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ABSTRACT 

Thin report describes: 

A. Experiments to determine the shunting effect of occluded and self- 

generated vapor produced by an exploding wire In a vacuum. 

B. The Investigation of the strlatlon mechanism In exploding wires. 

These strlatlons have been examined by high speed sequential frame 

cameras to see If they have an axial drift. 

C. Calculations on the order of magnitude of the Hall energy. Results 

show that for a given sample, about 13% more energy is required to 

melt the sample than is accounted for in simple thermodynamic 

arguments. 

D. The development of an experimental flash x-ray technique for determin- 

ing the instantaneous density of the vapor produced by an exploding 

wire. 

E. The development of a 3-color optical pyrometer with fast response 

time. The unit, in bread-board form, has been calibrated, and used 

to obtain preliminary results from exploding wires. The results 

are expressed in the form of a trace on a cathode ray oscilloscope 

whose vertical displacement is proportional to the temperature. 

T. Korneff 

W. Simmons 

H. Goronkin 
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INTRODUCTION 

This report describes the scope of the work undertaken at the 

Temple University Physics Department under contract F19628-67-0250 

covering the period March 1, 1967 to February 28, 1970.  The main 

effort was to investigate the feasibility of determining the Instantan- 

eous vapor density of the expanding cylinder of gas produced In an 

exploding wire experiment. 

Also, Investigations were pursued on the shunting effect of copper 

vapor at reduced pressures; the strlatlon mechanism; energy consider- 

ations In the Initial prevaporlzatlon stages of the explosion; and 

the completion, calibration, and preliminary use of an electronic 3- 

color optical pyrometer.  The research resulted In several papers being 

reported at pertinent conferences, publications In scientific journals 

and books, and a student thesis. Material not reported before, or 

published in condensed form will be presented and expanded upon in 

this report the bibligraphy included with this report is not Intended 

to be all inclusive.  For more detailed bibliographies, one should 

consult the pertinent references. 
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CURRENT DISTRIBUTION IN A VACUUM 

This Investigation explores the current sheath surrounding an 

exploding copper wire In a vacuum. For such a case, a sheath of 

plasma appears around the wire at a very early stage of the explosion. 

Together with the lonlzatlon of the ambient atmosphere, this develops 

Into a cylinder of highly conductive vapor. This effect, which Is 

responsible for the disappearance of the dwell at low pressures, 

shunts a large part of the total discharge current. In this present 

Investigation (Ref. 1, 2, and 3), the spatial distribution of the cur- 

rent at various stages of the explosion Is studied by means of the 

Rogonskl coll method. Details on coll construction and calibration are 

found In Ref. 2. In the past, researchers have tacilly assumed that 

the current density Is proportional to the brightness of the Image, 

as seen In high speed optical cameras. This Is not necessarily valid. 

We have compared framing camera studies with simultaneous Rogonskl 

coll studies and have found the the Intensity of the radiation does 

not correspond to the current density for the low pressure cases. The 

current expands much faster than the Image (Ref. 1, 2). The results 

can be summarized as follows: 

(1) there Is no expansion of current before the transposition 

point, which Is Indicated by the notch In the total current 

waveform. 

(2) for copper wire (1*4 cm, r > 0.02 cm) exploded at a pressure 

of 1 micron, the expansion rate for the leading edge of the 

current distribution was 10 to 10 cm/sec. 

(3) radial expansion decreases as the pressure Increases. 

(4) the current distribution Is not necessarily proportional to 

the brightness of the photographic Image of the exploding wire. 

At low pressure, the current distribution expands faster than 

the Image. 

(5) the current distribution does not reduce to zero as the total 

current goes to zero. There appears to be an Inverse skin 

effect, much like that described by Haines (Ref. 11). 
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STRIATIONS IN EWP 

Strlations in exploding wires have been exaalned In sequential 

frame studies to Investigate the possibility that gas discharge type 

strlations are formed In the electon-vapor sheath (Ref. 4,5). These 

electrical strlations, due to localized space charge formed by Impact, 

move In the direction of majority electric current carrier motion. 

Explosions were carried out on samples Immersed In distilled water In 

order to Impede outgasslng which could mask strlations. No. 28 copper 

wire samples In 1 and 2 cm lengths were connected across a AS micro- 

farad capacitor bank charged from 3 kV to 8 kV. The strlatlon formation 

may be mechanical or electrical. Mechanical processes would be based 

on material separation or Imperfections, either In the bulk or on the 

surface. Electrical processes would be based upon the Interaction of 

large surface currents or thermally generated sheath currents Interacting 

with metal vapor or liquid. For the mechanical case, strlations would be 

visible by virtue of Ionized gasses at "hot spots." For the electrical 

case, strlations would be visible by metal aton recombination radiation. 

Electrical strlations have one striking property which distinguishes 

them from mechanical strlations. The diffusion of the carriers Is 

amblpolar. Thus, If electrons dominate, the strlations will move 

toward the anode, while they will drift toward the cathode If Ion 

concentration dominates. A high speed framing camera was used to supply 

ten photographs taken at Intervals of O.AS microseconds, for each explosion. 

Within the range of electrical fields used In this experiment, no movement 

of strlations was observed. An experiment was designed to bring out the 

possible nature of mechanical strlations. Copper wire was annealed 

In a nitrogen-hydrogen atmosphere at 700oC for 2 hours and slow-cooled 

at the rate of 100oC/hr. Control wires (unannealed) and test wires 

(annealed) were compared by etchlrg the surfaces and Inspection 

showed that the annealing has substantially reduced brain boundry 

density. There are fewer strlations, on the average, for the annealed 

wires than the control wires. 
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The results of this Investigation are that it is not likely that 

low velocity electrical striationa are preeent, and that the existence 

of mechanical striations has been firmly established. 
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HALL ENERGY IM EXPLODING WIRES 

I. Introduction 

The energy deposited In an electrically exploded wire la determined 

from the current through the wire, the voltage across the wire, and the 

circuit inductance. When the energy residing in the wire is measured, 

it is found that more energy has been delivered than is required to 

melt the sample.    So the question is raised as to the need for an 

extra amount of energy to melt the wire when it la heated by large 

current densities. 

The experimental situation by which large currenta are "dumped" 

into the wire results in times to melt on the order of microseconds. 

The short periods of time involved might suggest the possibility of a 

thermal lag to account for the observed melting after an excess energy 

has been delivered. Inertlal effects of this type are characterized 

by a thermal time constant which is the time for a thermal instability 

to decay to 0.37 of its original value. In normal pure metals this 

relaxation time is on the order of 10   sec.    Compared to the 

microseconds required to melt the sample it can be concluded that the 

thermal current is in equilibrium with the applied fields and there 

can be no thermal lag. 

It might be argued that the energy discrepancy can be explained by 

nonuniform heating across the specimen cross-section due to the transient 

skin effect. In auch a case the large density of electrons near the 

surface would result in local rapid heating while the Interior remained 

cooler due to the relative scarcity of energetic charge carriers. 
(r) Haines   haa shown that for the transient skin effect to be important, 

the natural period of the discharge circuit must be on the order of the 

time £>& if* i8 ^e permeability, <J is the conductivity and a is the 
sample radius. In this characteristic time, less than 10~ sec, for 

the samples examined below, surface currents diffuse into the interior, 

so this effect is also not appreciable. 
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Attempts have been made to explain the energy unbalance by consider- 

ing the sample resistance change with time due to Increasing tempera- 
(r) 

ture.   In general, this method assumes a form for the temperature 

dependence of resistance and solves the discharge circuit equations 

for the current as a function of time.  By casting the current function 

Into a power series in time and subtracting the series elements ele- 

ments associated with a non-exploding low resistance sample, the response 

of the sample to the discharge Is obtained. Results thus obtained show 

general correlation with experiment but still fall to account for all 

the energy delivered to the wire. Implicit In such arguments Is that 

the measured energy excess Is not real,  I.e., by determining the 

correct behavior of the wire resistance with time and temperature, and 

from It, computing the energy in the wire at any time, the apparent 

energy difference will disappear. In every case the theory constructed 

to diminish the energy gap has been macroscopic, depending on the circuit 

equations, and ignoring electronic processes in the metal wire sample. 

