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This report is the summary of the work done at the U.S. Naval Research Laboratory between June

30, 1960 and June 30, 1963. It contains the material that has been discussed in detail in a series of

progress reports. In addition, some of the work has been published and is referenced at the end of

the report.
The work reported here deals with the investigation of electrically exploded wires in vacuum. The

electrical pulses needed for this purpose were provided by the very low inductance capacitors, the de-

velopment of which was part of the work covered here. The main problems considered were (a) the

x-ray, visible, and near ultraviolet emissions from the explosions, (b) the development of the instru-

mentation needed to determine the time history of the current through and the voltage across the

exploding wires, and (c) the relation of the current and voltage to the energy dissipated in the explo-

sion. The techniques that were emplo•ed in the study of the various emissions are outlined. The

appendix contains detailed discussion of the radiation measurements in the visible range and its

analysis.

INTRODUCTION

The work reported here is the continuation-of
the investigation of the exploding wire phenomena
at the U.S. Naval Research Laboratory reported
earlier in Ref. 1. It is the purpose of this report
to provide a summary of the work performed from
June 30, 1960 to June 30, 1963. The details of
equipment, experiments and results have been
given in a series of progress reports (letter reports)
listed collectively as Ref. 2. One aspect of the work
covered here, the initial experiments with the pro-
duction of x-rays in the exploding wires during the
electrical discharge, has been described in Ref. 3.

The problem that has been investigated is the
emission of x-rays from metallic conductors which
are exploded by very high current surges. This
phenomena is typical of those discharges in which
very high voltages appear across the conductor.
This fact necessitated further work on the devel-
opment of the electrical storage systems charac-
terized by their extremely low inductance and high

NRL Problem H03-21; Project DASA MIPR - 522-61. 'This is the

final report on the problem; the problem has been closed. Manuscript

submitted August 27, 1963.

voltage operation. One major problem appeared
in connection with these storage systems, namely,
the measurement of voltage applied across the
exploding conductor and the determination of
power input producing such explosions. This
problem has been solved for some restricted
applications; however, it is still plaguing the ex-
periments where it is not possible to confine the
discharge current to the exploding conductor.
(Some approaches to produce such confinement
of current will be discussed more thoroughly in
conjunction with the description of an explosion
chamber specifically designed to alleviate this
problem.)

In addition to the study of x-ray emission,
radiation in the visible range has been studied
using spectrographs that provide both time-
integrated and time-resolved spectra of the emis-
sion from exploding conductors. Both continuous
and line radiation has been studied and the re-
sults will be summarized.

In the field of electrical energy storage, some
minor improvements have been made on water-
Mylar and water-dielectric capacitors (described
in Ref. 1), but the main effort has been directed

1
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toward achieving the ability to store large amounts
of electrical energy at about a level of 106 volts.
Partial success was achieved by using a specially
developed model of the Mylar-dielectric capacitor
described in Ref. 1, and some of the difficulties
that have been encountered will be discussed in
connection with the description of the test model.

This report is divided into three main parts. The
first part deals with the electrical storage systems
used in the experiments, the second part describes
the instrumentation development, and the third
part describes the diagnostics and results. The
main and common feature of the storage systems
is the pulse-charging operation. All three systems,
the water-Mylar-dielectric capacitor, the water-
dielectric capacitor, and the model Mylar-dielec-
tric capacitor (designated as systems WM, W, M.
respectively) have another common feature-their
very low inductance, which for typical loads (ex-
ploding wires) have respective discharge frequen-
cies of 12, 2.0, and 10 Mc/sec.

The experiments performed using these sys-
tems are divided into three categories: the meas-
urement of the x-ray emission, the observation of
light emission in the visible, and the attempts to
confine the current flow in the exploding conduc-
tor. All three groups had as their common denomi-
nator the need to understand the processes occur-
ring in the explosions of conductors when very
high voltages are used. In the first group of
experiments it was established that the exploding
conductors emit soft x-radiation in certain cir-
cumstances. The duration of the emission was
found to be quite short (about 10-8 sec) and re-
lated to the electrical behavior of the discharge.
The emission was further analyzed and an elec-
tron temperature of a few kev associated with it.
The study of the exploding conductors after the
emission of x-rays ceased was performed using
spectroscopic techniques in the visible range.
Typical spectra are included in the report and
will be seen to consist of continuum and line
radiation. Both types of spectra were studied and
some limits on temperature have been obtained.

The instrumentation needed for the measure-
ment of the experimental parameters is grouped
into the following categories: equipment for elec-
trical measurements (voltage and current meas-
uring devices and radiation measuring devices),
equipment for photographic measurements
(primarily, spectroscopy in the visible range and

x-ray absorption analysis), and special equipment
such as explosion chambers. More emphasis is
placed in the report on those instruments that have
not been discussed in Ref. 1 covering the work
done in the period (March 1, 1958 to June 30,
1960) preceding that which is summarized here.
For this reason, streak cameras and spectrographs
are not discussed. Similarly, the Laboratory
facility has been adequately described in Ref. I
and only minor changes were introduced.

ENERGY STORAGE SYSTEMS

The exploding wire experiments introduced in
the preceding section were carried out using
storage system WM (water-Mylar-dielectric capaci-
tor) and storage system W (water-dielectric
capacitor). These two energy storage systems have
remained, except for some minor improvements,
essentially as described in Ref. 1. A third system,
M (model Mylar-dielectric capacitor), was built to
provide a smaller, more versatile unit for studying
the causes of breakdown in the large Mylar capaci-
tor described also in Ref. 1 This model was made
with the same spacing (2 feet) and geometry be-
tween the charged plate (indicated as the center
plate in Fig. 1) and the grounded steel tank as that
of the large Mylar capacitor. It has been designed
so that the tank can be evacuated.

