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ABSTRACT

This report describes:

A,

B.

D.

Experiments to determine the shunting effect of occluded and self-
generated vapor produced by an exploding wire in a vacuum,

The investigation of the striation mechanism in exploding wires.
These striations have been examined by high speed sequential frame
cameras to see it they have an axial drift.

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.

The development of an experimental flash x-ray technique for determin-
ing the instantaneous density of the vapor produced by an exploding
wire,

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 striation mechanism; energy consider-
ations in the initial prevaporization 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 ionization 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
Rogonski coil method. Details on coil 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 Rogonski
coil 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 105 to 106 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

Striations in exploding wires have been examined in sequential
frame studies to investigate the possibility that gas discharge type
striations are formed in the electon-vapor sheath (Ref. 4,5). These
electrical striations, 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 outgassing which could mask striations. No. 28 copper
wire samples in 1 and 2 cm lengths were connected across a 45 micro-
farad capacitor bank charged from 3 kV to 8 kV. The striation 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, striations would be
visible by virtue of ionized gasses at "hot spots.'" For the electrical
case, striations would be visible by metal aton recombination radiation.
Electrical striations have one striking property which distinguishes
them from mechanical striations. The diffusion of the carriers is
ambipolar. Thus, if electrons dominate, the striations 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 0.45 microseconds, for each explosion.
Within the range of electrical fields used in this experiment, no movement
of striations was observed. An experiment was designed to bring out the
possible nature of mechanical striations. Copper wire was annealed
in a nitrogen-hydrogen atmosphere at 700°C for 2 hours and slow-cooled
at the rate of 100°C/hr. Control wires (unannealed) and test wires
(annealed) were compared by etchirg the surfaces and inspection
showed that the annealing has substantially reduced brain boundry
density. There are fewer striations, 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 striations are present, and that the existence
of mechanical striations has been firmly established.
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HALL ENERGY IN EXPLODING WIRES

I. Introduction

The energy deposited in an electrically exploded wire is 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 llﬂple.(r)

So the question is raised as to the need for an
extra amount of energy to melt the wire when it is heated by large
current densities.

The experimental situation by which large currents 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. Inertial 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 10-11 aec.(r) Compared to the
microseconds required to melt the sample it can be concluded that the
thermal current 18 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 such a case the large density of electrons near the
surface would result in local rapid heating while the interior remained
coolcr(dge to the relative scarcity of energetic charge carriers.

r
the natur%} period of the discharge circuit must be on the order of the
time ",6 "4 is the permeability, @ is the conductivity and a is the

sample radius. In this characteristic time, less than 10"7 sec,, for

Haines has shown that for the transient skin effect to be important,

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 sampie, the response
of the sample to the discharge is obtained. Results thus obtained show
general correlation with experiment but still fail to account for all

the energy delivered to the wire. Implicit in such arguments is that

the measured energy excess is not real, 1i.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

energy disparity is due to non~ohmic effects(r)
(r)

have been shown by
subsequent experiments to have no validity. The non-ohmic current
observation was probably the result of circuit inductance not measured
in the relevant experiment.(r)
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 magnetic fields large enough to cause substantial charge
separation, It will be shown below that the energy required tuv 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 some 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-wire circuit. The wire has
a radius small enough that resultant current densities can exceed 105
or 106 amps/cmz. Such large «urrent 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
étatistics 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 B’ . 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

{(Y,tb)!, U;)U;: V;) W

The Boltzmann equation for the distribution is

) _of af o 3f g 0f
) G TG a'al& "W

(2)
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The force exerted by the electrical and magnetic fields (E and B) on
electrons is ma = - eé -e YXB

(3)
which reduces to a, =- % (Er-.. \QB,)
GQ =0
(4)
01, < - % (Ei i V;'BQ)
(r) (r)

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

F2 e RX + %X, (5)

where xl and xz are small undetermined functions which depend only

on the scalar quantity V=1/V;‘+ V;‘. Deviations from equilibrium
are assumed to be small: o
BX,, ¥x, < f (6)
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 i8 on the order of 10-2.0- and the
maximum current is on the order of 104 amps so the voltage drop
across a short (1 or 2 cm) sample is on the order of hundreds of
volts. Similarly the magnetic field is on the order of 10-3 weber/cmz.
Following Seitz (Jp

TE)JNM : {'(V;X, B V;xl) (7

and at equ;!.libri.um'1

-J_:)Jnﬂ = <%f{ )coll (8)