Such treatments have not solved the problem.  Attempts to show that the 
(r) 

energy disparity Is due to non-ohmlc effects   have been shown by 

subsequent experiments to have no validity.    The non-ohmlc current 

observation was probably the result of circuit Inductance not measured 

in the relevant experiment. 

It Is proposed below that prior to melting, at least part of the 

"missing" energy can be attributed to charge separation by the Hall 

effect. The large current densities In exploding wire experiments 

result In magnrtlc fields large enough to cause substantial charge 

separation.  It will be shown below that the energy required tu main- 

tain the separation can account for all of the energy placed in the 

wire. The theory applied here also provides a means for indicating 

in soae cases whether the particular wire with a given set of current 

and voltage waveforms melts from the exterior or interior. 
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II. Theory 

The wire to be exploded is In series with an inductor and a capaci- 

tor which is charged by an external power supply. The capacitor is 

rapidly discharged through the series R-L-wlre circuit. The wire has 

a radius small enough that resultant current densities can exceed 10 
6        2 

or 10 amps/cm . Such large current densities give rise to appreci- 

able ohmic heating and an orbital magnetic field. The magnetic field 

acts on tee wire to deflect negative charge carriers away from the 

center until equilibrium is established between the force exerted on 

the charges by the magnetic field and the radial electric field 

established by the space charge of electrons. Since the current 

changes rapidly with time, so does the magnetic field and the resulting 

radial electric field, or Hall field. 

We will consider the period of time from the onset of current throu 

through the wire to the time of melting. This constitutes 1/5 to 1/4 

of a cycle for the discharge circuit with a negligible resistance rod 

in place of the wire. During this time we will assume that Fermi-Dirac 

statistics remain valid, radiation energy losses and thermionic emission 

are negligible, the metal wire remains ohmic (the current is always 

proportional to voltage to the first power). The Boltzmann equation 

will be written in cylindrical coordinates for the wire in the presence 

of longitudinal and radial electric fields Ez and Er respectively, and 

orbital magnetic field due to the current BA . The distribution function 

in the presence of these fields is assumed to be linear in the field-free 

distribution function.  Finally the longitudinal and radial current 

densities are written and the Hall field is derived. In cylindrical 

coordinates the electron distribution function is 

The Boltzmann equation for the distribution is 

(2) 
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The force exerted by the electrical and magnetic fields (E and B) on 

electrons Is    /m = _ e£ - C JTX fi 
(3) 

which reduces to   flr s. 1 (B^ ^Bfj 

Following Lorentz   and Gans   the collision term is simplified by 

assuming that electrons make only elastic collisions, scattering is 

istropic, and the distribution function when fields are present, f, 

is related to the distribution function when no fields are present. 

f , by the relation 

where X. and X» are small undetermined functions which depend only 

on the scalar quantity «/-"t/lCV l£ . Deviations from equilibrium 

are assumed to be small: 

«a, ,1a. «-f 
This last assumption is valid for the model under considera- 

tion since the electric field is small during the first quarter 

cycle. The sample resistance is on the order of 10 SI   and the 
4 

maximum current is on the order of 10 amps so the voltage drop 

across a short (1 or 2 cm) sample is on the order of hundreds of 

volts. Similar] 

Following Seitz 

(6) 

-3 
volts. Similarly the magnetic field is on the order of 10  weber/cm 

and at equilibrium 

(: 

Eq 2,4,5,7,8 are combined to give 
WirM    ■-   $1.11 

(7) 

(8) 

(9) 
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The derivatives with respect to   V^. ,  i/j. can be replaced by the 

derivative with respect to electron energy,   €   , if 
i^.r«- 6-jmur (10) 

Using the substitution 10 In eq. 9 and equating coefficients 

of equations relating /, , Xu to the distribution function 

can be found. 
Y . i f.-sft y z-liktai 

3? sr 

(XI) 
s 

where!Is the iMenfree path, 

jUis the electron mobility and 

The current In the  r and z directions are 

where In cylindrical coordinates 

(14) 

«iff = HW^dw (15) 

The temperature In the z direction Is assumed to be uniform 

while a radial gradient can exist. 

(16) 

When the Hall field is established 

Jr = 0 (17) 
Using eqs. 5,15,17 in 14 

0  =-w/^%|/c/l/ (18) 

r   *  J U (19) 

Using the eqs. 11 and 13 in 18 

T -  12^ 

(20) 
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i     in 20 and ^e>* r/ VTA««^/^ Substitute £ ■ 1/2 mv in 20 and let 

.-/ 
(21) 

(22),(23) 

f(6)  is  the Femi-Dirac distribution function.    In the range of 

temperatures of Interest,  I.e., below the boiling point,  the Fermi 

energy €    is , j, 

"        '*"<?*/ (24) 

Where y\t±B the electron concentration and  £# is the Fermi energy 

at absolute zero.    Let    I      -   CA ISA. .3f&2  J^- 

I  - C/ f«^ ^£42   I 

i  . c/ fei if^ Jc 
Then eqs. 20 become    »•*» - //Js«-4l  ^r 

X^f^"(-^a. + e^i.2-^) (26) 

Ez can be eliminated and equations 26 can be solved for the Hall 

electric field 

'25) 

(27) 

The first term on the right is the isothermal Hall field. 

•r '" -■--  y   gL, (28) 

where Rh is the Hall constant.  The second terms is of special 

interest since it will show the effect of a temperature gradient. 

The mean free path is Independent of energy since the 

medium is ohmic for the magnitude of electric fields observed.  Also 

the magnetic fields are small enough so that S«t.    Under these 

conditions the second terms in eq (28) reduces to 

irr - nr^^ (29) 
7 
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NOW jifg) . ifto 21 - KT*WJL [*-<Ur 

Combining eqs. 29 and 30 

Dirac distribution function 

The factor JsL     is Just the electronic specific heat X ' 

The Hall field can now be rewritten in terms of experimentally 

meaningful quantities: 

ü.-JlVJt- jLl 

(30) 

^ eKm de 01) 

The Integrals can be evaluated by using the property of the Fermi- 

(32) 

(33) 

(3A) 

(35) 

The temperature gradient can be expected to be quite small since 

for copper, "/s y.SXIO     "J/rntle-Jeq and  the ratio Tye   is about 

5 X 10" volt/mole deg . Er is on the order of volts/cm which 

shows that djTmust be exceedingly small.  So what is proposed is 
dr 

that from the plot of current versus time the isothermal Hall 

field, E  , will be calculated and the Instantaneous energy will 
ri rQ 

be computed       H _. „^    / £" Jr 

^  ' (36) 

where Ho Is the electron concentration and a is the wire radius. 

The Instantaneous energy in the wire, UA , will be calculated. 