Tests with this model were very disappointing.
The model was tested under evacuated conditions
(10-4 mm Hg), and breakdown occurred at only
26 kilovolts. Efforts to improve conditions by re-
placing four layers of Mylar nearest to the high-
voltage plate with polyethylene were unsuccessful.
It is thus concluded that a vacuum-Mylar or
vacuum-polyethylene interface has very poor
breakdown characteristics.

The system M was then evacuated and filled
with transformer oil which had been degassed in a
large evacuated tank. Under these conditions,
breakdowns occurred on various tests from 320 to
340 kilovolts. These breakdowns occurred from
the point where the high-voltage cable entered the
bottom Lucite cover plate. No evidence of paths
by which these breakdowns reached ground could
be found. In all these tests, the plate was charged
to breakdown voltage in about 5 X 10-6 sec. Such
approaches were concluded to be fruitless and
were therefore abandoned.

The use of demineralized water in the WM sys-
tem having 1-foot lengths of water-Mylar interface

00=00i
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has been successful up to 650 kilovohs, when the
charging time was 0.5 X 10-6 sec.

The W system with 4-inch spacing between the
plates has operated reliably without breakdown
up to 320 kilovolts. Its charging time is 1.5 X
10-6 sec.

The switching of the parallel plate capacitors of
the two operational systems (W, WM) relied on
the overvoltaging of an insulator separating the
electrode of the charged plate from the ground
electrode. A study of the Mylar switch is summa-
rized in Fig. 2. The voltage strength of Mylar
sheets decreases from 6500 kv/cm to 3200 kv/cm
as the number of sheets is varied from one to
seven. The voltage buildup time leading to the
above values is about 0.5 X 10-6 sec (indicated at
each measurement shown in Fig. 2).
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NUMBER OF 0.019-CM-THICK MYLAR SHEETS IN THE SWITCH

Fig. 2 - Mylar switch breakdown voltage vs switch thickness.

Indicated at each measurement is the switch breakdown
time in microseconds relative to the start of the applied

voltage.

INSTRUMENTATION DEVELOPMENT

The instrumentation needed for the study of
exploding wires developed during the period
covered by this report was that for measuring the
storage system circuit parameters (voltage, cur-
rent, and rate of change of current) and that for
study of x-ray emission from the exploding wires
(pinhole. camera, x-ray absorbers, and photomulti-
plier detectors). In addition, exploding conductor
chamber development was carried out to study the
electrical breakdown in the chamber parallel to
the exploding conductor and means for its
prevention.

A measurement with a capacitive-resistive divid-
er provided the means for determining the instan-
taneotis voltage on the storage capacitor plates
during the pulse-charging and its subsequent dis-
charge into an exploding conductor. The construc-
tion of the divider provides nearly perfect shield-
ing against the magnetic pickup. Such dividers
have been installed on the three storage systems.
Their time response is less than 2 X 10-9 sec. The
time constants of each divider were chosen to give
better than 1-percent accuracies during the peri-
ods of interest. The schematic drawing of the
divider and its operation is shown in Fig. 3. This
divider provides the means of measuring v(t)
in Fig. 4.

The rate of change of current, and its time inte-
gral, the current, have been measured by the use
of small well-shielded magnetic loops. Their time
response is 2 X 10-9 sec. One such loop is shown
in Fig. 5 in position to measure the rate of change
of current in the explosion chamber. Current is
obtained by integrating the di(t)/dt signals with
specially designed, carefully shielded RC inte-
grating circuits.

Figure 5 is a sectional drawing of the exploding
conductor chamber used in the study of the x-ray
and visible radiation emitted by the exploding
wires and hollow cylinders. It has eight ports for
use with the diagnostic equipment, to any of which
a highly shielded photomultiplier-scintillator sys-
tem can be attached. The inner walls are made of
nylon that serves as insulator and vacuum cham-
ber. The difficulties encountered in using this type
of explosion chamber have been extraneous dis-
charges. It has been found that all of the discharge
current flow cannot be confined to the exploding
conductor when the chamber is evacuated and
voltage on the plates of the capacitor is greater
than 100 kv. The parallel discharge was found to
go to ground points other than the ground elec-
trode, such as the viewing ports, always choosing
a path of lower inductance than that through
the conductor. When these points were adequately
insulated, the discharge occurred mostly through
the low-pressure air surrounding the exploding
conductor. Only after submerging the conductor
in pure water was the discharge strongly damped.
It is believed that the damping was due to all of
the discharge going through the conductor.

A new explosion chamber has been built (Fig. 6)
with the exploding conductor mounted horizon-
tally instead of vertically, and with four portholes
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NOTE: TIME CONSTANT OF
RESISTOR AND CAPACITOR TO
GROUND MUST BE LARGE COM-
PARED TO PERIOD OF INTEREST

50 OHM STYROFLEX CO-AXIAL
LINE TO OSCILLOSCOPE

CYLINDRICAL METAL PLUG
CAPACITIVELY COUPLED TO
CHARGED PLATE THROUGH
MYLAR DIELECTRIC

LARGE VALUE FILM RESISTOR
OF RESISTIVE DIVIDER

OUTSIDE CASE AT
-- GROUND POTENTIAL

- GROUND PLATE

MYLAR DIELECTRIC

Fig. 3 - Schematic diagram of the capacitive-resistive divider
to measure transient voltages on a flat-plate capacitor

Fig. 4 - Schematic diagram of the NRL exploding-
wire pulse-power systems
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Fig. 5 - Exploding wire chamber with a magnetic loop to measure
the rate of change of current di(t)ldt

above for diagnostic measurements. This chamber
has all possible undesirable discharge paths longer
than in the chamber shown in Fig. 5, and the
shortest discharge path is through the exploding
conductor, but the confinement of the discharge to
the exploding conductor has not been achieved.
Again, only submersion in pure water produced
heavy damping indicating confinement of the cur-
rent to the conductor.