Eq 2,4,5,7,8 are combined to give

SRR ARE SLT S RN ST A N

- - wB)(E )
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The derivati,‘éa with respect to Vi, V, can be replaced by the

derivative with respect to electron energy, € , if
éz.é-ﬂ\hft

Using the substitution 10 in eq. 9 and equating coefficients

of equations relating X, R X._ to the distribution function

can be found. 1 { +’£

- 1 {. - sft x - = am
k=7 S'+1 » Vs
wherefis the menfree path,

5= 258y = uBy

pis the electron mobility and

o ’ . o o€ 3f
f = 37 CE;%E 'rz ar € r Je
The current in the r and z directions are
J-; =-€ f%fdﬂ‘
Jp = - efu;.fcla‘
where in cylindrical coordinates
de = wrvtdv

The temperature in the z direction is assumed to be uniform

while a radial gradient can exist.

af’ af°®
—'_=° ——
o2 oar +0
When the Hall field is established
J.=0
Using eqs. 5,15,17 in 14 "
Ty =-yume Juz* X, vidv

Ve

0 =-tme fytx,vdv
X

/ef U; o U.;t = 3L U’L

Using the eqs. 11 and 13 in 18

T, =~

3 /Js*+1

Lridv (3 E _esE. 3t
0= 3tr1 \9r w7 S '

Hue /,Vsd"(ef‘ %—ﬁ-f-sag-f' ‘eSEr -gé‘)q

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)
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J
Substitute € = 1/2 mv’ 1n 20 and let o = _‘i_’;.’(z m)/z

3 , ) (21)
[ " (24 - ‘
F = 2&7 -F((-) = Z(";') [1+ exP(%.(._’g.)]

(22),(23)
f(€) is the Femi-Dirac distribution function. In the range of
temperatures of interest, i.e., below the boiling point, the Fermi

]
energy € is 2 2
Lo o ® h 3y1 ’5
€ =€ =--"‘ L7
2z (24)
Where N,18 the electron concentration and £, is the Fermi energy
at absolute zero. Let L = / "1 _Qﬂg_ JG
J $41 9€
L. = // 'els 3 QE
27 NJsta1 de
‘25)

s H®
L3=C/V_[se‘+§ o o

el AH@®
Then eqs. 20 become Ly = %L‘-}I de
-3-/2'( ek L, +eE LN -Ly) (26)
0 =—eErL, eElLZ"'L‘I

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

electric field
- 17/'" ol Je
E = etfz |45t L, eLu en

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

Ly
= RH J.g. B¢ +—e'r;" (28)
where Rh is the Hall constant. The second terms is of special
interest since it will show the cffact of a temperature gradient,
The mean free path is independeat of energy since the
medium is ohmic for the magnitude of electric fields observed. Also
the magnetic fields are small enough so that $<<]. Under these
conditions the second terms in eq (28) reduces to
feg{‘e) de

el- e (29)
e e 32 Q)
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Now f@® _ @ T _ (TaHE) 3 [e-€
ar ~ 3T ar 9€ JT

Combining eqs. 29 and 30

Ly _ -j.‘fﬁ'- +T-a—(ﬁ=)]e-4—;-gf-<le
el, e/s .31%(5- de

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

=-1

Dirac distribution function
J[ QFJS

Ly

-
(R

!
The factor —3?—16-' is just the electronic specific heat

2., 2
'ae . T’k
aT - rT 7’ - 26.

The Hall field can now be rewritten in terms of experimentally

meaningful quantities:

E RHJ'B +7’TJT

The temperature gradient can be expected to be quite small since
-8

for copper, 7= 7.9Xxl0 T/mole-Je,land the ratio 7’/3 is about

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

shows that d¥ must be exceedingly small. So what is proposed is
dr
that from the plot of current versus time the isothermal Hall

field, Er , will be calculated and the instantaneous energy will
1

Q
be computed u' = N,E fEr" dr
©

where Ng 1is the electron concentration and a is the wire radius.