2 

(37) 
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The difference between t^ and U, , consists primarily of the 

energy in the wire responsible for joule heating.  Under some circum- 

stances the time of melting can be observed as a notch on the current 

waveform. At this time the energy required for melting can be com- 

pared with the energy difference U - U. ■ ü„, U_ can be zero or o        1       z        z 
on the order of experimental error.  If so, the energy has all been 

taken into account.  If LL is positive, melting occurs from the 

exterior while if U- is negative, melting occurs from the interior. 
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Results 

Sample calculation for #22 Cu wire with 

4 
I - 1.5X10    amps 

radius A - 3.56X10~2 

/ • 5 «m 

arealTA2 - 4X10'3 cm1 

J - I/A - 3.75X106 amps/ft*2 

N - 1.3X1023 electrons/Cm3 

R - 6.6X10     C*|3/amp-8ec 

B - -iui-r = ÜJ B   ii?r   r ^ 
Er^    RM Bf J   =   "^~ ^    r 

f?H     T*^ 

Vj^ -  .374 volt XIO'2 

n - NAi - 2.6X1021 electrons 

Ul " nVl - 9'7xlo20ev " 1'5   Jöu,*s 

Energy required to melt sample 

Um - Ms (Tm-To) + M/f 

- (.178gm) r.418 joule  (1063oK) + 205 Joules/grnl 
r L T 9m *k J 

- (.178) L650J - 11.6 joules 

Therefore the wire will not melt until at least 

H(+t(m = US+il.(o  - 13.1  j^'«s 
have been placed In the sample. As can be seen, the total energy 

put Into the wire up to melting is about 13Z higher than would be 

expected in thermodynamic arguments. 
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X-RAY MEASUREMENTS ON VAPOR DENSITY IN SUP 

Introduction 

Historically, the first published results for x-ray studies of 

exploding wires are found in 1959. Schaafs (Ref. 12) describes a 

flash x-ray unit and presents some drawings of typical radiographs. 

Muller (Ref. 13) presents several excellent radiographs, taken by 

G. Thomer, to substantiate his optical data. He presents both sides 

and axial views of an exploding wire. In the axial view, the forma- 

tion of an expanding "hollow" cylinder of vapor is clearly shown. 

In 1965, Chace (Ref. 14) describes some preliminary survey work of 

exploding wires and voils, and Kulgavchuk and Novoskol*tseva (Ref. 15) 

present pulsed x-ray data on wires exploded in air and in polyethylene 

tubing. In the last two cases, radiographs of sideviews of the explod- 

ing wires were presented. In 1968, Pansier and Shear (Ref. 16) pub- 

lished a definitive work featuring the onset and development of 

striations in exploding wires as seen by pulsed x-rays, correlating 

the events with respect to voltage and current waveforms. In con- 

sultation with U. G. Chace, it was decided that we would try to devise 

a method for measuring the instantaneous density of an expanding 

cylinder of vapor by utilising flash x-rays and the axial method 

pioneered by Thomer. 

The mechanism for the vaporization of an exploding wire is under 

active investigation by many people (See Ref. 17 for an excellent 

summary and bibliography). Streak photography (Ref. 18) and x-ray 

radiographs (Ref. 16) are currently supplanting Kerr-cell photography 

and spectroscoplc techniques. X-ray investigators have been primarily 

concerned with the onset and development of density striations, which are 

oriented transverse to current flow in the expanding cydinder produced 

by an exploding wire. The present work deals with pulsed x-ray beam 

parallel to the wire axis, thus obtaining a representation of the radial 

density. If several such radiograms are taken at sequential time inter- 

vals, then a plot of vapor density can be shown with respect to radius 

and time. 
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The axial radiogram was chosen because of the cumulative effect 

on x-ray absorption by about 5 cm of wire vapor.  Side views barely 

show the sheath surrounding the core of an exploding wire and the 

hope was that the longer absorption path in an axial view would bring 

out detail not possible otherwise.  Also, the geometry would allow 

slmnle measurements of the radial variation in vapor density. 

Since the flash x-ray unit is a single-shot device, only one 

radiogram can be obtained per wire explosion.  Thus a different wire 

must be exploded for each new time delay and care must be taken to 

ensure the repeatability of the explosions. Each  radiograph produces 

a complete density versus radius graph for a given delay time. 

Experimental Goals 

The primary goal of the flash x-ray utilization program was to 

ascertain if meaningful and precise measurements could be made in the 

exploding wire experiment.  It was soon established that instantaneous 

density measurements were possible. 

The results, to date, are the following (1) a simple correspondence 

has been shown to exist between the sheath (as seen in a flash radio- 

graph) and the optical size of the expanding vapor, (2) the density 

of copper and tin vapors, expanding at rates of about 10 cm/sec, have 

been plotted as a function of radius and time, (3) initial evaluations 

have been made of the net radial mass flow, as a function of radius and 

time, by comparison of density curves separated by short time Intervals. 

Experimental Procedure 

Each explosiOB is recorded several ways:  (1) visually, with a 

Faraday Effect camera, (2) with x-rays, in the form of a flash radio- 

graph, (3) electrically, with the total-current waveform, (4) the 

display of timing pulses from the visual camera and x-ray unit on the 

current waveform oscillograph.  Each radiograph Is calibrated with 

an eight step wedge made of the wire material under investigation 
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(tin and copper).  This enables one to normalize each radiograph with 

respect to the background level on the developed film. Thus each radio- 

graph will have Its particular film density vs vapor density calibration. 

The experimental setup Is diagrammed In fig. 1. The x-ray unit 

used has a dual-tube configuration.  The two tubes fire simultaneously. 

Tube A produces the axial radiograph.  It Is placed as far away from the 

wire as possible so as to secure an approximation to parallel x-rays In 

the beam. However distance reduces Image density so the 80 cm was 

arrived at as a compromise. 

Tube B was used to monitor each explosion to see whether a uniform 

cylinder was produced. At lower voltages on the capacitor bank exploding 

the wires, some wires do not go off as uniform cylinders, thus marring 

density measurements. These events can be easily distinguished by 

radiograph B and discarded. The tubes were fired by a capacitor bank 

charged to 100 kV. The spot diameter In each tube was 1.8 mm, and the 

film used was Kodak Royal Blue enhanced by a Radelln fine grain Intensl- 

fler. 

In fig. 2, the diagram shows the data secured on the film.  First, 

the radiograph of the vapor cylinder, second, the Image of the calibrated 

wedge (placed close to the vapor Image) , and third, and Image of two 

rods spaced a known distance apart, so that distances can be determined 

on the radiograph.  In order to measure the change In enlargement ratio 

between the two ends of the cylinder, one set of rods Is placed even with 

the bottom of the cylinder, and another set even with the top of the 

cylinder. Measurements show that the enlargement factor changes by 

about 5%. 

The components of a radiograph are shown In fig. 3.  In A, are 

shown the four steps of a typical wedge.  Instead of an eight step 

wedge, we employ two four step wedges, with the vise the same In each, 

but the dlrst step of one wedge one-half that of the second.  Thus we 

effectively obtain eight steps, closely spaced.  B shows the axial 

pattern obtained by tube A of fig. 1.  The very dense object Is the 

wire holder.  The cylinder can be seen to be circular In cross-section, 

obscuration due to the wire holders occurlng late In the explosion. 
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Figure 3 was taken 25 microseconds after the start of the current. 