The chamber of Fig. 6 provides the means of
determining accurately the instantaneous voltage
across the 'exploding conductor load (see the place-
ment of the voltage divider). The voltage applied
to the load in routine shots was 200 kilov6lts.

When a method had been successfully devised
to measure instantaneous voltage across the ex-
ploding conductor and its supporting electrodes as
shown in Fig. 6, the computation of instantaneous
,power and resistance in the exploding conductor
became more feasible. As shown by the schematic
diagram of Fig. 4, power could be computed by

p~t W iMt V(t) i(t) v (t) -- L 4ýi

and resistance by

r) v(t) - L di(t)1

ir(t) i(t)

In the high-frequency (-12 Mc/sec), slightly
damped discharges the time correlation between
v(t) and L[di (t) Idt] must be accurate to less than
1 x 10-9 sec in order not to have large errors in
the power computation. For critically damped dis-
charges, the time correlation is not as important
(2c). The time correlation can be kept accurate
within 1 X 10-9 sec by applying the v(t) and
L[di(t)/dt] signals (see Fig. 4) to opposite verti-
cal deflection plates of an oscilloscope so that when
the signal cable delays are proper and the signal

AREAS WITH THE FOLLOWING
CROSS HATCHING ARE EITHER
ALUMINUM OR BRASS:
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CAPACITIVE-RESISTIVE DIVIDER
/ FOR MEASURING VOLTAGE

/CAPACITOR CHARGED
PLATE

Fig. 6 - Exploding wire chamber with a voltage divider to measure the instantaneous voltage across the explosion

amplitudes are equal (for the case of zero resist-
ance), zero deflection will result. Such an experi-
mental example is approximated by a solid conduc-
tor which does not ex'plode. Thus, under
conditions where r(t) > 0 the deflection will
correspond to v(t) - L[di(t)/dt], which is the
voltage across r(t). The instantaneous current
i(t) is obtained by integrating the di(t)Idt signal
coming out of the deflection structure of the above

oscilloscope with a special RC integrator and apply-
ing it to the deflection structure of a second oscillo-
scope. A small-amplitude sine wave of known high
frequency (compared to the frequency of the dis-
charge circuit) can be applied to the two oscillo-
scopes along with a delayed di(t)Idt signal in
order to time-correlate the two oscilloscopes.

This approach to the power measurement as-
sumes only that the inductance L of the exploding
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wire is a constant, a condition which is true up to
and during the emission of x-rays in our experi-
ments so far. Of course, this approach requires
that all of the current flows through the exploding
conductor, a condition which is not met by any of

these explosions in vacuum at voltages which pro-
duce x-rays. For this reason, the method has net
been successful in computing power into the ex-

ploding conductors during the emission of x-rays.
In addition to the electrical instrumentation,

diagnostic equipment to study the x-ray emission
from the exploding conductors has been

developed. A scintillator-photomultiplier-oscillo-
scope system with a time resolution of 9 X 10-9 sec
was built and used to determine the x-ray pulse
width. The mean width was found to be less than
10-8 sec for the majority of explosions. The
scintillator used was Pilot-B plastic covered with
thin Be foil such that only x-radiation could pene-
trate the foil. The photomultiplier used was an
RCA 7265 (Ref. 4 contains time response of fast
photomultipliers), while the recording oscillo-
scopes used were Tektronix, Model 517.

Such short x-ray pulses were also studied by
means of a small pinhole camera sensitive to x-ray
light only. Its position is indicated in Fig. 5. The
photographs of Fig. 7 were obtained with this
camera.

The quantitative study of x-rays was performed
using a set of thin foils of varying thickness that
partially absorb the emitted x-radiation (as dis-
cussed in the next section). The transmitted

radiation was recorded on photographic x-ray
film. The relationship between the incident energy
and photographic density has been obtained and
is discussed in Ref. 5. The use of absorbing foils
provided the only means of measuring several data

points during one explosion. The more conven-
tional means of analyzing the radiation (spec-
trometers and band filters) were found to have
inadequate sensitivity.

The spectrographic equipment used in the study
of visible and near-ultraviolet radiation is of

conventional structure and is not described here.
One exception is the high-dispersion, time-resolv-

ing spectrograph N9GS, which is adequately
covered in Refs. 1 and 6.

EXPERIMENTAL PROCEDURE,
DIAGNOSTICS, AND RESULTS

In this section the summary of the exploding
conductor study is given. It is divided into two
parts. The first deals with the soft x-radiation

emitted during the very early stage of the explo-
sion when the voltage across the conductor is high.
The second part deals with longer lasting visible

and near ultraviolet radiation characterizing the
latter stages of the explosion.

The radiation emitted from the aluminum wires

(0.0075 cm in diameter) in vacuum includes the
soft x-radiation appearing in the first 10-8 sec of

explosion, when the discharge is produced by the
initially high capacitor voltage. The pinhole

I. Cm

A B

Fig. 7 - Image of a cylinder (A) by visible light before the explosion and
(B) by x-rays during the explosion
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cameras indicated the source of these x-rays to be
the positive electrode, analogous to the pulsed
x-ray tube. However, when the expansion is
limited by a containing insulator (such as a plastic
block), the x-radiation is then emitted from the
entire length of the exploding wire. Another way
of partially preventing the expansion is the use of
small cylinders of the same mass as the exploding
wires. The discharge through such cylinders
(aluminum, 1 mm in diameter with a 0.0075-mm
wall thickness) results in an implosive-explosive
flow. The x-radiation under these conditions is
emitted from the entire length of the wire (Fig. 7).