The instantaneous energy in t:he wire, u. , will be calculated.

u. jIVJt—lLI

|

14T Te 3__6_']- | g€’
el, e’J?[T'*TaTT)"'EﬁiF
T

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)
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The difference between L‘. and L‘. » 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 Uo - U1 = U2. U2 can be zero or

on the order of experimental error. If so, the energy has all been
taken into account. If U2 is positive, melting occurs from the

exterior while if U2 1s negative, melting occurs from the interior.
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Results
Sample calculation for #22 Cu wire with

I~ l.SXlOl' amps
radius A = 3.56X10"
L=5em
areaﬂ'd2 = loXlO-3 emz
J = I/A = 3,75X10 amps/CMz
N = 1.3x1023 electrons/ em3
R = 6.6}(10-'5 Cm3/amp-sec

6

Ml o oum
'zrra‘r'z.J;'

Erl- R" B’J = ﬂ;ﬁ Jézr
Q 2.2
vl-[Er;(r)Jr = ﬁATH' J a

2

B

V, = .374 volt X10~

n=NA= 2.6X1021 electrons

=, - 9.7x10%%v = 1.5 Joules

U
Energy required to melt sample
Um = Ms(Tm-To) + mft
= (.178gm) [.418 ;!oule (1063°Kk) + 205 joules/gm]
m
= (.178) [650] ="11.6 joules

Therefore the wire will not melt until at least

U +Um = 1T +116 = 13.1 youles
have been placed in the sample. As can be seen, the total energy
put into the wire up to melting is about 13X higher than would be

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

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, Fansler 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 W. G, Chace, it was decided that we would try to davise
a method for measuring the instantaneous density of an expanding
cylinder of vapor by utilizing flash x~rays and the axial method
ploneered 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 shotography
and spectroscopic 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 cyclinder 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 cf 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
sinnle 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. Bach 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 105 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 explosiep 1s 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 1s 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 devuloped 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 Radelin fine grain intensi-
fier,

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 dirst 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 occuring 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, 18 shown
in C. The uvpper 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 =
radiograph that would be discarded because the end effect produces
an uneven density in the core of the cloud, masking the true denai:.
of the 5 cm cylinder under observation. Figure 4 shows the wire cou
figuration before explosion. The 45 degree bends are usually out in
such a way that the vapor does not affect the density of the verticsai
cylinder appreciably.

Once a good radiograph is selected, it is scanned by the microphoto-
meter so that the scan movc along a diameter, The results for a
typlcal scan are shown in figure 5. Here, the dashed line indicates the
path taken by the microphotometer 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
microphotometer scale in true density. A typical microphotometer and
wedge tracing are shown in flgure 6.

To convert from microphotometer tracing to a density-radius curve,
the mathematical steps shown in figure 7 are used. Curve A is the
microphotometer 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 computer
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 104 of Ref. 9. The input to the computer program is a set of points,
measured from the microphotometer 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
M= Zﬂ'f rm(r)dr
o

where M = total mass (known)
R = radius of expanding cylinder
m(r) = density in gm/c:xn2

In this self-consistent check, any integrations differing from
the total mass by more than 10 are discarded. Since the wedge calibra-
tion curve is of the form

ys= 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 10kV. 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 striations 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 i8 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 1s 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, 10kV. In each case, the density
profiles show an expanding core and sheath. The sheath forms due to
the piling up of inner core maFerial 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 diam. at this time). The sheath and core expand
at different rates, about 6 x 105 cm/sec for the sheath, and about
3 = 105 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 1s nearly constant from curves C to F, this means
that here must be a net flow of 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 10kV 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 severul axial radio-
graphs for No. 26 copper wire expluded 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 microphotometer show that the internal core
density does not go to zero. Both wires also show the enhancement of

the sheath with time, {mplying a radial mass flow from the core to the
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sheath. A summary of density-radius measurements is shown in figures
18 and 19. Figure 18 ghows 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 10kV 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 1.4 cm radius.

Gaussian Expansion

An attempt to evaluate the radial! mass flow is presented here.
If one takes two density-radius 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
dM/dt, having the units gm/cmz-sec were prepared for tin wire exploded
at 10kV (figure 20). Differences were taken for all time-aijacent
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 10X 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 i8 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 notcd that the series
of curves for tin in figure 20 are mirrored in the equivilent curves
for copper as shown in figure 21. There is the same rapid decrease
in the peak flux and a subseauent broadening of the peak. These results

should be compared to the results one obtains from a spreadine gaussian,
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figure 22. The curves show plots of the function

2
r

. y: e'm
t) = =
/0 ) 7GF_CL .Z+€%;

(1)

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

mass = f,o(fit)JV

(2)
where dV = 2T Lrdr, the volume increment in cylindrical coordi-
nates, andPis 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 thae initial
condition. The resulting diffusion with time produces a spreading
gaussian. Equation (1), above, was used to obtain the radial mass
flow for a gaussian at three time intervals,

Where T 1s 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,

R
| [[Pht+80) = PG T o rdy
mass flux = m [—— St (3)

where R is the radius at which point the mass flux is to be
evaluated, St isT'ST , and 2TrRL 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 form 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.