The radiograph presented by the monitor tube,  the side view,  Is ehovn 

In C.    The roper and lower holders can be seen,  as well as the 

vapor cloud between the holders.    The sheath, or outer cylinder can 

be made out, and the end effect can also be seen.    This would be a 

radiograph that would be discarded because the end effect produces 

an uneven density In the core of the cloud, masking the true densii« 

of  the 5 cm cylinder under observation.    Figure A shows the wire con- 

figuration before explosion.    The 45 degree bends are usually out in 

such a way that  the vapor does not affect the density of the. vertical 

cylinder appreciably. 

Once a good radiograph Is selected, It Is scanned by the mlcrophoto- 

meter so that the scan mov«.     along a diameter.    The results for a 

typical scan are shown In figure 5.    Here,  the dashed line indlcatr.-   thr 

path taken by the mlcrophotometer through the diameter of an axial 

radiograph.    Above It, Is the scan of this path as found by the micro- 

photometer.    After the scan, the wedges are scanned, to calibrate the 

mlcrophotometer scale In true density.    A typical mlcrophotometer and 

wedge tracing are shown In figure 6. 

To convert from mlcrophotometer tracing to a density-radius curve, 

the mathematical steps shown in figure 7 are used.     Curve A Is  the 

mlcrophotometer trace,  curve B is the calibration curve obtained by 

drawing a smooth curve through the eight wedge step points, and curve 

C is  the density-radius  curve obtained by transferring curve A off of 

curve B (as shown by several dashed lines).    This Is done by a computei 

program which also smooths  the data to produce curve C.    Several tests 

with various x-ray voltages and development lines have shown that curve 

B has an exponential form in agreement with  the  discussion on pages  100 

to 10A of Ref.  9.    The input to the computer program is a set of points, 

measured from the mlcrophotometer curv,  the wedge calibration points, 

and the total mass of  the wire.    The output curve C is then integrated 

by  the computer to see if  the correct  total mass is obtained.     For a 
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cylindrical geometry 

*■*'[ 
R 

nn(r)dr 
'o 

where M - total mass (known) 

R - radius of expanding cylinder 
2 

m(r) - density in gm/cm 

In this self-consistent check, any integrations differing from 

the total mass by more than 10X are discarded.    Since the wedge calibra- 

tion curve is of the form 

y - A(l-e-Bt) 

where A and B are obtained for each film, the constant B can be varied 

to obtain the correct mass upon integration, the corrected calibration 

curve is then used to produce a corrected density curve.    This has been 

incorporated into the computer program in such a way that the micro- 

meter data and the total mass of the wire are used to produce the 

corrected density curve. 

A typical density curve is shown in figure 8«    The result is for 

5 cm long copper wire exploded by a 45 microfarad capacitor bank charged 

to lOkV.    This particular curve Is for a time 8.2 microseconds after 

the current has begun and falls Just after the rapid fall in current in 

the first pulse.    The arrow on the I(t)  curve shows the location in 

time for the density curve.    The vapor cloud has attained a radius of 

8 mm and has a decided dip in the density of the core.    The leading 

edge has not yet produced any noticeable piling up of material as the 

vapor expands into air at atmospheric pressure. 
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Description of Results 

Because of the opaque vapor produced In the exploding wire, 

Internal events are masked and had to be inferred from optical, shock 

wave and electrical conductivity studies. With flash x-ray, the struc- 

ture of strlatlons was made possible, and with axial radiographs, 

density variations In the expanding cylinder may now throw some light 

on the condition of the wire before rupture. The set of pictures 

shown In figure 9 Illustrate the masking effect of the expanding cloud 

and vigorous end effects. These were recorded with a camera utilizing 

a Faraday Effect shutter. They Illustrate the rapid expansion of the 

wire after the first frame. Figure 10 shows this expansion effect In 

more detail. The top curve Is a current waveform showing the first 

pulse of current, the sudden drop In current as the wire vaporizes, 

and the resurge.  Below this waveform is a graph of the diameter of a 

copper wire as a function of time as measured with x-rays both graph 

and current waveform have the same time axis. There Is no appreciable 

expansion until the current starts to fall. At this point, the wire 

Is vaporizing. The current drops because of the rapidly Increasing 

resistance, and at the same time, the expansion curve shows a rapidly 

changing diameter.  The date for the diameter points was obtained by 

making measurements on the side view radiographs. During this time, 

the wire Is too high In density to make axial density plots feasible. 

At the present time, axial density plots cannot be made until the wire 

has expanded to about four times Its original radius for copper, and 

about 10 times Its original diameter for tin. 
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Tin Wire 

Tin wire 0.1 cm In diameter (B & S gauge no. 18) and 5 cm long has 

been measured with the axial flash x-ray technique. A typical set of 

axial radiographs and total current waveform are shown In figures 11 

and 12. The Initial capacitor bank voltage for the tin wire in figure 

11 was 7kV and for figure 12, lOkV.  In each case, the density 

profiles show an expanding core and sheath. The sheath forms due to 

the piling up of Inner core material as the cloud expands into air at 

atmospheric pressure.  The core appears to expand at a lower rate and 

as it grows, the material in It falls In density for two reasons, volume 

change and a net radial flow of material Into the sheath. At all times, 

however, the core seems to have maximum density at the axis.  Figure 13 

correlates the results of measurements on the radius of the core and 

sheath using x-rays and the visual diameter seen by visual high speed 

photography (fig. 9). As can be seen, the visual diameter and x-ray 

measurements of the sheath coincide, within experimental error.  For 

the tin wire shown In fig. 13, the x-rays have followed the sheath out 

to about 35 microseconds and show a noticeable slowing down of the sheath 

(which is about 4 cm In dlam. at this time).  The sheath and core expand 

at different rates, about 6 x 10 cm/sec for the sheath, and about 

3 x 10 cm/sec for the core. For an appreciable time, the two cylinders 

expand linearly with time. The corresponding density versus time curves 

appear in fig. 14.  They are tin wire exploded at 7kV.  Only several 

of the total obtained In this series are shown here, for clarity of 

presentation.  A complete set is shown in Appendix II.  A is the original 

radius.  The difference in time between curves B and C is only about 

5 microseconds, but the change in density is dramatic. As the tin vapor 

expands the core density drops, maintaining a peak in density along the 

axis. The incipient sheath structure can be seen in curve B, is further 

defined in C, and is clearly formed in curve D at about 1.6 cm radius. 

This sheath moves out the diffuses slightly in the subsequent curves. 

There is not much change in the sheath position in curves E and F, 

as the vapor cloud has approached its maximum expansion.  Since the 
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sheath density is nearly constant from curves C to F, this means 

that here must be a net flow ot mass radially outward to maintain 

this density as the sheath expands.  At the same time, the core 

density is rapidly decreasing. 

Copper Wire 

Several diameters of copper wire, 5 cm long, were analyzed at 

7kV and lOkV initial voltage on the capacitor bank.  Data were 

acquired for No. 28, 26, and 24 copper wire.  In figure 15, the com 

bined results of numerous radiographs enabled us to plot the change 

in diameter as a function of time for both No. 28 and 24 copper wire, 

exploded at 7kV.  The progress for both the sheath and core can be 

seen.  The data for both wires has been put on the same time scale. 

Zero on this scale signifies the beginning of current flow.  The No. 

28 wire, being smaller In mass, vaporizes sooner. However, it is quite 

Interesting to note that the slopes for the sheath expansions are the 

same, and, unexpectedly, the respective core expansions are also very 

similar.  The sameness of the sheath expansions may be argued on the 

grounds that the final gas temperatures are the same, and they are both 

expanding into air at atmospheric pressure. 

