 0019 ohms, Its inductance was calculated and was 1,67 x 10"3
microhenries, which was not quite negligible, Current oscillograms

obtained with this resistor were easily corrected to account for this

small inductance.,

Voltage Divider

Another important electrical measurement which could be made
during the wire explosion was that of the voltage oscillogram. The

rate of change of current in this experiment was of the order of 1010

4
amperes/sec so that care had to be taken to insure that the induced
emf developed across the measuring circuit was small compared with
"the voltage across the Wiré.

The circuit used to obtain the voltage oscillogram is shown in
Fig., 4., A capacitance voltage divider was used with a resonance at
approximately 30 megacycles, The time constant of the decay of these
~oscillations was . 5 microsecond. When a square wave was applied to
the voltage divider, the output signal dropped 33%o in 500 microsecond,

As previouély mentioned, the frequency of the discharge was about 50

kilocycles and only about the first 20 microsecond were studied so that



]
\NZ 2T T T TLZ VAR A A A A A AV A0 A A 5 A A5 A58 15 A5 45 0 0 Y 5 A £ 5 A B A A Y 2 A B
R A S N S SV WL N W WL WA Y A A — m}m

H

1 —

G

=

|
i
\$ / /f\;/\a\/VMz TUSY

~

VA A 5 A A L A A AT A Y 0 5 0 7 A 65 A 0 0 A 0 G 0 45 0 v 4 4 b
) e NN R \lwv n
= ) — o B ——— T P s
: - S o i
o @ I3 <
vt =] & »
[0} mw &3
0 3
o @ 9 wmw
> «© ¥ 5
=] L] a o7l
2t 0 o H
s iy X n
N\ 0 g
o &
Ext
&2
(&
@ ®
o of
= N
O



-11-
the divider was quite satisfactory.

The oscilloscope itself was always operated approximately 20
feet away from where the explosion took place., The purpose of the 93
ohm resistor in the circuit was to enable a long coaxial cable to be
used from the divider to the oscilloscope input; without it, the cable
loaded the divider, The actual voltage division which resulted depend-
ed on the length of coax used; with a very short lead it was 108:1 and
with 20 feet of RG 62/v it was 165:1, Other voltage dividers were
availa'Ble with division ratios of 10:1 and 1000:1,

A further problem occurred in obtaining the voltage oscillo-
gram, Evidence of what happened is shown in Fig. 34, which shows
the voltage and current oscillograms of 3. 95 mil diameter iron, Dur-
ing the first microsecond or so, the voltage across the wire rose to
about 20,000 volts in this particular case and at later times the voltage
across the vaporized wire became of the order of 800 volts, With dif-
ferent wires and different initigl conditions, the result was still simi-
lar to the above; a very high voltage pulse lasting only a fraction of a
microsecond followed by a much smaller voltage signal. Because of
interference on the signal which was believed to originate in the thyra-
tron, it was impossible to observe the leading edges: of the voltage and
current traces., This made little difference in the case of the current
trace; because of the circuit inductance, the current had to be a
smoothly varying quantity and the oscillogram could be extended back

“to time zero. In the case of the voltage oscillogram; the voltage could
not be measured during this first instant and the initial energy input

had to be calculated. The method of calculating this initial energy in-
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put is described in Part IIL

In obtaining the voltage oscillogram, this high initial positive
voltage pulse presented a difficulty because it caused some grid current
to flow in the oscilloscope input. This charged the input capacitor of
the oscilloscope and the net effect was to bias the grid negatively, In
many instances, the grid became so negative that once the pulse was
removed, the voltage trace was completely off the screen regardless
of its initial setting. - This could be offset by using less magnification,
but this was unsatisfactory because the resulting magnification often
was insufficient for accurate measurements, The difficulty was over=-
come by using a biased Zener diode at this input to the oscilloscope as
shown in Fig. 5. The resistor in this figure was found to make it un-
necessary to change the bias to account for the different initial pulses

of the different wires,

Oscilloscope

Electrical interference with the measuring equipment presented
a serious problem. To prevent ground loops, only one ground was
used and the only suitable ground in the laboratory was found to be the
hot water radiator. It was necessary to disconnect the high-voltage
supply immediately before exploding the wire; if not done, this pro-
vided an exti’a ground and also interference reached the oscilloscope
through its power cord. AC line filters were tried for use with the os-
cilloscope, but the most satisfactory method was to use a two-prong
plug instead of the one provided for the oscilloscope, and to use for the
one ground of the system a point in the discharge circuit at the place

which allowed the oscilloscope to stay at ground potential, Attempts
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to enable the oscilloscope to "float" did not succeed., The signal leads
to the oscilloscope and the lead to the spark gap were coaxial cables,
Metal cabinets of the oscilloscope and of the electronics of the Kerr
cell pulser provided additional interference shields,

The oscilloscope used in this research was a Tektronix type 551
double beam Cathode Ray Oscilloscope., This instrument was ideal for
the measurements required, as it enabled the current and voltage os-
cillograms to be ta.keﬁ simultaneously on the same oscilloscope without
worry as to phase differences, The rise time of this instrument was
faster than needed for this work. The oscilloscope sweep could be ad-
justed to be free-running or triggered; when triggered it could be made
to single sweep and it was used in’this mode to obtain the current and
voltage oscillograms, All input signals were fed through a delay net-
work in order for the spots to intensify and the sweep to start before
the amplified signal was applied to the vertical deflection plates.