D.

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.

A definite relationship has been established between
the photodiameter and the x-ray sheath diameter
for the expanding vapor. A definite core structure

and its subsequent change with time has been obtained.

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 gaussian flow.

Copper vapor, with its "hollow'" core, implies
that an aporeciable initial temperature gradient

existed in the wire fluid at rupture.

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,

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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Future work could involve:

C.

refining the mass flow data acquisition so that

a more precise picture of the flow of metal vapor
within the explosion can be obtained.

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.

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 TLLUSTRATIONS

Figure 1 CGeometry with respect to wire and film cassettes for the
dual flash x-ray system.

Figurc 2 The information on the radiograph consists of the axial vapcr
density, two calibrated step wedges, and brass rods at the top
and Lottem 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 4 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 1s used to shape and straighten
the wire after 1t is clamped by sliding the unit forward, along
the wire hoders, exerting pressure on the wire, and then
retracting it.

Figure 5 I[n the bottom diagram, the path scanned by the microphoto-
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.

Fifure 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 {s a smooth curve drawn through the wedge calibration
points. The resultant density curve has been gmoothed by a

computer program,



Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Page 31

A typical density (gm/cmz) 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.

Optical pictures of exploding wires taken with the Faraday
effect camera. They show the end effects, expansion of the
vapor cloud, striations, and arcing on the surface of the

vapor cylinder.

The correlation of radial expansion with current waveform.

The dots are experimental points as obtained from side radio-
graphs. This indicates that the most capid expansion, occurs
just after the current peak.

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.
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.
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.

The density of tin wire 1 mm 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.

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.

Axial radiographs for 0.4 mm diam copper wire 5 cm long exploded
aéfiv with 45 mfd capacitor bank. Delays are with reespect to the

beginning of current,.
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Axial radiographs for 0.5 mm diam copper wire exploded at 7 kV.
They show the troublesome end effects, which show up as a small
dense core which does not expand. This is due primarily to the
low initial voltage used.

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.

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.

The radial mass flux for 1 mm diam tin wire as a function of radius
and time. Time in microseconds.

The radial mass (flux for 0.4 mm diam copper wire as a function
of radius and time. Time in microseconds.

The spread of a gaussian as a function of time.

The radial mass flow calculated for an expanding gaussian.
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Figure 1 Geometry with respect to wire and film cassettes

for the dual flash x-ray system,
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Figure 2 The information on the radiograﬁh 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.
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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.

Figure 5.
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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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Figure 8 A typical dcnsity (gm/cm”) versus radius curve for copper wire, This one was made
8.2 microscconds after the current began to flow in the wire, The arrow on the
curreant waveform indicates the position of the density measurement,
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12 D DENSITY OF TIN WIRE
c AS A FUNCTION OF TIME
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Figure 14 The density of tin wire 1 mua i
in diam, exploded at 7 kV is shown a
5 af
and time, Selected density curves are shown for clarity. Delay nEuﬁMMMH”Mn”m Hnmm:m
pect to the start of current, A



47

*sadofs ur
LIe[IuIS 9Y) MOYS 0} a[eds sures aY) uo paoe[d US3q SABY SIAIND OM} YL °AY L Ie
pepordxa ‘3uof wd ¢ ‘@amm xaddoo werp W G *(Q pUR () I0J SOAIND SWI} SNSISA WeIp 94l °GT aandig

vl [4 ! 01 8 9 v 4 0
T

i
nasd 3IWIL

-

T4

0t



48

*judxand jo Juruurdaq ayj 03 10adsax Yyim aae she[sg “jueq xojroeded
PJW G} B YIM AY 0T 38 papo[dxa 3uol wd ¢ axmm 18ddod werp wut § g 10§ sydeaSoipea [erxy °91 aanSig