The similarity of core expansions, thus, seems to Imply a near 

sameness of temperature, and pressure in the vapor cloud.  For the No. 28 

copper wire, the separation of core, and sheath could not be seen until 

the diameter had exceeded 4 mm.  Figure 16 shows several axial radio- 

graphs for No. 26 copper wire exploded at 10 kV.  Figure 17 shows 

results for a very early attempt to obtain axial radiographs.  Most of 

the radiographs contain troublesome end effects (the dense, small core). 

The recognition of these end effects made future data more reliable. 

However, the pictures illustrate an Important effect seen in copper vapor. 

Both the No. 26 and 24 copper vapor show a core that is "hollow." Actual 

density measurements with a mlcrophotometer show that the internal core 

density does not go to zero.  Both wires also show the enhancement of 

the sheath with time, Implying a radial mass flow from the qpre to the 
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sheath. A summary of density-radius measurements Is shown In figures 

18 and 19. Figure 18 shows how the density for No. 26 copper vapor 

varies with time for a selected set of density curves. A complete set 

of curves for No. 26 Cu wire Is shown In Appendix I. The results 

for No. 24 Cu wire exploded at lOkV are summed up In figure 19. Here 

the sudden decrease In core axial density can be seen peaking In 

density Just before 0.6 cm radius, in curve G, the sheath has expanded 

to l.A cm radius. 

Gaussian Expansion 

An attempt to evaluate the radial mass flow Is presented here. 

If one takes two denslty-radlus curves separated by a small time Incre- 

ment and Integrates the mass under each curve up to a radius r, then 

the difference between the two masses would represent the mass lost or 

gained In the volume represented b the Integration limit In the time 

increment. Using the experimental data available, several curves of 
2 

dM/dt, having the units gm/cm -sec were prepared for tin wire exploded 

at lOkV (figure 20). Differences were taken for all tlme-a»jacent 

pairs of curves and the three presented seem to be the "best" of the 

lot. They are deemed valuable only In showing that with refinement, 

reasonable results can be expected. There Is at least a 10% error 

due to the fact that the total radius has changed significantly between 

time Intervals. However, one cannot take time Intervals too close 

because a difference Is Involved, and the data spread can cause havoc 

for such cases. The three curves selected are a compromise. The 

total time Interval between A and C Is 4.14 microseconds. The maximum 

radial flow occurs at .42 cm for case A and moves out with time. There 

Is a large change In the peak rate of flow from A to B, which then 

appears to remain constant.  It should also be noted that the series 

of curves for tin In figure 20 are mirrored In the equivalent curves 

for copper as shown In figure 21. There Is the same rapid decrease 

In the peak flux and a subseauenr broadening of the peak. These results 

should be comoared to the results one obtains from a spreadlne gausslan. 
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figure 22  The curves show plots of the function 

r 

^= «^fe 

(i) 
which when integrated will produce the mass of an equivalent wire. 

06 

s jpwUV mass 

(2) 

where dV * 2irLrdr, the volume increment in cylindrical coordi- 

nates, andyOls the volume density, independent of the z-coordinate. 

Such a spreading gaussian is typical of the solution of a 

diffusion equation with a delta function of density as t'.ie initial 

condition. The resulting diffusion with time produces n  spreading 

gaussian. Equation (1), above, was used to obtain the radial mass 

flow for a gaussian at three time intervals, 

Where 7* is an effective time constant having to do with the rapidity 

of the spreading of the gaussian. The plots shown in figure 23 were 

obtained by evaluating the following equation numerically, 

mass flux - -j^ J- ft (3) 
o 

where R is the radius at which point the mass flux is to be 

evaluated, £t isTdT » and ZTTRL is the area through which the 

mass is flowing. The results (figure 23) are very similar to the 

experimental results shown in figures 20 and 21, for tin and copper, 

respectively.  The qualitative results show that the density function 

in both cases quickly assumes a gaussian deistribtion with perturba- 

tions due to the initial conditions. Copper, for example, has a 

prominently depressed axial density but still produces a gaussian-like 

mass flow.  Figure 23 also implies that the vapor expansion is 
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an Impulsive event whose later font has been predetermined by the 

original event. There would thus be hope of ascertaining initial 

conditions by evaluating the vapor expansion more precisely. 
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Conclusions 

A. The method outlined here for determining the 

instantaneous density of vapor appears to be quite 

successful  One can easily separate and follow 

the sheath and core. A set of density functions 

can be plotted as a function of radius and time. 

B. A definite relationship has been established between 

the photodlameter and the x-ray sheath diameter 

for the expanding vapor. A definite core structure 

and its subsequent change with time has been obtained. 

C. Mass flow data shows that appreciable energy is not 

added during the expansion phase for tin.  For copper, 

except for a "hollow" core, mass flow from the cove 

surface resembles gausslan flow. 

D. Copper vapor, with Its "hollow" core, implies 

that an appreciable Initial temperature gradient 

existed In the wire fluid at rupture. 

E. The curves for tin and copper both agree with 

Bennett's assumption (Ref. 18) that the expansion 

takes the form of a hollow cylinder, i.e. the sheath, 

with a radius that Is increasing linearly with time. 

Although his work was at low densities, it seems to 

carry through into atmospheric pressure. 

F. The two cylinders. I.e. core and sheath; expanding at 

different constant velocities could give rise to the 

two shock waves sometimes observed by Bennett. 
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G. Future work could Involve: 

a. refining the mass flow data acquisition so that 

a more precise picture of the flow of metal vapor 

within the explosion can be obtained. 

b. exploration of the nature of the temperature gradient 

implied by the copper wire data. Possibly one could 

try Fe or Ni wire, which decreases in resistance above 

the melting point, in order to compare those results 

with copper, and tin, which shows no such gradient 

effect. 

c. The use of faster film in order to bring out more 

detail, or to follow the expansion further in time. 
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LIST OF ILLUSTRATIONS 

Figure 1 Geometry with respect to wire and film cassettes for the 

dual flash x-ray system. 

Figure 2 The information on the radiograph consists of the axial vapcr 

density, two calibrated step wedges, and brass rods at the top 

and bottfin of the vapor cloud, used to calibrate distance on 

the radiograph. 

Figure 3 Examples of results obtained with the axial and side radio- 

graphs.  (A) One  of the wedges.  (B) The axial view showing 

the circular cross-section of the vapor cloud and the wire 

holders.  (C) A side view showing the vertical cross-section 

of vapor that is radiographed. Note the end effects, where 

the density is greater. 

Figure A The wire holders are brought out from the main discharge circuit 

so that the axial x-ray tube will have a clear view of the 

wire.  The plastic-mounted jig is used to shape and straighten 

the wire after it is clamped by sliding the unit forward, along 

the wire hoders, exerting pressure on the wire, and then 

retracting it. 

Figure 5 In the bottom diagram, the path scanned by the raicrophoto- 

meter is shown superimposed on an axial radiograph. The 

corresponding record of the scan is shown above. 

Figure 6 Typical microphotometer scan for an axial radiograph and a 

calibrated wedge. 

Ficure 7 The diagram illustrating the matematical procedure used to 

transfer microphotometer data into a density curve.  Both 

the microphotometer trace and density curve use the radius as 

abscissa.  The density is transformed by means of the curbe B 

which is a smooth curve drawn through the wedge calibration 

points.  The resultant density curve has been smoothed by a 

computer program. 
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2 
Figure 8 A typical density (gm/cm ) versus radius curve for copper 

wire. This one was made 8.2 microseconds after the current 

began In the wire. The arrow on the current waveform Indicates 

the position of the density measurement. 