To study the x-radiation further, it was neces-
sary to know the relative importance of self-
absorption of the emitted x-rays in the exploding
plasma. To determine this, hollow cylinders made
of silver and gold were studied. No emission was
noticed. However, when a small slit in a wall of
such a cylinder was made, it was found that x-rays
were emanating from inside the cylinders. There-
fore, the self-absorption in the cylinder walls
must be accounted for.

The x-rays were further studied using the ab-
sorbing foils. The radiation transmitted through
thin metallic (aluminum) foils of varying thickness
*has been recorded by photographic film. The re-
sulting curves of incident energy (related to the
recorded density) vs the foil thickness were sub-
jected to two methods of analysis.

First, an attempt has been made to invert the
information to provide the spectrum of the
emitted radiation. Only very crude information
was obtained, because the absorbing foils repre-
sent a set of filters with low energy cutoff, requir-
ing extremely precise data not available in the
experiment. The simulated computer program,
using the principle of x-ray fluorescence of pure
elements shows that even a 5-percent error intro-
duced randomly into 45 data points produces a
rapidly, oscillating inversion not resembling the
trial input function. The practical number of data
points (ten) gives a similar inversion. The same
applied to inversion where the absorption prin-
ciple is the basis of the analysis method. It thus
appeared that inversion methods could not be
used successfully.

The second method, developed for estimating
the x-ray spectral distribution of exploding alumi-
num cylinders, involves a set of assumptions
enumerated below and provides consistency and

error checks. The assumptions forming the basis
of this method are discussed in detail below. Semi-
quantitative arguments are given wherever pos-
sible to justify these assumptions.

The exploding-wire-discharge mechanism con-
sists of acceleration of electrons by the strong
applied field (-100 kv/cm). These electrons inter-
act with the plasma ions. Some of the interactions
are of the free-free (bremsstrahlung) and free-
bound radiation transitions. It can be shown that
even at electron temperatures of a few kev, the
mean free paths of electrons in these transitions
are on the order of 10-2 cm in the case of alumi-
num at the densities expected in the early stages
of explosion (see Ref. 5; and also Ref. 1, where
mean-free-path computations are given).

The length of the mean free path, relative to the
entire length of the exploding conductor, justifies
the assumption of the Maxwellian distribution of
electron velocities. This distribution is charac-
terized by an electron temperature Te and the
spectral distribution is given by (see Ref. 7 for units
and the value of the constant C)

S(Te, E) dE = C(Te) G(E) exp (E/kT,) dE (1):

where E is the radiated photon energy. Negligible
self-absorption is assumed, while G(E) is the
Gaunt factor. If the photon energy range E is re-
stricted such that E > Ek (Ek being the K-series
photon energy), and if G(E) is the weighted sum
of the Gaunt factors for both types of radiation,
then Eq. (1) describes the photon-energy depend-
ence of the spectrum of the bremsstrahlung and
free-bound radiation. In the range E, of interest
here, G(E) is approximately constant and was
assumed thus in further analysis (5).

In addition to bremsstrahlung and free-bound
radiation, K-series lines are also present in the
radiation emitted by the exploding conductors.
This radiation does not contribute appreciably to
the intensities measured by the absorption-foil
technique discussed above. Comparison of the
bremsstrahlung and ionization cross sections shows
the K-series line emission to constitute about 5
percent of the total emission.

On the basis of the above assumptions, the rela-
tive intensity of the radiation emitted by the
exploding conductors and subsequently par-tially'
absorbed by material of thickness x is given
symbolically by

C
I.
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Y(x,Te) = fF(E) S(T,,E) A(x,E) dE (2)

where T, is the electron temperature produced by
the explosion and determines the spectral distribu-
tion S(TC,E), F(E) describes the spectral re-
sponse of the recording film, and A(x,E) is the
factor describing the absorption of photons of
energy E in foils of thickness x and is taken to
depend on photon energyE as exp[B(x)E-n] for
E > EA.. The values of B(x) and n can be deter-
mined from tabular data of Ref. 8.

Equation (2) can be solved to obtain T, in terms
of foil thickness x = x, and x = x 2 by means of a
saddle-point method using data for F (E) in Ref. 5.
The solution is

the best fit is used to determine T,.. Data from a
typical experiment plotted in Fig. 8 is seen to
correspond to a temperature of 1.8 kev. The same
data used in Eq. (3) yields a temperature of 1.86
kev when a correction due to transmission of ana-
lyzing absorbers in the E < Ek range is incorpor-
ated.

The analysis of the x-ray output of the implod-
ing-exploding conductors has shown, provided
the enumerated assumptions that have been made
are correct, that the emitted radiation is the re-
sult of the free-free and free-bound radiation.
The electron temperature, a characteristic of this
type of radiation is in the low kev range and is
much higher than the average ion temperature
of the plasma. The errors associated with the com-
putation of the temperature are only estimated,

n+l

(n + 1) (Bi/n+l - B/n+l n
U, 92 n1

nr =1In + (B2) v(x2,rT)) _In f[Eo,(x2)
In +_____k~~e'B 1.27' ,n~ +T,(xl) E.n(~oX2)j

Here, B,, 2 = B(xI, 2 ), and E0 correspond to the
maximum of the integrand of Eq.' (2) and depend
on T,. Equation (3) is therefore an implicit equa-
tion and must be solved by iteration.

The data to be used in Eq. (3) is given in Fig. 8.
A check of temperature computed from Eq. (3)
has been obtained using Fig. 8. There the integral
of Eq. (2) is plotted for several values of Te and

(I)
I-
2
:1

Li

I-

-J
Li

I-

10
8
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".76 1.53 2.29 3.05 3.81 X 10-"
ABSORBER THICKNESS, x(cm1

Fig. 8 - Comparison of measured x-ray outputs Y(x, Te) with

curves computed from Eq. (2) for T,. = 1.4, 1.8, and 2.3 kev

but the analysis is inherently such that various
errors tend to be minimized.