.>_o\.oww§ 1 9’8 8¢ 0¢

[A 3 4 03ST 9ZY

ANX 01

¥3dd0d 924

b



*posn 932370A TBIITUT MO 9yl o3 L[jaewiad anp
ST STYL °puedx® j0u §90p YOTUm 9100 9susp [[ews B se dn Mmoys yYoJym °s3093J9 pud SwoSs .
-9Iqnoa3 3y3 Moys Aay], °AY [ 38 popordxa 9a1m ioddoo welp wm G°( 103 sydeaSofpea [BIXY (] 2an31J

wo/oasd ¢ 8'6 z'8 08

ND 3¥Nd e



*£3T181D J0J uUMCYE AT¥ BIAIND pOIDN]AQ

*am1y puw SNipea JO UOIIdUNy ®

" se pojuasaidaa ‘Ay Q1 I popordxd ‘Buoy wd ¢ ‘211M 19ddoo welp um 4°Q Jo £3TSudp Yl @1 2and1J

91

LA

¢t

CWDIsSnigvy
01 80 9'0

¥o

1 1

03sd z¥'9
_03sr v9°¢
‘o3sd 91°¢
‘o3s{ ¢8°¢
03sd 9Z't
SNIAVYY TYNIDIYO

<COO0OW W

‘AAXOT -(9Z®)'WI ¥O°
3NIL 4O NOILONNG Vv SY
3¥IM ¥3dd0D 30 ALISN3Q

<0

0

00

HED

06 93egq

(zWD/'W9)
(Hra

ro

S0

90




*A31ae1o 103
uUMOYS 9JB S$IAIND PIaIIB[IS “"SWI) pue snIpel - uclduniy ® SE poluasaxdai
‘A Q1 3e papoldxa ‘S8uoy wo ¢ ‘211m 13ddod> uwzIp WW ¢*Q 3O L31suap aylL 61 2an31d

Cworsniavy

Page 5l

91 LA z1 ot 80 90 0 Zo 00
9
310
dzo
‘03S( 886 9 .
.oumn 96'¢ 4J £0
03s vvL 3 S
‘035, ¥2L @ nnﬁﬂ__ss
'03sM 889 D .
03sM 219 g | .
SNIQvVy TVYNIDINO ¥ | vo
_“ _
AM OT ~(¥Z#W)'WD SO | |
JNIL 40 NOILDNNS V SY L ,
JHIM ¥3dd0D 40 ALISNIQ 7 | 450
[ H
_
|
s\ /| 490
P




sgpuodIasoldTm Ul AWIL
-pwI3l puE SNTPE1 JO UOTIOUN} B SE 21TM UT] wWElp wm [ 103 X013 ssem [EIPEI 2yl QF 2IndT4

8/ 2! ¥l el o/ m - & h* 2" 0
_ | 1 T — I — 1 _ I
(u3) SMPOY

Paye "




Page 53

"SpPUOCIISOIITH UT 2mI] *owI] puE
snipel jo uoljounjy e st aaym 1addod weyp wm 4*p I0J Xn[J SseBw [EBIPEI FYL

g

mEuu. aziuw.# a N

1z 2In314

h* <’ 0
S _

2951 19 40 235025033V I
sosr ¢ 5 40 oxnoT'0=3IV g
dasM g5 40 sasoph'o =3v Y

ANOI  9Z# d4m n)

Xh| o SSOW [olpvy




[0

fgclnfi ve Dencofy -
NS

2

Page 54

The 5/’?0d of g Gauss/an
Funclion with 7/-”73.

1

Shieh
9 % 24, 3q, 94, 5q,

Radius —»

Figure 22 The spread of a gaussian as a function of time,
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OPTICAL PYROMETER

Introduction

The research on a three-color, fast response optical pyrometer
is based on preliminary work initiated by J. L. Bohn, O. 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 co that a resultant
voltage displayed on a cathode ray oscilloscope will be proportional

to the 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 logarithmic system, rather than a linear
system. This would then involve differential amplifiers, rather cthan
multipliers, see reference 3 for the discussion of this point. The
basic approach centers upon a logarithmic photometer design developed
by R. Zatzich at AFCRL, reference 2.