Figure 9 Optical pictures of exploding wires taken with the Faraday 

effect camera.  They show the end effects, expansion of the 

vapor cloud, strlatlons, and arcing on the surface of the 

vapor cylinder. 

Figure 10 The correlation of radial expansion with current waveform. 

The dots are experimental points as obtained from side radio- 

graphs. This Indicates that the most .rapid expansion, occurs 

just after the current peak. 

Figure 11 Respective axial and side radiographs for tin wire 1 mm In diam, 

5 cm long, exploded at 7 kV with a 45 mfd capacitor bank.  All 

times Indicated are with respect to the beginning of current. 

Figure 12 Axial radiographs for tin wire 1 mm in diam, 5 cm long, exploded 

at kV with a 45 mfd capacitor bank.  All times Indicated are 

in microseconds and are with respect to the beginning of current. 

Figure 13 The correlation of optical size to x-ray size for tin wire 1 mm 

in diam exploded at 7 kV. The optical size correlates with 

the x-ray sheath. An explanding core is also shown. All experi- 

mental points are single measurements. 

Figure 14 The density of tin wire 1 im in diam exploded at 7 kV is shown 

as a function of radius and time.  Selected density curves are 

shown for clarity. Delay times are with respect to the start 

of current. 

Figure 15 The diam versus time curves for 0.4 and 0.5 mm diam copper wire, 

5 cm long, exploded at 7 kV. The two curves have been placed 

on the same scale to show the similarity in slopes. 

Figure 16 Axial radiographs for 0.4 mm diam copper wire 5 cm long exploded 
10 

at^kV with 45 mfd capacitor bank.  Delays are with respect to the 

beginning of current. 
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Figure 17 Axial radiographs for 0.5 mm diam copper wire exploded at 7 kV. 

They show the troublesome end effects, which show up as a soiall 

dense core which does not expand.  This is due primarily to the 

low initial voltage used. 

Figure 18 The density of 0.4 mm diam copper wire, 5 cm long, exploded at 

10 kV, represented as a function of radius and time.  Selected 

curves are shown for clarity. 

Figure 19 The density of 0.5 mm diam copper wire, 5 cm long, exploded at 

10 kV, represented as a function of radius and time.  Selected 

curves are shown for clarity. 

Figure 20 The radial mass flux for 1 mm diam tin wire as a function of radius 

and time.  Time in microseconds. 

Figure 21 The radial mass (flux for 0.4 mm diam copper wire as a function 

of radius and time. Time in microseconds. 

Figure 22 The spread of a gaussian as a function of time. 

Figure 23 The radial mass flow calculated for an expanding gaussian. 
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EQUIPMENT     SETUP 

X   RAY 
TUBE 

B 

X   RAY 
TUBE 

80 CM 

WIRE 

40   CM 

FILM r 
i 

FILM 

-•10 o*i^ 

4CM 
J 

Figure  1      Geometry with respect  to wire and film cassettes 
for the dual flash x-ray system. 
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v      if 
X-RAYS 

FILM 

Figure 2  The information on the radiograph consists of the 
axial vapor density, two calibrated step wedges, 
and brass rods at the top and bottom of the vapor 
cloud, used to calibrate distance on the radiograph. 



35 

E 
-SI 
Ja $ 

I u 
Qs 
o 

| 

to 

T3 

73 

c 

-a  o 
o 'S 

(H      CO 

i 

o  8 

.2 o 

« .2 co -S 
i u 

co a> 
co co 

i 
CO 

Ü    CO 

u S 

3 (M    CO   tJ 

1 s-, 

£ 
0 m 
to 

■t-> 
i-H •a 
3 O) co ^ 
^ <u 

(M Ä 
o -4-> 

VM 
to 
a) o 

3 -H CO 

a» a> S 
-c > S 

I I 

« 11 2 M 'S 
P < g 
ffl ü 

01 



30 

0) 
XI 
P  ö 
>>S  bn 

-r
a

 
ai

g]
 

rt
in

 

.3      ^ 
i i co 
a>  a)  a> 
5  £? ■M   jB     2 
S   M  -ö 
^5 2 
O         -r1 

w -a  ^ 
.t5    CO    <U 
3    3   Ä 
o   ,„ -,-, 

S .2 bo 
" M § 

ch
a 

u
n

te
 

a
rd

, 

in
 d

is
 

c-
m

o
 

fo
rw

 

m  "i ** "  +J .rt 

s ss § • 

111 C 
0     4J •^ 

E £ M 
O   M   Ö 

O 
e3 

^         23 (H 
tH      ,   T3 -M 
+J   «  S s S    ti    CO 

5 
5P-S ^ -l-> 

3  ö   (U T3 

re
 b

ro
 

ie
w

 o
f 

cl
am

p
 

n   >   M •r-t 

5 CO    L,   '^ 
tn    «3   ■,-> 

<U 
iJ   v   . XI 
13    r5      f^ +-> 
-3 o ij Ö 
^ ^ ^ o 
aj  <u  «•, 0) 
^  >  S tl 

•Ö   i .3 3 
^^   $ co 

CO 

T
he

 
w

il
l 

th
e s 

a, 
• 

<0 u 
ä 

•FH 

fe 



37 

Figure 5.   In the bottom diagram, the path scanned by the microphotometer is shown 
superimposed on an axial radiograph.   The corresponding record of the 
scan is shown above. 
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CURVE   C 

m(r) AS A FUNCTION 
OF RADIUS 

Figure 7 The diagram illustrating the mathematical procedure 
used to transfer microphotometer data into a density 
curve. Both the microphotometer trace and density 
curve use the radius as abscissa.  The density is 
transformed by means of curve B, which is a smooth 
curve drawn through the wedge calibration points. 
The resultant density curve has been smoothed by a 
computer program. 
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OPTICAL PYROMETER 

Introduction 

The research on a three-color, fast response optical pyrometer 

Is based on preliminary work initiated by .T. L. Bohn, 0. P. Fuchs, 

and R. K. Morton In Air Force Contract No. 19(604)-3076 (Ref. 1). 

The development has progressed to the point where a breadboard model 

has been used to obtain results for exploding wires. It involves the 

simultaneous sampling of the spectrum at three wavelengths and the 

electronic processing of the involved signals F,O that a resultant 

voltage displayed on a cathode ray oscilloscope will be proportional 

to tne instantaneous temperature of the source. 

Discussion of Method 

The double ratio method used here was derived in Reference, 1.  In 

the course of the development, it was deemed practical to try to obtain 

the ratios by means of a loearithmlc system, rather than a linear 

system. This would then involve differential amplifiers, rather than 

multipliers, see reference 3 for the discussion of this point.  The 

basic approach centers upon a logarithmic photometer design developed 

by R. Zatzlch at AFCRL, reference 2. 

In the double ratio method, the temperature can be. solved for 

producing the following working equation. 

rj^.j L ^ 
T (Kelvin) -  ,  ,,. ■-r A

V / %t r „  r ^-7Z n  (D 

Where 1^ 1_ and 1 , in the denominator are the ratios of 

intensities of the light received at wavelengths X- , A_ and A. respec- 

tively.  With the proper selection of wavelengths, i.e. using appropriate 

filters, all terms other than the first in the denominator, become 

constants which can be evaluated. The working equation becomes. 
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T . „ . A. j v  (2) 

+•8 X^J 
Labelling the Intensities by the respective colors chosen for 

(3) 

This  laat expression relates directly to the three channel 

color outputs, red (R), green  (G), and blue (B).    The constants 

A and B are a function of  the wavelengths chosen and the cali- 

bration of the circuit can be calculated. 