The analysis sketched above consists of using
two parallel methods, one analytic and the other
graphical. The good agreement between the two
approaches suggests that it is sufficient to take only
two absorption data points to compute the electron
temperature. The various corrections introduced
in the analytical approach seem to be appropriate,
since otherwise no agreement with the graphical
method would exist.

The analysis of the x-ray emission using photo-
multiplier tubes instead of the photographic film
in order to provide a time history of the electron
temperature has not been found to be feasible.
This is due to the short duration of the x-ray pulse
and relatively slow response of the scintillator-
photomultiplier-oscilloscope system discussed in
the preceding section. Figure 9 shows the re-
sponses of the system to the test impulse (A) and
to the x-rays emitted by the exploding conductor
(B). Trial and error calculations show that either
a rectangular input pulse 8 × 10-9 sec wide or a
triangular pulse 8 X 10-9 sec wide at half ampli-
tude passing through a system with an impulse re-
sponse (A) produces the resulting signal (B). This
indicates that the x-ray pulse has a mean width of

(3)

I I

I EXPERIMENTAL

- COMPUTED

2.3 KEV

1.8 KEV

I 1.4 KEV
I -
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TIME (2 ns/div.)

Fig. 9 - Response of the x-ray detecting system (A) to a single y-ray input and

(B) to the x-rays emitted by the explosion
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some 8 × 10-9 sec, but its shape cannot be deter-
mined. The computation was based on the method
of Ref. 9.

In addition to the x-rays emitted from the ex-
ploding wires, radiation in the visible and near
ultraviolet has been studied. The study is naturally
divided into the investigation of continuum emis-
sion occurring in the early stages of the explosion
(first 2 X 10-7 sec after the initiation of the ex-
plosion) and the line emission which follows. This
division is evident in Figs. 10 and 11 which have
been obtained using the time-resolving spectro-
graph N9GS (described in Refs. 1 and 6). The

explosions of conductors discussed have been pro-
duced using the WM system. The rise time of the
emitted radiation was determined to be about
10-8 sec.

The investigation of the visible range has been
limited by the time resolution, the dispersion and
the wavelength range of the N9GS instrument.
The first two limitations were imposed by the
intensity of the emitted radiation. Another limi-
tation has been the necessity to study each explo-
sion separately. These problems are brought out
in the appendix. With these limitations present,
it has been possible to obtain the results given
below.

The spectrogram shown in Fig. 10 (see also Fig.
Al of Appendix A) has been used to study the
continuum emission. The densitometer - trace
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Fig. 11 - Time-resolved spectrogram of
an exploding-imploding aluminum
cylinder

averaged over the period 0 to 7 × 10-8 sec (one
resolution-time width) was found to have only
weak absorption lines superimposed on it. These
were highly broadened Al I 3961.5A and Al I
3944.0A lines shifted some 7.5A toward shorter
wavelengths. Assuming this to be the only absorp-
tion layer present, the densitometer trace, of the
initial continuum, was corrected to give the emis-
sivity of the surface of the explosion. Estimating
the emissivity accuracy to be within ±L25 percent
implies a temperature of 50,000 +9000° K (equiva-
lent to a brightness of 430 suns). The total energy
emitted during the first 10- sec is therefore 1.1
joules provided no significant expansion of the
exploding conductor occurs. The ratio of x-ray to
visible quanta during x-ray emission is approxi-
mately 10-3.

The observation of spectra of radiation emitted
after extinction of the continuum emission shows
that the broadening and shift of the neutral Al
lines is considerable. The typical value of the shift
(the Al I 3961.5A line in Fig. 10) is 4.98A to the
red and the half-width is 16.8A at 4.2 X 10-7 sec-
The maximum expected shift of the broadened
line and the broadening width due to the Doppler
effect of the expanding exploding wire is 1.4A
(toward the shorter wavelengths) and 0.6A, re-

,spectively. These values are small relative to the
observed values which are caused by the electron
impact and ion broadening occurring in the ex-
ploding wire plasma. Considering the instrument
width to be also small, the entire shift and broad-
ening of isolated lines (those whose width is
smaller than the separation of contributing levels)
is ascribed to the electron impact and ion broad-
ening.

One such line that has been studied is that of
the neutral Al (the Al I 3961.5A line in Fig. 10)
in the period from 6 X 10-7 sec until extinction.
It has been found that at 6 × 10-7 sec, the temper-
ature and the electron density of the exploding
plasma are greater than 80,000°K and 1 0 18 elec-
trons per cm 3 , respectively. At 8 X 10-7 sec, these
values drop to 29,000°K and 0.7 X 1018 electrons
per cm 3 . The method used to obtain these results
has been summarized in Ref. 10. The calculations
have been carried out using Griem's computations
of Stark broadening parameters (which are to be
published in the future as an NRL Report). The
computations are limited to temperatures below
80,000°K.

12
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Fig. 12 - Relative radiance of an exploding aluminum wire (0.003 in. in diameter
by 2-1/2 in. long; voltage on the W capacitor, 140 kv)

The electron density values obtained from the
Stark broadening and shift are within 10 percent
of the calculated value, since the calculation does
not depend strongly on the temperature (smaller
than T1/ 6 dependence) and deviations from equi-
librium have small effect (10; and 11, p. 189) if the
isolated lines are considered.

Although the Stark broadening of the Al ion
lines can be computed similarly as that for neutral
lines, the computations disagree severely witlhLthe
experiment. An example is provided by the Al II
3586.6A line, for which a large shift is predicted
but not observed in Fig. 11. The discrepancy is due
to the effect of larger electron concentration
around the attracting ion which has not been in-
cluded in the structure of the theory of Ref. 10.

Computation of the Al ion line, the Al II
3586.6A line, has shown that the measured shift
is much smaller than that computed on the basis
of the observed width (see Fig. 11). No computa-
tions for the Al III lines of Fig. 11 were made.