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

producing the fcllowing working equation,
2 L
Cz(ﬂz 2 A

z&n("") NS )_/e"l':((na)f_c_;‘f_&] W

T (Kelvin) =

A k’ : G 553
Where il’ 12 and 13, in the denominator are the ratios of
intensities of the light received at wavelengths Al, AZ and A3 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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A
ln(—r’,') + B
s
Labelling the intensities by the respective colors chosen for
A
Te= (3)

h(&:) +8

This last 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 h(k‘/cz).
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 that because of the form of equation
(3), the scale will be non-linear, and the voltage representing
,e" (RB/GZ) 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 InR + ,enB - ZInG. 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 incrementes
in density. The output should change in linear steps for such an input.
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Oscillogram 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 antilog of 0.3, the third highest is the
antilog of 0.6, the fourth highest is the antilog 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, Oscillogram 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 chennel mixing, all pulse amplitudes
must cancel, leaving voltages proportional to the logarithm of the
desired ratio. Oscillogram 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 cvent. 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) ImR 1s added to (1/10)nB, and (2/10)0mG 1s subtracted.
With identical gate amplitudes fed into all three inputs, the resultant
gate pulse 18 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 rhort time constant flash tube systems were used.
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For example, oscillogram 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. Oscillogram No. 5 in
figure B 18 a G. E. FT-220 flash tube fired at 1000 volts and .01l ufd.
This was channel #2. The time base was 100 usec/cm. The vertical was
20 volts/cm., Oscillogram 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 is 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 0 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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Inr +L4ns - 20nc - (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,

(Inx +8nr) + (Inx + Dne) - QInx + 28mc) =
Dnrex?/c? x%) = I re/c?)

which 18 the desired ratio. In our case, we chose‘vx = 4 volts

(5)

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 1s data for a No. 24 copper wire exploded at 10kV,
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 1800°K

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 solid-liquid-vapor phases.

It 1s 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 1

*(n) = power of 10 multiplier

1800

2.5399(-1)"

2.9271(-2)
7.2919(-4)

2800
1.4635(1)
5.7720(0)
9.1657(-1)

5000
3.7033(2)
3.9437(2)
2.6560(2)

20,000
1.2302(4)

3.0657(4)
7.6700(4)

2000

7.888(-1)
1.2806(-1)
5.3700(-3)

3000

2.3826(1)
1,0885(1)
2.1570(0)

6000

8.9230(2)
9.7563(2)
7.4499(2)

25,000

1.7233(4)
4.5070(4)
1.2273(5)

2200

1.9969 (0)
4.2954(~1)
2,7531(-2)

3200
3.6504(1)
1.9080(1)
4,5607(0)

8000
1.8323(3)

3.0793(3)
4.1050(3)

2400

4.332(0)
1.1797(0)
1.0776(-1)

3500
6.3215(1)
3.9151(1)
1.1986(1)

10,000
3.2385(3)

6.2710(3)
1.0459(4)

2600

8.343(0)
2.7796(0)
3.4016(-1)

4000

1.3168(2)
1.0200(2)
4.3516(1)

15,000

7.4950(3)
1.7345(4)
3.8410(4)
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TABLE II

The following is a table of Temperature, Ratio and 1n Ratio:

Temperature(K) % in ( %}

G G

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 + 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 expanced.

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 photomultiplier and loga-
rithmic amplifier to allow one to adjust gate and signal
levels 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 diam 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.
2.
3.

4.

5.
6.

The gate voltages for the three channels.

Superimposed waveforms showing the cancellation of two gates.

The logarithmic response to light intensity of the photometer circuit.
Filters with logarithmic changes in density were used.

Response of one channel to an exploding wire. The light response is the
voltage variation at the bottom of the well.

Response of one channel to a flash tube.

Same as 5, with horizontal axis expanded.

All horizontal calibrations 100 microseconds/cin except for 6 which was 20
microseconds/cm.
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DIFFERENTIAL AMPLIFIER OQOWTPLT

1 [.n

RED S V. :t.:w ,L

T i

GREEN gsov

-18.319 - 2/.00e6 + 38,998 = =0,9/09%

(2800°k)

Figure H The signals presented to the differential amplifier
in a static calihration 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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TEMPERATURE

/’”.(.Qu TEMP .
0.0004—~— — — — — = — ——— e _______‘2],2009‘(
[ ]
- 0.500 - - AR i _ _ _____ Soc00 It
° 1 4000 &
o
- J.000¢ ~ T 7T T T —_———- 20800 K
= :.5007.____ R B 1g00° K
- 2.0004 é\
EnvD OF
GATE

CURRENT

Figure J. The temperature scale superimposed on the temperature curve
of Figure I. Temperatures below 1800°K were not recorded
because of sensitivity problems. #24 copper wire 10 kV,
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APPENDIX 1

No. 26 Copper Wire 10kV Density Curves
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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 (45 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 1s 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 0'Clock” and '"12 0'Clock." The
Faraday shutter camera is situated at "4 0'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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