To record the traces a Polaroid Land camera was used., The
film used in this camera was type 46-L Polaroid film. In order to ob-
tain good records where the spots were moving very fast, a cathode
raff tube with a blue phosphorescent material made especially for

photographic recording was acquired,

Kerr Cell Camera

This camera was built by A. T. Ellis and is described in detail
in Reference 7. The Kerr cell shutter was capable of exposure times
of as little as . 05 microsecond and repetition rates up to 2 x 106

frames per second. A rotating mirror was used to scan the film with
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scanning speeds up to 10, 000 feet per second. Several choices of
lenses were avé,ilable, the one chosen depending upon the magnification
desired. In this experiment the exposure time was . 05 microsecond
and the speed of rotation of the mirror about 1300 revolutions per sec-
ond which gave a film scanning speed of about 8000 feet per second.
DuPont 928B film was used. It was found that the exploding wire al-
ways gave off sufficiently intense light so that obtaining the correct ex-

posures was never a problems,

Light Source

A Beckman No. 8333 hydrogen lamp was chosen to calibrate and
standardize the photographic plates containing the exploding wire spec-
trum. This lamp was specially made for use in the Beckman spectro-
photometer which had many requirements in common with those of this
application. The regulated power supply used with this lamp was a la-
boratory constructed model built by K. H. Olsen. This supply gave a
DC arc current of 0.3 ampere at 60 - 90 volts. The current through

the lamp was constant for input voltage in the range 95 to 120 volts,

Microphotometer

The tracings from an electronic recording microphotometer
were used to compare the continuous radiation of the exploding wire
with that of the hydrogen lamp whose spectral distribution was deter-
mined, This instrument, located in Robinson Laboratory éf the Cali-
fornia Institute of Technology, used a Leeds and Norfhrup recorder to
trace the density of the continuum. The lowest magnification available

was used and this supplied a trace of about 108 cm covering the region
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from 2250 ﬁ to 5500 j?n Focusing, alignment, and slit width presented

no problems for this application.

Spectrophotometer

A Beckman Model DU spectrophotometer was used to determine
the relative spectral energy density of the standardizing lamp. The
light was positioned so that the slit of the spectrophotometer was il-
luminated exactly as when the light was used with the spectrograph.
The dir’eét reading mode was used. This spectrophotometer employed
a quartz prism, six aluminized surfaces for reflection, and a 1P28
phototube as a detector, all of which had known spectral characteris-

tics.
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III. OBSERVATIONS OF EXPLOSIONS IN AIR

The Purpose of the Study

A complete analysis of exploding wire phenomena would be ex-
tremely difficult because so many factors are involved. There are
complicated end effects, thermoconductivity, viscosity, radiation ef-
fects;, magneﬁc and electric effects, and others all acting at once, and
it is not easy to isolate a single physical phenomenon for study experi-
mentally in order tol aid the analysis, While in principle one could set
up simultaneous mathematical relations describing all possible physical
processes which could take place in an exploding wire, the result would
be so vastly complex that it could not be treated analytically.

Recently, however, a theoretical analysis of the hydrodynamic
flow occurring during wire explosions has been undertaken by Carl A.
Rouse of the Lawrence Radiation Laboratéry(é). In his original model
he assumed instantaneous energy deposition uniformly into a wire at
t = 0, The purpose of this study was to provide a foundation for further
studies when more refinementé would be added to the model,

A natural next step in this study was the hydrodynamic flow
with a time dependent energy input into the wire and metal vapor. It
was partly for this purpose that the observations here of shock wave
position, contact surface position, and energy input to the exploding
wire as a function of time, were undertaken. Kerr cell pictures of the
exploding wire were much better than streak pictures for this purpose
because the radius of the contact surface and shock w;ave may not have
been constant along the length of the wire, and they showed immediately

the length of wires necessary so that end effects would be negligible
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“with the particular experimental conditions involved. The first factor
was clearly important because of the risk in the streak camera tech-
nique of falling on a strong stripe or a situation may have arisen as
shown in Fig., 29. When different sizes and types of wires are to be
compared as in this study, such variations could easily overshadow dif-
ferences due to the typ‘e of wire, The latter factor was also important
and this was a source of concern in Rouse's original study carried out

from streak photograph data.

Experimental Technique

There were several methods of rendering the shock wave from
an exploding wire visible, Werner Muller, for example, has used
Kerr-cell schlieren photograph"y(é }o This method used a double Kerr
cell camera in conjunction with special lighting to give schlieren pho-
tographs. He Irnade the assumption that the experiment was reprodu-
cible, performed the experiment up to one hundred times, and then
studied the results of single photographs., Figure 29 is proof that this
method could lead to difficulties. Because of the amount of apparatus
needed to take schlieren photographs with this method, another method
described below was tried first, even though with the Kerr cell appa-
ratus available, repetitive pictures could have been taken,

The nﬁe‘thod adopted was that first used by Bennett(s) at the
Aberdeen Proving Grounds in taking streak photographs, and consisted
simply of using a plane mirror for back-lighting the explosion. The
mirror was placed about 14 cm behind the wire which was to be ex-
ploded and very carefully aligned so that the mirror image of the wire

lay directly behind the wire as viewed through the Kerr cell camera
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lens. Then, as soon as the wire became luminous, it was effectively
illuminated from behind by a light source of the same size. Some of
the light from this image which passed through the shock front was re-
fracted by the shock front through a small angle and into the camera
leﬁs rendering the shock front visible. The mirror did not have to be
exactly 14 cm behind the wire, but this position was chosen after taking
a series of pictures using different distances.