The discussion of the assumptions involved in
the above approach and more detailed presenta-
tion of the data analysis of the Al I 3961.5A line
of Fig. 10 and the Al II 3586.6A ion line of Fig. 11
is to be found in the appendix.

The plasma temperature and electron density
were also determined using the Saba equations
and relative intensities of two lines of a single
species. A typical measurement using Al III lines
indicated a 25,000'K temperature 10-6 sec after
initiation of the explosion. If, further, the plasma
is assumed to be optically thin, the average elec-
tron density at that time was found from Al II and

Al III lines to be 1.8 X 1017 electrons per cm 3. This
value is quite uncertain, since it is suspected that
A1+ and Al ++ ion regions may not be coincident in
the plasma of the exploding conductor, as an ex-
ample in the appendix shows.

In addition to the spectroscopic investigation of
exploding Al wires, using the WM capacitor, the
W capacitor was used in the study of the near ultra-
violet spectrum occurring in the explosions of Al
wires in vacuum. The rise time of the emission is
about 5 X 10-7 sec. Its time-integrated spectrum
of a band from 1950A to 3050A is shown in Fig.
12. The spectrum shows Si absorption lines due
to the interaction of the plasma with the quartz
container of the exploding wire. The intensity of
the radiation is the outstanding feature. The ex-
ploding wire output per microsecond in the 2600A
to 2800A band was found to be about 150 times
that of an Edgerton, Germeshausen, and Grier
FX-100 xenon flash lamp driven by 140 /f charged
to 1000 volts.

CONCLUDING REMARKS

This report is a summary of the work performed
during the previous three-year period, and repre-
sents a final report to DASA on the exploding con-
ductor research carried out by the Naval Re-
search Laboratory.

The major accomplishments during this period
are briefly as follows:

1. Techniques have been developed to observe
and measure the rapidly varying currents and
extremely high voltages of the discharge systems.
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2. It was discovered that x-rays were produced
under certain conditions by exploding conduc-
tors. The electron temperature of the plasma was
deduced under the assumption that the mecha-
nism producing the radiation was primarily free-

bound radiation and bremsstrahlung. In addition,
a time history of the x-ray emission was obtained
which indicated that the x-rays were emitted at
times of the order of 28 X 10-9 sec after initiation

of the discharge and that the radiation persisted
for times of the order of 8 X 10-9 sec.

3. Spectrographic studies were also made to
determine the temperature and densities. Observa-
tions made in the continuum were used to deduce
an "average" temperature, during the period
from initiation up to 7 X 10-8 sec. After extinc-
tion of the continuum, the Stark broadening of
emission lines was used to estimate the electron

densities. The plasma temperature and particle
densities were also determined by using the rela-
tive intensity of two adjacent lines of the same
species and applying the Saha equation.

4. In addition to the temperature and density

measurements mentioned above, spectrographic
investigations were made of the near ultraviolet
emission produced by exploding Al wires in
vacuum using the W capacitor.
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Appendix A
Time-Resolved Spectroscopy in the Visible Region

C.,

One of the purposes of the spectroscopy study
of the visible band was to determine the capabili-
ties and limitations of the time-resolved spectro-
graphic instruments (the most suitable being the
N9GS spectrograph of Ref. 1) with regard to ob-
taining useful information from the spectra of
exploding conductors. The study was applied to
the raies ultime lines. Some of the conclusions are
given below. At first, an attempt was made to ana-
lyze the spectroscopic data by treating the ex-
plosion as a blackbody source. Since the assump-
tion of blackbody radiation at early times has not
been substantiated, another approach based on
the theory of Stark broadening has been carried
out to permit the analysis of some strongly shifted
and broadened lines.

The study of the visible spectra with the N9GS,
with emphasis on time resolution and spectral
line shapes leads to the following conclusions:

1. The spectrograph is capable of yielding a
good time history of phenomena occurring after
the electrical discharge has ceased. Continuum
emission from a conductor exploded in vacuum,
using the WM capacitor, persists for about 0.5 X
10-6 sec after the initiation of the explosion; it is
distinct from the line structure appearing after
0.5 X 10-6 sec. Al I neutral lines last as long as 12
to 14 X 10-6 sec. Typically, the ion lines, as for
instance, Al II and Al III last for about 7 x 10-6
and 2 X 10-6 sec, respectively. The Al IV lines are
not in the sensitive range of the instrument. The
amount of light does not constitute a problem as
long as the study is confined to the strongest lines.

2. The time resolution of the N9GS is not suffi-
cient to study in detail the emission during the
time when the electrical energy is being put into
the exploding conductor. This, however, is an
essential requirement if the x-ray and visible
spectra are to be correlated. The method of cal-
culating the ion temperature from the observed
intensities of 'the continuum at two different wave-
lengths becomes inaccurate, since the intensity
does not vary sufficiently over the narrow span
(140A) of the spectrograph. To measure the ion
temperature in this manner it would have to be
less than 10,000°K. However, an absolute meas-
urement of the emitted radiation provides an ion

temperature averaged over the time of resolution
(-0.7 X 10-7 sec). The temperature measurement
is discussed in the main text.

3. The wavelength resolution of the N9GS is
sufficient to study the lines with highly pronounced
wavelength shifts and broadening (for instance,
Al I lines in Fig. 10). The resolution is not suffi-
cient, however, to observe the Doppler shifts due
to plasma expansion (for observed velocities of
some 106 cm/sec).