In the device described here,  the output Is a voltage 

proportional to the variable term In the denominator jßn (R8/G )• 

Thus,  If A and B are known, an oscilloscope vertical scale can be 

calibrated In   K from the given Information and the voltage range of 

the output.    It should be noted Chat because of the form of equation 

(3),  the scale will be non-linear,  and the voltage representing 

Jby) (RB/G ) will have definite upper and lower bounds. 

Circuit Theory and Calibration 

Preliminary work on  theoretical development and circuit design 

Is presented in reference 3.     The outputs of the logarithmic photometer 

circuits are proportional to  the logarithms of the intensity of the 

Incident radiation.    The variable term in equation (3) can be determined 

by utilization of differential amplifiers, as shown In the block dia- 

gram of figure A.    The final system for obtaining the ratio is the 

dotted section in the main schematic circuit diagram of figure D. 

This system utilized only one differential amplifier.    As seen in 

figure A, the resultant output is JhlK +   Jtfi B ■ iJhfG.    The dotted 

Insert block in figure D achieves the same output. 

The logarithmic output of all three channels was checked by the 

use of calibrated neutral density filters having logarithmic increments 

In density.    The output should change In linear steps for such an Input. 
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Osclllogram No. 3, In figure B, shows the linearity of the output for 

the logarithmic attenuation. The highest level Is zero attenuation, 

the second highest Is the antllog of 0.3, the third highest Is the 

antllog of 0.6, the fourth highest Is the antllog of 0.9, and the 

lowest Is for no light. This Is one of three Identical channels. In 

such a representation the more intense radiation produces a positive 

going signal with respect to the bottom of the well for no signal (the 

lowest line In No. 3, figure B). 

Figure B, Osclllogram No. 1 Illustrates the method used for 

obtaining balanced waveforms. The problem here Is that one requires 

an output with the gate voltages cancelled out. The gated pulse Is 

necessary for the operation of the photometer since It provides a 

feedback logarithmic control to which Is added a voltage produced by 

the Incident light. In the final channel mixing, all pulse amplitudes 

must cancel, leaving voltages proportional to the logarithm of the 

desired ratio. Osclllogram No. 2, figure B, shows the cancellation 

of two gates to form a zero reference level. 

The primary gate pulses are generated by a General Radio pulse 

generator (model 1340). This generator sets the gate sampling time 

(gate width) for the event. Since the generator output is only 4 

volts and the system amplifiers need 40 to 80 volts, an amplifier is 

shown in figure C, also in the final circuit schematic of figure D. 

As was noted, instead of using the three differential amplifiers, 

as shown in figure A (even though the system works as expected) we 

are now using an operational amplifier as shown in figure D. Notice 

that (1/10)iff R is added to (l/10)^iB, and (2/10)^wG is subtracted. 

With Identical gate amplitudes fed into all three inputs, the resultant 

gate pulse is cancelled completely. Because this is now accomplished 

with only one amplifier, balancing and initial calibration is less 

critical. It should be noted that in calibrating a channel separately, 

one need only block off the light from the other two. This retains the 

cancelling effect of the gates. In preliminary checks of single chan- 

nels, for proper triggering gate and light response, low voltage 

exploding wires and f.hort time constant flash tube systems were used. 
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For example, osclllogram No.  4 In figure B is a 3 cm #40 copper wire 

exploded at 1800 volta (20Mfd).    This was channel #3.    The time base 

was 50 usec/cm. ,  th    vertical 20 volts/cm.    Osclllogram No.  5 In 

figure B Is a G.  E.  FT-220 flash Cube fired at 1000 volts and .01 ufd. 

This was channel #2.    The time base was  100 usec/cm.    The vertical was 

20 volts/cm.    Osclllogram No. 6 In figure B Is an FT-220 flash tube 

at 1000 volts and .01 ufd., shown on channel #2.    Here the gate pulse 

voltage on the phototube was slightly reduced.    The time base has 

been decreased to 20 usec/cm.  and the vertical la 20 volts/cm.    A 

block diagram of  the system used to obtain this data Is shown In 

figure E. 

A delay unit has been Incorporated Into the circuit that allows 

the gate to occur before the flash event occurs.    This delay may be 

set between zero and one millisecond, as desired.    The gate width 

should be made long enough to Incorporate the entire flash event. 

It should be noted here that proper balance of gate amplitudes must 

be. 

The relative voltages for the three colors at this temperature 

are red 14.64, green 5.77, and blue 0.917.    These are obtained from 

tabulated normalized values for black body  radiation, see Table I 

under 2800 K.    The proper ratio was then adjusted for In the following 

manner: 

2800 degrees Kelvin 

(volts) 
Wavelength J^ ^n J 

Red  7031.4 angstroms 14,635 2.68102 

Green 5341.4 angstroms 5,772 1.75267 

Blue 3941.5 angstroms 0.917 -0.08665 

It should be noted that It Is necessary to make separate adjust- 

ments for cancelling gate signals and to maintain proper Red, Green 

and Blue light signal amplitudes. Controls for both gate light signal 

amplitude are shown In figure G. 

Using the tabulated values to set up the desired ratio produces 

the following equation. 
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/nR+XnB - 2iMG - (4) 

2.68102 + (-0.08665)  -2(1.75267) - -0.91097 

The voltage for the blue signal (B)  Is -0.08665 volts and Is 

difficult to measure.    However,  if one adds*Hx to each term, 

(it»X    +inR)    +    (>ÄlX + A»B)  -  (2inX + 2iHG) - ,5v 

i^(RBX2/G2 X2)  -  ^(RB/G2) 

which is the desired ratio.    In our case, we choseJHX • 4 volts 

which makes  the voltages in eq.   (4). 

6.68102 + 3.91335 - 11.50534 -    -0.91097 

Also,  the gate signals for the red and blue are 25 volts, and the 

green is 50 volts.    The final static calibration votages inputed to 

the differential amplifier became 

Red -      25 + 6.68102 - -18,31898 volts 

Green - 50 + 11.5053    - 38.4947    volts 

Blue    - 25 + 3.9134      - -21.0866 volts 

Therefore, eq.   (4) becomes, 

-18.31898 - 21.0866 + 38.4947 - -0.9109 volts 

Figure H shows  that the red and blue are negative output gate signals 

and the green gate is positive at the output of the differential 

amplifier.    The system is thus  calibrated for 2800 K at a logarithmic 

ratio of -0.9109. 

Figure K is a diagram showing the placement of calibration lamp, 

triggering lamp for static measurements,  rotating wheel, and amplifiers. 

Figures L, M and N are photos of the system proper. 

Results 

Figure I is data for a No. 24 copper wire exploded at lOkV. 

Oscillogram A is the temperature waveform and B is the corresponding 

current waveform. Both have a 10 microsecond/cm time base. The 

oscillograms have been aligned so that they have the same time axis. 

Both vertical sensitivities are 0.5 volts/cm. The vertical scale for 

the temperature waveform is shown calibrated in figure J. As can be 

seen, the lower temperature region is stretched out, and the high 
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temperature region Is compressed. A temperature lower than 18000K 

was not recorded because of signal sensitivity problems, which can 

be corrected. This represents an Instantaneous measure of the surface 

temperature of an exploded wire In the solld-llquld-vapor phases. 