Fi.gures 6 through 16 show the results concerning the hydrody-
namic flow and power input obtained by exploding different types of
wires in air at atmospheric pressure with mirror back-lighting. The
wires used are those shown in Table 1 which also lists some of their
characteristics. The instrumentation is shown in Fig, 1.

Thé photographs in Figs., 18 through 29, which illustrate the
behavior of the different wires, are overexposed if detail over the con-
tact surface itself were desired, but, because of the back-lighting,
this would have been somewhat obstructed anyway, These pictures
were taken to obtain data such as presented in Figs., 6 through 16 where
it was necessary to follow the shock front position for as long as possi-
ble., In these pictures, the length of the wire exploded was 2.4 cm and
they were taken with frames 23 microseconds apart, All of the shock
wave data was taken with stored energy of about 3000 joules in a cir-
cuit with a ringing frequency of 50 kc.

Better pictures of the wire explosion itself are shown in Figs.
30 and 31 where there was no attempt to photograph the shock wave,
Figure 31 is unique; out of more than a hundred such pictures taken, it

was the only one which showed the hot wire which had not yet expanded,
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Already asymmetries could be noted along the length which gave rise
later to the striations that always occurred., Figure 30 shows these
striations well, ‘Also, it should be noted that the exploded wire ap-
peared as a hollow cylinde‘r, indicating that the bulk of the gas was
close to the contact surface.

Shown in Fig. 17 is a comparison of . 003 inch diameter iron
wire explosions for initial voltages on the capacitors of 5 kv, 10 kv,
and 20 kv, In this case a bank of condensers with a total capacity of 24
microfarads was used in a circuit with a ringihg frequency of f =17, 9 ke,
These pictures were taken in order to observe the effect of increasing
the sto\red energy upon the wire ‘explosion but without mirror back-
lighting, It was interesting that, although the power into the wire
changed gréatly with increased stored energy, the motion of the contact
surface was changed only slightly, |

Some of the problems associated with obtaining the energy input
to the wire as a function of time have already been discussed in the ap-
paratus section. Part of the stored energy was lost electromagnetically,
some by resistive heating of the circuit, some by the hydrodynamic
flow and radiation produced in the spark gap, some in each unsoldered
connection, a:gd the dielectric loss of the capacitors probably accounted
for a sizable amount. Only a small fraction of the energy available was
absorbed in the wire material, The only method to obtain the instanta-
neous energy into the wire was by the use of current and voltage oscil-
lograms., These were difficult to obtain reliably becaﬁse of the high
electric and magnetic fields involved,

The current oscillogram is usually obtained with a cathode ray
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oscilloscope by measuring the voltage drop across a calibrated resist-
ance placed in series with the wire and this method was used here,
Another method sometimes used consists of placing a small coil near
the wire and integrating the signal obtained, By use of the former -
method an independent check on the result was available be cause the
total charge which flowed during the first half cycle should have been
nearly twice that stored in the capacitor bank. With the resistor used
in this ex?eriment, it was necessary to correct for its inductance,

The voltage oscillogram was obtained by connecting the voltage
divider across the wire and current resistor, The current resistor
was included because of the point chosen to be ground. The small con-
tribution of f:he .current resistor to the voltage signal was then sub-
tracted. The rate of change of current in the exploding wire circuit
often exceeded 1010 amperes/second, and in any attempt to measure
the voltage across an exploding wire care had to be taken to eliminate,
or compensate for, the induced emf devgloped across the measuring
circuit. However, the induced emf due to the self-inductance of the
wire was included in the voltage measurement, and likewise the over-
voltage due ‘td the change in the inductance of the wire as it ruptured
and expanded, since the latter represented energy being transferred
back into circuit from the magnetic field as it collapsed. In order to
make certain that the induced emf developed across the measuring cir-
cuit made a negligible c011tributi011 to the oscillograms, a wire was ex-
ploded with the lead from the voltage divider to the exploding wire dis-
connected at the discharge circuit, but with the remainder of the circuit

undisturbed. In that case no signal appeared on the cathode ray tube,
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and it was concluded that the voltage measured was indeed the voltage
across the wire, As mentioned before, high frequency noise blanked
the oscilloscope traces for about a microsecond., An attemptwas made
to filter this noise, but with no success.

The power input into the wire at the instant of vaporization
could be roughly calculated using data given in Table 1. Experiments
using pulsed currents have shown that Ohm's law held at current den-

sities up to approxim'ately 108 amperes/cmz, which was a little higher
than that attained here at the time that the wire gasified, The power

input was calculated as follows:

t
0 ;3 S
_ 2 2 o _ 3/f3w
W..fRaVI dt = Ry, 17— 3ty = /g
u R I
" O av o

where

W was the total energy required to vaporize the wire from
Table 1;

R, was the average resistance during the solid and liquid
phase - very nearly equal to the resistance at the end of
the liquid phase, Rf » since most of the energy was added
at this point because of large heats of vaporization;

I = IO’; was the current which could be considered to rise
linearly for times less than 1 microsecond; and

‘to was the time of wire vaporization or explosion.