In view of the above limitations, it was decided
to analyze the spectroscopic data in order to ob-
tain the temperature and the electron density of
the plasma at late times (10-6 sec).* The procedure
and the assumptions made are as follows: First,
a static, time-integrated spectrogram, obtained
with a survey prismatic spectrograph showed that
Al I, Al II, and Al III atomic systems were present
in the near ultraviolet and visible regions during
the conductor explosion. Since the N9GS time-
resolved spectrograph records only a small spec-
tral region of approximately 140A at one time, the
survey spectrogram serves as a basis for selection
of regions to be time resolved.

The temperature and electron density deter-
mination was attempted on the assumption that a
Boltzmann distribution of ion energies exists in
the plasma. If Ix is the intensity of the emission
of the plasma at wavelength X, then

Ix), gt A, X" e_(EX _E.IkT

Ih" g2 A 2 X E'
(Al)

where gi and g2 are statistical weights (2J+1) for
the upper energy levels, A1 and A2 are calculated
spontaneous transition probabilities, E1 and E2
are the excitation potentials of the upper energy
levels, k is the Boltzman constant, T is the absolute
temperature, and V' and X" are wavelengths per-
taining to the same ion species. Equation (Al) was
applied to doubly ionized Al lines X' = 3612A and
X" = 3713A (shown in Fig. 11). It is essential to
use the same ion species, since the distribution of

*F.D. Harrington, "Time Resolution Spectroscopy," p. 162 in "Devel-

opments in Applied Spectroscopy," Vol. 2, New York:Plenum, 1963.
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each ion in the plasma can be unique (for instance,
the core of the exploding conductor may contain
relatively more ions of higher ionization level if it
is the hotter part of the plasma). The A-coefficients
of the spontaneous transition probabilities were
computed according to the Bates and Damgaard
method.* For these two Al III lines the coefficients
are

A, = 14.3 X 107 sec-1 for 32D--42P0 (3612A)

A 2 = 22.0 X 107 sec-a for 4 2P°-5 2S (3713A).

Using these values and Eq. (Al), the ratio Ix,/Ix"
was computed and thern plotted as a function of
temperature. The values of I,\ and Ix- for these
two aluminum lines were read from an actual
spectrogram with a densitometer, using the
appropriate H and D curves for the photographic
film employed. Using the experimental ratio
Ix'/Ix" thus determined, the corresponding tem-
perature was read from the plottedccurve. Typi-
cally the temperature 1 microsecond after the
start of the explosion is about 25,000°K.

If, furthermore, an additional assumption that
the plasma is optically thin (at the time of the
measurement) is accepted, then the average elec-
tron density in the plasma can be determined.
As before, relative line intensities corresponding
to singly (I+) and doubly (I++) ionized atoms
were obtained from the densitometer traces. The
ratio of ion densities, N++ and N+, was determined
from the equation

I++ g++ U+ X+ A++ N++

I+ g+ U++ X++ A+ N+ e-(E++ E+)jkT. (A2)

The ratio I++/I+ is obtained from the densitom-
eter traces, and the value of T is that obtained
earlier from the Al III lines. The quantities U+
and U++ are the partition functions for singly and
doubly ionized atoms, which in many cases, in-
cluding that considered here, are approximately
equal to the statistical weights g+ and g++ for the
ground states of the ions. The Al II and Al III
lines used in the computation of the ion density
ratio are X = 3586.6A and X = 3601.6A, respec-
tively. The ratio N++/N+ .was found to be 34.2.

*D.R. Bates and A. Damngaard, Phil. Trans. A242:101 (1949).

Since, the temperature T and the ratio of ion
densities is now determined, the substitution of
these values into the Saha equation yields the
electron density Ne. One formulation of the Saha
equation is

NN++ 2 U++ (22T kT 3/2 e xIkTNN+_ U+ -h-2+/) (A3)

where m is the electron mass and X+ is the ioni-
zation potential of the singly ionized system. It is
obvious that for this degree of ionization (neglect-
ing the next degree of ionization; i.e., letting
N.. =0)

N, = N+ + 2N++ (A4)

From Eqs. (A3) and (A4) and the known ratio
N+/N++ the densities of singly and doubly ionized
aluminum atoms (N+ and N++) are obtained. The
value of N+ is 2.58 X 1015 cm-3 and N++ is 8.82 X
1016 cm-3. The value of N, obtained for a typical
explosion at t = 10-6 sec is 1.8 X 1017 electrons/
cm

3
.

The method outlined above yields a value of
N++/N+ much too high for the computed tempera-
ture (Appendix B of Ref. 1) indicating that some of
the assumptions may be wrong or that there is too
much variation between the two exploding con-
ductor discharges to give a consistent value of T
and N,.

The information provided in the spectrograms,
however, allows another approach to the determi-
nation of the electron density. It has been noted
that Al I lines are highly shifted, some as much as
17A at a time soon after the continuum emission
begins to weaken. This shift and the accompanying
broadening is a measure of the electron density
according to Stark broadening theory. The most
comprehensive theory, that of Griem* is used at
present to compute the electron densities from the

broadening and the shift of Al I and Al II lines.
Figures 10 and Al show very definite broaden-

ing with half-widths on the order of 10A and a
shift toward the red of the neutral Al I 3944A and

3961.5A lines at the time of their emergence from

the continuum. That the entire shift is not due to

*Reference 10 of the miain text; lhe comfpit tation of Stat-k broadening

parameters for various elements will be published by Gri em in a futuie
NRL Report.

16



NRL REP

00
9-
'6's
* 0

00

ORT 6009 17 c:

involved in determining the temperature from the
Stark effect.