It Is believed that the sudden high temperature Indication, marked by 

the arrow Is figure I, Is due to a characteristic arc that forms 

on the surface of the vapor cloud In such explosions. 
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TABLE I 

*(n) ■ power of 10 multiplier 

Wevelength 1800 2000 2200 2400 2600 

7031.4 2.5399(-1)* 7.888(-l) 1.9969(0) 

5341.4 2.9271(-2) 1.2806(-1) 4.2954(-l) 

3941.5 7.2919(-4) 5.3700(-3) 2.7531(-2) 

Wevelength 2800 3000 3200 

7031.4 1.4635(1) 2.3826(1) 3.6504(1) 

5341.4 5.7720(0) 1.0885(1) 1.9080(1) 

3941.5 9.1657(-1) 2.1570(0) 4.5607(0) 

Wevelength 5000 6000 8000 

7031.4 3.7033(2) 8.9230(2) 1.8323(3) 

5341.4 3.9437(2) 9.7563(2) 3.0793(3) 

3941.5 2.6560(2) 7.4499(2) 4.1050(3) 

Wavelength 20.000 25.000 

4.332(0) 8.343(0) 

1.1797(0) 2.7796(0) 

1.0776(-1)    3.4016(-1) 

3500 4000 

6.3215(1) 1.3168(2) 

3.9151(1) 1.0200(2) 

1.1986(1) 4.3516(1) 

10.000 15.000 

3.2385(3) 7.4950(3) 

6.2710(3) 1.7345(4) 

1.0459(4) 3.8410(4) 

7031.4 

5341.4 

3941.5 

1.2302(4) 

3.0657(4) 

7.6700(4) 

1.7233(4) 

4.5070(4) 

1.2273(5) 
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TABLE II 

The following Is a table of Temperature, Ratio and In Ratio: 

Temperature (K) ^ ^ (^ij 

1800 0.2155 - 1.540 

2000 0.2580 - 1.355 

2200 0.2980 - 1.210 

2400 0.3360 - 1.091 

2600 0.3670 - 1.0024 

2800 0.4020 - 0.9113 

3000 0.4380 - 0.8255 

3200 0.4500 - 0.7985 

3500 0.4930 - 0.7073 

4000 0.5500 - 0.5980 

5000 0.6340 - 0.4560 

6000 0.6970 - 0.3610 

8000 0.7910 - 0.2345 

10,000 0.8630 - 0.1473 

15,000 0.9580 - 0.0430 

20,000 1.0060 -I- 0.0060 

25,000 1.0400 + 0.0390 
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LIST OF ILLUSTRATIONS 

Figure A   A block diagram of the ratio forming circuit. 

Figure B    Oscillograms for the optical pyrometer. 

1. The gate voltages for the three channels. 

2. Superimposed waveforms showing the cancellation of 

two gates. 

3. The logarithmic response to light Intensity of 

the photometer circuit.     Filters with logarithmic changes 

In density were used. 

4. Response of one channel  to an exploding wire.    The 

light response Is  the voltage variation at the bottom 

of the well. 

5. Response of one channel to a flash tube. 

6. Same as 5, with horizontal axis expanded. 

All horizontal calibrations  100 microseconds/cm except  for 

6 which was 20 microseconds/cm. 

Figure C    Gate amplifier Inserted between the gate generator and the 

grids  of  the gate  drivers. 

Figure D    Schematic of  the  3-channel  optical pyrometer. 

Figure E    Block diagram of  the system used to obtain light  curves  for 

a  flash tube and  exploding wire. 

Figure F    Schematic of the power supply  for the three-channel optical 

pyrometer. 

Figure G    The network inserted between the photomultlpller and loga- 

rithmic amplifier  to allow one  to adjust gate and signal 

leveIs  Independently. 

Figure H    The signals presented  to  the differential amplifier In a 

static calibration for a known temperature source. 

Figure I     (A)     The Instantaneous  temperature of a 0.5 mm dlam copper 

wire exploded at 10 kV.     (B)    The corresponding current 

waveform for the exploding wire. 

Figure J    The temperature scale superimposed on the temperature curve 

of figure I.    Temperatures below 1800 K were not recorded 

because of sensitivity problems. 
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Figure K The test stund and rotating shutter used to calibrate the 

pyrometer against a known temperature. 

Figure L A photograph of the pyrometer and rotating shutter test 

setup. 

Figure M A side view of the equipment diagramed in figure K. 

Figure N From left to right, the optical pyrometer optical splitting 

unit, pyrometer chassis, gate generator, and recording 

oscilloscope.  Units below comprise a small wire exploder 

used in initial tests. 
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Figure B.    Oscillograms for the optical pyrometer. 
1. The gate voltages for the three channels. 
2. Superimposed waveforms showing the cancellation of two gates. 
3. The logarithmic response to light intensity of the photometer circuit. 

Filters with logarithmic changes in density were used. 
4. Response of one channel to an exploding wire.   The light response is the 

voltage variation at the bottom of the well. 
5. Response of one channel to a flash tube. 
6. Same as 5, with horizontal axis expanded. 
All horizontal calibrations 100 microseconds/cm except for 6 which was 20 
microseconds/cm. 
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Figure H    The signals presented to the differential amplifier 
In a static calibration for a known temperature source. 
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(A) Temperature     10 microsec/cm 

(B) Current     10 microsec/cm 

Figure I.   (A) The instantaneous temperature of a 0.5 mm diam copper wire 
exploded at 10 kV. 

(B) The corresponding current waveform for the exploding wire. 
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APPENDIX    I 

No.  26 Copper Wire lOkV   Density Curves 
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APPENDIX      II 

No.  18 Tin Wire      7kV      Density Curves 
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APPENDIX  III 

No. 18 Tin Wire  lOkV  Density Curves 
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APPENDIX IV 

Equipment Setup For Vapor Density Measurements 
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EQUIPMENT SETUP 

The experimental setup involved a twin flash X-ray unit (two 

flash X-ray heads), a capacitor discharge system (A5 microfarads), 

Faraday shutter camera (Rapatronic), and two oscilloscopes to monitor 

the current and timing pulses, as well as appropriate delay lines 

for various units. The block diagram is seen in figure 2. When all 

units have been charged to their respective voltages, a manual trigger 

produces a pulse which first triggers the capacitor bank, exploding 

the wire, then a delay line is used to trigger the X-ray unit at 

definite time increments with respect to the beginning of current 

through the wire. A smilar delay is used for the pulsed optic 

camera.  The current Is measured by a calibrated Rogovski coil-RC 

integrator unit.  Figure 1 shows the physical alignment.  In A, the 

two X-ray tubes can be seen at "8 O'clock" and "12 O'clock." The 

Faraday shutter camera is situated at "4 O'clock." The capacitor bank, 

wire holders, wires, and film cassettes are in the center of the 

picture.  In figure 1-B, an Integrated light photo of the exploding 

wire shows the wire site, as well as the extent of the explosion in 

air at 10 kV. 
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LIST OF ILLUSTRATIONS 

Figure 1 (A) The experimental setup for obtaining vapor density 

radiographs. To the left and also above are the two 

x-ray tubes.  In the foreground the optical camera. 

The wire, film cassettes, and capacitor bank are in the 

center. 

(B)  An integrated light photo of a wire explosion in air. 

Figure 2 The block, diagram of the experimental setup for obtaining 

instantaneous density measurements for an exploding wire. 
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