From the above, the power input, Pto , at to was

> /3WIO\¥‘ 2/3

_ _ {
P, =1I"R, = R,| ——n
t f £ Rav/‘
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where Rf was the resistivity at the end of the liquid phase, While the
contribution of the self-inductance of the wire to the voltage developed
across it could easily have been added to this calculation, its contribu-
tion was quite small and so was neglected. However, in view of the
short duration of this process, it was reasonable to expect that devia-
tions from ordinary melting and evaporation might have occurred, In
the above calculation, it was not important that the solid may have
superheated; even if the liquid did superheat considerably the result
would not have been affected greatly, since the largest contribution to
W in every case was the latent heat of vaporization, It has been sug-
gested that the temperature does rise far above the normal boiling
point before the change to a gaseous state occurs“o). For copper,
silver, and aluminum, the data concerning shock front and contact sur-
face position obtained from different explosions of the same type of
wires showed some spread from the mean values which have been plot-
ted. .Tungsten and iron, on the other hand, were quite reproducible and
had extremely well defined boundaries. If there were considerable
superheating this would explain the behavior of the copper, silver and
aluminum, because for these, exactly the same amount of superheating
would not be expected in each explosion.,

The power input curves shown in Figs. 6 through 16 were ob-
tained from voltage and current oscillograms such as those shown in
Fig., 36 and extended down to t = 0 with the aid of the above method,
In the case of tungsten, sufficient information about the metal was not

available to calculate the power input when the wire gasified,
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Figure 34 is the photograph that was obtained by placing a
thick piece of plate glas's with its edge perpendicular to the wire and a
short distance away at the side of the wire. It was vthought that perhaps
the reflected shock would create a visible disturbance propagating

through the explosion products, but none was detected,

Results_

The results of these experiments are presented graphically on

the following pages.
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IV. HYDRODYNAMIC FLOW COMPUTING

Purpose

It was shown by Rouse in Reference 6 that it was possible, using
a simplified model, to calculate the hydrodynamic flow in exploding
Wi?e phenomena. This model was modified so that a time dependent
energy input and a calculated variable gamma law equation of state
could be considered. If the hydrodynamic flow could be duplicated with
such a thebretical model, then such quantities as the pressure, veloci-
ty, and density distributions given by the theoretical model should be
nearly the same as those in the experiment. Aside from the above
consideration, it was illuminating to compare the energy input neces-
sary to produce the hydrodynamic flow in the theoretical case with that
measured,‘ These were not expected to be identical because the theo-
retical energy input represents only that which goes essentially into the
hydrodynamic flow, while the measured energy input accounted for all

energy losses such as radiation, heating of electrodes, etc.

Method
The method used was very similar to that presented by Rouse(é)
for the case of instantaneous energy deposition, and for that reason

only the modifications of that analysis are presented here. The system

of differential equations solved were changed in that

2E _ p 9p
9t ;7 ot

was modified to
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OE _ p Op
3 - ;75‘5‘* S(t)

where S(t) was the power input per unit mass which was deposited
uniformly throughout the mass of the wire, The boundary conditions
and the artificial viscosity term remained unchanged, The initial con=-
ditions became:

Y, = .003985cm

E° - léipules
cu om
o _ joules
BEpir = »230——=
cm
‘0 3
P on = 8.90 g/cm
o _ 6 dynes
p°_, = 1.07 x 10° ¥2E2
cm
o _ 6 dynes
Pair = 10 —=
cm

4 cm3

Initial volume of wire = .5 x 10~ -
cm of wire

Initial mass of wire = 4,45 x 10—4 gm
cm of wire

Radius of cylinder of air equal in mass to that of copper =
0.333 cm

The model used can be described as follows, At t= 0 it was
assumed that energy began to be deposited in the copper wire, sur-
rounded by air at STP, in accordance with the form of S(t). The equa-
tion of state of the copper wire, given in tabular form by Rouse in
Reference 11, was obtained from a solution of Saha's equation. No
change of state for the copper was assumed, The air was assumed to

obey the theoretical equation of state, also in tabular form, calculated
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(12)

by F. R. Gilmore End effects, radiation diffusion, thermo-
conductivity, real viscosity, mixing of metal vapor and air, magnetic

effects, and non-uniform current distribution were neglected.

Results

Two sets of calculations were performed. The hydrod—ynamic
flow results along with'the assumed power input for the first calcula-
tion are shéwn in Fig. 35, The first power input was chosen propor-
tional to the square of the current given by (ZEo/n;) sitffrwt/g, and the
second because it approximated the measured power input. It should
be noted when comparing the theory and experiment that the power input
shown here is per centimeter of wire length while those values in Part
III are the total power into wires of length 2. 4 centimeters, Comparison
of Fig, 36 and Fig. 11 shows that not only was the total energy into the
wire too large in calculation I, but it went in too slowly at first.

The second set of calcuiations used a power input as shown in
Fig. 37 which also gives the resulting hydrodynamic flow. In this case
the agreement with experiment was much better and very encouraging.
While the agreement was not perfect, it was near enough so that the
pressure, density, and.velocity from the calculations were expected to
approximate those of the experimental setup. These quantities are
plotted in Figs. 37, 38 and 39.

An interesting result was apparent from a comparison of the re-

. sults in Reference 6 with those presented in Figs. 35, 36 and 11. With
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instantaneous energy deposition the calculations show the contact sur-
face lagged behind those of the experimental case, while when the en-
ergy was deposited too slowly, the contact surface was farther ad-
vanced than in the experimental case.

| Unfortunately, it did not appear possible to get an estimate of
some of the other energies involved such as radiation, end effects,
etc, for two reasons. First, the energy input measurement was un-
certain at fhe very early times, and second, as can be seen from a
comparison of the results of calculations I and II, as shown in Figs. 35
and 36, changes in the hydrodynamic flow became relatively insensitive

to changes in the energy input at these large energy values,
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V. EXPLOSION OF WIRES IN VACUUM

Purpose of the Observations

Vacuum explosions have found an application in the production
of thin films and may also be usable as a means of producing dense
atomic beams, so that it is worthwhile to observe their behavior,

In spite of this, very little attention has been given to the electrical
explosion of wires in a vacuum as compared with explosions in air and
denser media. As far as the author knows, no Kerr cell pictures of
the explosion in a vacuum have been reported. Possibly the explana-
tion for this is that many of the spectacular features of the air explo-
sion are absent, There is no shock wave, no current pause, no im-
pressive undulations of the contact surface, and, in fact, a contact
surface hardly exists since the surface of the exploded wire becomes
very diffuse, However, a study of vacuum explosion is useful because
the result in this case should depend more strongly on the properties

of the explosion phenomenon itseli,

Experimental Procedure

The electrical setup was the same as used for the air explo-
sions and described in part III. The capacitors consisted of the two
banks, 7.5 microfarads each, connected in series, This 3.75 micro-
farad combination was charged to slightly less than 40 kv giving a total
stored energy of approximately 3000 joules. The explosion chamber is
shown in Fig. 40. At first, fused tungsten to glass seals were used
where the electrodes entered the vacuum chamber. However, during

the explosion, because of thermal shock or a shock wave traveling



MBIA  IWOIF

- \/
\

‘\

/

/

— )
sarp—T \J ° /

<—MODUIM SEe[D) ole
PUTM SERID W@w\u\\%ﬁ%« nozetdy

- gopoaidery
K\\\\\&ﬁ M wmw%?gﬁm £ u231sfun g JTW gQ

/ ! T\\/M\N«/ \
| N

/ Pt teos posna

A@@w@ﬁm

wiojsAg WINNOEBA 0} UOIIDSUWO) JUWIOL ITe

o

fon oh

2

Vacwum explo

Fig. 40,



-58-
down the electrodes from the explosion, or perhaps from the strong
magnetic force repelling the two electrodes, the seal would often
crack, For this reason, the whole base of the explosion chamber was
filled with apiezon wax which formed a reliable seal for the electrodes.
The plate glass front of the chamber, which became' so badly pitted
that it had to be replaced after a few explosions, was also attached
with this wax. All of the window except for a slit showing the wire was
masked with black eleétrical tape to prevent reflection of light from
the inside surface of the chamber,

The spark breakdown voltage of air is such that vacuums of at
least one-half mm Hg must be attained to avoid air conduction. How-
ever, this is not a sufficient vacuum for the motion of the explosion
products to be unaffected By the presence of air, The results present-
ed here were obtained with vacuums of approximately 10_5 mm Hg. No
noticeable difference Was detected when the chamber was evacuated to
10'6 mm Hg, The vacuum was measured with a Phillips gauge which

had been previously calibrated against a McLeod gauge.

Observations

The pictures shown in Figs. 43 through 52 show much the same
behavior for different types of wires, In these pictures, there were
2% microseconds between frames and the length of the wire was 4 mm.
All boundaries were quite diffuse as would be expected of explosions in |
a vacuum, A very interesting feature of these explosions was that in a
matter of about 5 microseconds a configuration with a luminous disk,

such as that pointed out by the arrows in Fig. 43, was formed between
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the electrodes. A similar configuration had been observed in arcs and

(19, ZO), using atmospheric pressure and

sparks by Maecker and Haynes
currents of a few hundred amperes, However, in the pictures presented
here, the disk ’;fvas much more pronounced, sometimes appearing as a
thin line between the electrodes, and the completely new feature of the
curvature of the disk was present, excellent examples of which were

the 2 mil and 3, 95 mil diameter iron. The curvature is toward the
negative electrode, |

Because of the similar appearance of the photographs, it was
thought that possibly what was being observed was an arc across the
electrodes rather than a true wire explosion., To determine whether
the luminous material was from the wire being exploded or from the
electrodes, a study of the sp.ectral lines was made when an iron wire
ﬁas exploded between electrodes of pure copper., The resulting spe.c-
trum was that of iron.

Small differences between the explosion of various types of
wires could be noted, The disks which tungsten forms Wefe compara- |
tively small in extent and curvature. In the case of 2 mil diameter
silver wire, the first frame showed evidence that one end of the wire
exploded before the other, This also happened in the air explosion of
silver in one instance, see Fig. 29. Iron formed large curved disks as
shown in Figs. 43 and 45, Figures 48, 49 and 50 show the copper wire
expanding outward initially in the shape of a hollow cylinder. This ini-
tial behavior was more pronounced with copper than the other metals.

It was not possible to get accurate voltage oscillograms because

of the large inductance of the electrodes of the vacuum chamber and

T,
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the small voltage drop across the exploding wire itself, Voltage and
current oscillograms were recorded with the voltage divider placed
across the leads on the outside of the vacuum chamber. The voltage
oscillogram turned out as calculated from the inductance involved ver-
ifying that there was only a very small voltage drop across the exploded
wire. The current oscillogram was the same, independent of the type
of wire exploded, sinqe the wire represented a ver? small perturbation
on the ciréuit, The current oscillogram was obtained using the same

resistor as in part III, and the current form is shown in Fig. 42.

Discussion of Results

In the case of arcs and sparks, the luminous disk which formed

in the center has been explained by Cann and Maecker“S’ 19)

quantita-
tively as a magnetic effect of the explosion current. The explosion
process was concluded to proceed roughly as described below. The
wire vaporized and began to expand outward as a hot gas. The initial
photographs of the copper wire explosions showed this step well, The
current entered and left this conducting channel formed by the metal
vapor from an extremely small hot point on the wire holder, probably
from the tips of the wire which remained unexploded in the jaws of the
wire holder, This gave the conduction channel a shape somewhat as
shown schematically in Fig, 41(a) which has a much larger cross-
section in the middle than at either end. As a first approximation,
exact only in the case where Bey B vanished, it was assumed that

2

P o+ %— = constant

[o)
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Wh‘ere E was the magnetic field, and p was pressure in the exploded
wire vapor in mks units, This approximation stated that BZ/Z n, may
be regarded as a magnetic pressure and the sum of magnetic and ma-
tervial pressure was constant, When the material pressure was plotted
for various cross-sections of the conduction channel, the result was as
indicated in Fig. 41(b), the exact shape of the pressure profiles de-
pending on the current distribution. This showed that an overpressure
along the axis of the cohduc‘tion channel existed, the magnitude of
which depended on the cross-section of the channel, and so gave rise
to a pressure gradient along the axis of the channel, This caused the
material to accelerate toward the larger cross-section from bothends.
When these ''plasma jets' collided in the center, the disk was formed
as shown in Fig. 41l(c).

The magnitude of the material velocity in the axial direction was

8)

related to the cross-sectional area increase by G. Ca,nn(1 in mks

units as follows:
B i A
u = uo + —8—'?7—_'_ ln —‘—!o

where A was the cross~sectional area, u was the velocity of the
material in the axial direction, I was the current flowing through the
exploded wire, n, was the permeability, m was a constant in this
case and equal to puA where p was the density., Also to be pre -
sented and discussed in Reference 18 will be an equation determining
the area change from the amount of the energy added t.o the gas.

An estimate of the velocities, u, from the above equation using

2 9

pA = 2 x 107° kg/m , I" = 10" amp, and log A/Ao = 4 gave a value of
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3 x 103 m/sec., Along with the above velocity, there was also a drift ve-
locity of both the ions and the electrons caused by the electric field which
introduced an asymmetry between the plasma stream that came from the
positive side of the wire holder and the one that came from the negative
side. Another possible cause of an asymmetry was that the initial cross-
section of the channel might have differed from uneven explosion. If
some asymmetry caused a difference in momentum carried by the two
streams which met in thé center, then instead of forming a flat disk, the
material from the stream with the greatest momentum would have
spilled over the disk and caused the disk curvature. This disk curvature
was a new phenomenon which has not been reported in arcs and sparks
so far as the author knows. A complete understanding of it should give

new insight into the vacuum explosion of wires.
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V. DETERMINATION OF TIME INTEGRATED CONTINUOUS

SPECTRA OF EXPLODING WIRES

Purpose

An accurate experimental determination of the temperature of
an exploding wire, in principle, could have been done spectroscopical-
ly by a study of line broadening or by utilizing known relative f-values.,
The first method would have had to rely on theories of broadening
which were not generally accepted. The second method could have
been used, although there remained much work to be done before these
relative f-values would be accurately known for all elements. If the
continuous spectra of an exploding wire were to have had a blackbody
distribution, this would have provided the best possible determination
of temperature and would have been a very important result. Since a
time-integrated radiation measurement was used, the current was
made to be as nearly a square wave as possible. The power input into
the wire was then even more uniform with time than the current except
right at the beginning of the explosion when the resistance was rela-
tively high, Figure 17 shows the shape of the measured power input
which was kept constant for approximately 25 microseconds.

Regardless, however, of the shape of the spectral energy dis-
tribution, its determination was certainly worthwhile as a basis for
possible future theoretical work, Furthermore, one of the many appli-
cations of an exploding wire is its use as a light source, and very often
it is important to know roughly the relative spectral energy distribution

of light sources used,
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Discussion of Continuous Radiation of Gases

A brief discussion of-the conditions necessary for blackbody

(13) and the application to explod-

radiation as presented by Finkelnburg
ing wires is given here, Using Kirchoff's law and an expression for
the absorbed fraction of incident radiation as it passes through an ab-
sorbing layer, the spectral emissive power for any radiator can be

written as

J (N, T)

o a( ‘)\,T)d} I

ITOnTodin,a) = [1-R(NT)) il -
where

J(N\s T;d,n, a) ivs the spectral emissive power of the radiator,

N is the wavelength,

T is the temperature

d is the thickness of the radiator,

a{\, T) is the absorption coefficient

R(A, T) is the surface reflectivity which can be computed using

the Fresnel formula,

Js()\, T) is the spectral emissive power of an ideal blackbody,

In the special case of emission of hot gases, the reflectivity is
very nearly zero because the refractive index, n , is nearly one and

the extinction coefficient is almost zero except at resonance lines,

which are insignificant(13) when the total radiation is considered.

Thus the emission formula becomes

-a(\, T)d

J()"sTad:a) = (1- )JS (>\5T)

Since the absorption coefficient, a , is always different from zero be-

cause of the many free electrons for a very hot gas, this formula
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shows the interesting result that the gas would emit blackbody radiation,
provided that the radiating layer were thick enough.

The above formula is useful regardless of the form of spectral
energy density of the exploding wire because the absorption coefﬁcient
should be computable from various atomic constants, the data presented
in Part IV of this study, and the equation of state of copper given by
Rouse“l). It would be interesting, but perhaps very difficult, to try to

reproduce the spectral energy density of exploding wires using this

data.

Experimental Procedure

In obtaining the spectral energy density of the exploding wire
under known conditions, the spectroscopic plates containing the spec-
trum of the exploded wire had to be calibrated and standardized. There
were many ways in which the plate could be calibrated, each having its
own requirements for use; the choice of a particular one depended upon
its convenience and the accuracy required. The method chosen was the
step slit using a steady auxiliary source and multiple-exposures. This
method required a continuous spectrum, and care had to be taken to
avoid diffraction errors and the Eberhard effect. The slit Widths used
were , 67 cm, .46 cm, .30 cm, .20 cm, .145 cm,; 095 cm, .07 cm,

. 05 cm, and . 035 cm., To time the exposure on the step slit a Wollen-
sak shutter with 1/10 second exposure was used,

Because multiple exposures were used, it was necessary to in-
sure that the V?.riation in the time that the Wollensak shutter remained

open was small enough to be acceptable, This was checked using a
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‘photocell and Berkeley counter arrangement, When the shutter opened
light fell on the photocell which gave a signal causing the counter to
start and a similar signal stopped the counter., It was found that the
R. M. S. deviation from the mean exposure was .6 per cent at 1/10 sec-
ond exposure, For longer exposures the per centR. M. S. deviation was
less; for shorter ones, more. The criterion givenby Sawyer(14)is that
the timing must remain accurate to 1 per cent or better, Thérefore,
this shutter was satisfactory for exposures of 1/10 second or longer..

In general, to avoid errors due to failure of the reciprocity law,
the calibration marks should have the same exposure time as the spec-
trum being investigated.‘ In this case, because of the short time in-
volved with the exploding wire, this was impractical unless other ex-
ploding wires hé.d been used, which would have presented problems be-
cause their radiation was so very intense and the reciprocity prob-
lem wouid still have remained in the standardization of the plates.
Reciprocity effects are usually studied by measuring the amount of
exposure, the product of intensity and time, required to obtain a con-
stant density at different intensity levels. Figure 54 is an example of
such a curve, and shows the reciprocity effect for Kodak 50 plates,
which were used in this research, If the reciprocity failure curve
were completely independent of factors such as wavelength of the ex-
posing radiation and density produced on the plate, then it would have
no effect at all in the final result of relative spectral energy density for
the exploding wire. The density produced by the expioding wire would
have been altered throughout the whole wavelength interval studied

relative to the densities produced by the calibration marks, but the net
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effect Wbuld have been the same as if the calibration marks had been
impressed with a slightly different exposure time.

This left two ways that the reciprocity law failuré might have
affected the result obtained here; (1) the variation of reciprocity fail-
uré with wavelength, and (2) its variation with density. The first of
these was not serious because, according to information furnished by
Kodak on their spectroscopic plates, reciprocity characteristics were
nearly iﬁdépendent of the spectral quality of the exposing radiation
when points of the same density were considered. Examining this
point further showed that if the reciprocity failure curves for a given
material and development conditions were plotted so that the logarithm
of exposure time, t, was the abscissa and the logarithm of exposure,
It , was the ordinate, the curves for different wavelengths were dis-
placed vertically from one another but had the same éhapes as shown
in Fig. 55. From this figure it was evident that if, as different wave-
lengths were considered, the exposure of the calibration marks had to
be increased by some factor to produce a given effect with exposure
time tz » then the exposure of the exploding wire with exposure time tl
was increased by the same factor to produce the same effect as if there
were no variation with wavelength, This type of variation with wave-
length produces no effect, just as differences in the dispersion of the
spectrograph do not matter, in the final result for the relative spectral
energy density of the exploding wires.

The importance of the variation of the reciprocity law failure
characteristics with density for this problem was not quite so easily

determined., The question was this: did comparing one line of constant
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density to another involye the same ratio of intensities at an exposure
time corresponding to the exploding wire as when the exposure time
was that of the calibrating and standardizing lamp ? Experimental evi-

(14)

dence, published by Arens and Eggert » and shown in Fig. 56, indi-
cated this to be approximately the case. The conclusion was then, that
in finding relative spectral energy distributions, reciprocity law fail-
ure had only a minor effect on the final result. A thorough discussion
of reciprocity is givenlby Mees“s),

Temperatures expected in the exploding wire in air were in ex-
cess of 10, 000°K (2). This temperature region plus the available
spectrograph, a Hilger medium quartz, suggested the wavelength inter-
val of from 2300 X, to 5500 X for this study., Other considerations in-
volved in the choice of a calibrating and standardizing lamp were:

1. The radiation should be as nearly uniform from 2300 g
to 5500 ‘g as possible;

2, The lamp should yield an irradiation that is as constant
with time as possible;

3. The lamp shéuld have a reasonable purchase price,

After an investigation, it appeared that a Beckman No. 8333
hydrogen lamp would most nearly meet the requirements. This lamp
was specially made for use in the Beckman spectrophotometer for which
requirements 1, 2, and 3 are also applicable,

The relative spectral energy density of this lamp was determined
using a Beckman model DU spectrophotometer which gave the response

of a 1P28 photocell for different wave lengths when the No. 8333 hydro-

gen discharge lamp was used as the spectrophotometer light source.
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In this case, as when the lamp was used with the spectrograph, the
lamp was placed about four feet from the entrance slit and the light
from the central blue spot was focused on the slit with a 5 cm focai
length quartz lens placed near the lamp so that only the central portion
of the image passed through the slit,

To obtain the relative spectral energy of the lamp, the photo -
cell response \.Na.s corrected for the spectral sensitivity characteristic
of the 1P28 photocell, the spectral reflectivity of the aluminized sur-
faces, and the varying dispersion of the quartz prism over this wave-
length region. The S-5 response of the 1P28 was obtained from RCA
and was said to be accurate to + 15 per cent. According to the spec-
trophotometer instruction manual, the photocells used were selected,
so perhaps this figure was high, The spectral reflectivity of aluminum
was obtained from Reference 17 and the dispersion was given in the
spectrophotometer instruction manual. These spectral characteristics
along with the uncorrected photocell readings are shown in Fig; 57. .
Figure 58 gives the resulting relative spectral energy distribution of
the Beckman No. 8333 hydrogen lamp under the conditions described.

In exposing the spectrograms, first a wavelength scale was im-
pressed, then the exploding wire spectrum (using stops to keep from
overexposing), and finally'the calibration marks were impressed.
Kodak 50 plates were used and developed in D-19 developer. The re-
cording microphotometer described in part II was used to analyze these

plates.,
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Results

From this data, Fig. 58 was obtained, which gives the result-
ing relative spectral energy density of the 3 mil diameter iron wire,
Wires were exploded with the storage condensers, total capacity 24
microfarads, charged to three different voltages, 5 kv, 10 kv, and 15
kv. Note that points on each curve give a value relative only to points
on the same curve; no relationship was obtained between points lying on
different curves, The higher initial voltage cases gave off consider-
ably more light and required more stopping down in the optics of the
spectrograph., See Fig. 17 for the power input to the wires. This was

obtained in the manner discussed in part IIL
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VIil. SUMMARY

Obse'rva’tions were made of wire explosions in air using a Kerr
cell camera capable of repetitive photographs, The frames were 2%
microseconds apart. Simultaneous electrical measurements of the volt-
age and current of the wire were made, The results were presented in
graphical form with each graph showing the position of the shock front,
the positi‘on of the contact surface, and the instantaneous power into the
wire as functions of time up to approximately 7 microseconds., The
data was obtained for wires of iron, copper, silver, tungsten, and
aluminum of various diameters ranging from i mil to 4 mils. Also
presented,in order to illustrate the behavior of the wires, are examples
of the resulting photographs,

In the case of the 3, 15 mil diameter copper wire, calculations
were carried out with an IBM 704 Lagrangian code, The model used
(6)

was the same as reported by Rouse except that a source term was

added to the energy equation., The equations of state for the copper
and surrounding air were obtained from a solution of Saha's equationgl’lz)
The results concerning the hydrodynamic flow are presented in the
same manner as used for the experimental data so that the theoretical
results may be compared with the experiments. Pressure, density,
and velocity profiles from the calculations are included,

The explosion of wires in a vacuum was studied using the Kerr
cell camera, and the interesting phenomenon of the formation of a
curved luminous disk between the electrodes was observed. This disk
(19, 20)

was similar in appearance to those reported in arcs and sparks

except for the curvature which, as far as the author knows, has not
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been previously reported in arcs, sparks, or exploding wires, An
explanation for the formation of this disk is given. A further investi-
gation of this phenomenon might be rewarding, since the curvature
could be accurately measured. Photographs of the explosion of the
different wires are presented.

The relative spectral energy density of exploding iron wire was
measured using different initial stored energies, This measurement
was done using a Hilgér medium quartz spectrograph and compared the
spectrum obtained with that of a hydrogen discharge lamp which had its
relative spectral energy density previously détermined by the use of a
spectrophotometer, Corrections were made to the spectrophotometer
reading to account for the varying dispersion of the instrument, the
spectral reﬂectivitybf the mirrors involved, and the spectral sensi-
tivity of the photoceil. The latter factor, the spectral response of the
photocell, probably accounted for the largest error in this determina-
tion. of the relative spectral energy density of exploding iron wire,

The photographic plates were calibrated using a step slit. The effect
of reciprocity law failure on the result was studied and concluded to
introduce only a very slight error, From the information obtained
from the hydrodynamic flow studied, it should be possible to compute
a theoretical relative spectral energy density which could then be com-

pared with the experimental result presented here,
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