Similarly, the broadening of neutral and ion
lines is considered entirely due to the Stark effect, •2
since again the temperature Doppler broadening

given by the half-width value

AX1 /2 - 2.44 X 10- -~

Ot

(A6)

w
0

w

I.-

10

20z

Fig. Al - N9GS streak spectrogram of
an exploding Al conductor

the Doppler effect is seen when one considers that
the expanding wire material is moving toward the
observer (spectrograph), thus requiring a shift
toward the blue region. The alternative mecha-
nism that can produce such shifts is the Stark
effect. Now the possibility exists that the two
effects are combined, and it is pertinent to see what
fraction of the total shift should be ascribed to the
Doppler effect. The representative velocity v
of the explosion is 106 cm/sec. Therefore, the
amount of shift X -V ' is seen to be 0.14A as
given by

h~h' (1 v (A5)

(and X X' is 1.32A if v is taken to be 107 cm/sec).
Such a magnitude of the shift is small compared to
that obtained in the experiments, i.e., some 5.OA,
toward the red, measured at an early time (-0.4 x
10-6 sec) after the initiation of the explosion.
The possible Doppler effect is, therefore, neglect-
ed. It is used later only in estimating the errors

(T is the temperature in kev and M is the atomic
weight of the exploding plasma) results in an in-
crease in the half-amplitude width of only 0.6A
for the case of 106 'K (a temperature which is
higher than that attainable in the exploding con-
ductor experiments described here). For compari-
son the AX1/2 observed at early times is 8.OA
in the case of the Al I 3961.5A line.

Having made the assumption that the Stark
effect is entirely responsible for the shift and
broadening of the Al I lines (3961.5A and
3944.OA), the data are now analyzed on the basis of
the theory developed in a series of papers by
Griem and others, for instance, Refs. 10 and 11.
The most pertinent paper for the application to
the Al plasma is that of Griem (Ref. 10, "Stark
Broadening of Isolated Spectral Lines From Heavy
Elements in a Plasma"). This paper calculates
the electron impact widths w, the relative shifts
diw, and the ion broadening parameter a, using
up to five interacting states for electron densi-
ties N' = 1016 cm-3. The results can be applied to
other densities N, since w need only be multiplied
by N/N'. The results given in Ref. 10 are given for
cesium and argon, but the computing program set
up at the National Bureau of Standards processes
also aluminum and other elements and the results
will be published in the future. In extending the
results to higher densities, care must be taken
that the ratio R of the mean ion separation dis-
tance to the Debye radius, given by

R = 2 1/6 151/3 eN'l6 (kT)- 12 (A7)

is not more than 0.8. In the case of N = 1018
cm-3 and T = 80,000°K, R is 0.33. In extending
the computations to higher densities the limiting
condition (Ref. 11)

N < Nmax -2r
2 e2 (A8)

If
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must be observed. Here w., is the separation of

the nearest interacting level in angular frequency
units and m is the electron mass. In case of the
Al I lines, w', is -1014 sec-', i.e., N < Nmax =

2 X 1018 cm-.
The computation of the shift and broadening

for given temperatures and electron densities is
applied to the data given below as follows: the
measured half-width h and the measured shift s
is given (in angstroms) by the normalized formu-

las

h=2 X10-16Ny (I+2a)

10-16 N /3 (1 + 2a)
Y

where a = (10-i6N)1/4 a. and a., y,
given in Table Al. From (A9)

2s
13/Y=-j

(A9)

and 8l1y are

(A 10)

and since f3/y is a function of temperature T,
then the time t can be obtained from Table Al.
Table A2 lists temperature and electron density
as functions of time. (The values of s that were
observed are 4.98A, 2.22A, and 2.11A, and the
values of h are 16.8A, 8.32A, and 4.38A for the

respective times of 0.42, 0.63, and 0.84 X 10-6 sec.
The instrumental broadening of 0.75A is correct-
ed for in the above data.) If the Doppler shift and
temperature broadening discussed above is as-

sumed to affect the data above, then the resulting
temperature decrease in the case of the data at
0.84 X 10-6 sec is 10 percent. At other times the
effect on temperature is much smaller. Table
Al includes ca, )3/y, and y values for the Al
II 3586.56A ion line; this line is discussed below
in connection with a large discrepancy between the
calculated and observed shift.

In addition to the estimate of temperature from
the spectrogram of Fig.- 10, the electron density
N is determined. It is derived from one of Eqs.
(A9) and is included in Table A2. The temper-
ature and density values at 0.63 X 10-6 and
0.42 X 10-6 sec were obtained by extrapolat-
ing linearly the parameters of Table Al. This
is not a valid procedure, since the temperature

effects beyond the 80,000°K level are quite pro-
nounced and they have not been included in the
computation of values in Table Al. It is seen that

TABLE A s
Stark Broadening Parameters of Al I

and Al II Spectral Lines

T(°K) a0  3/Ty

Al I, 3961.52A

2,500 0.0535 1.77 0.00995

5,000 0.0462 1.73 0.0121

10,000 0.0387 1.56 0.0153

20,000 0.0319 1.26 0.0198

40,000 0.0271 0.961 0.0245

80,000 0.0251 0.752 0.0271

145,000 0.0240 0.652 0.0287*

160,000 •0.0237 0.574 0.0295*

Al II, 3586.56A

2,500 0.0394 0.726 0.0136

5,000 0.0315 0.877 0.0183

10,000 0.0260 1.05 0.0237

20,000 0.0216 1.13 0.0303

40,000 0.0180 1.08 0.0387

80,000 0.0153 0.940 0.0487

*Extrapolated values.

TABLE A2

Temperature and Electron Density of the
Exploding Conductor as a Function of Time

T N
(106 sec) Y (*K) (1018 cm-3)

0.84 1.0088 29,000 0.698
0.63 0.625 145,000 1.03
0.42 0.574 >160,000 2.65

the N values are still approximately within the limit
imposed by Eq. (A8).

The conclusion, therefore, is that the Stark

effect can be used for estimating the temperature
and computing the density in exploding conduc-
tor plasmas only after an adequately long time

after the initiation of the explosion has elapsed

and the plasma has become sufficiently cooled.
This time is seen to be about 10-6 sec in the

experiments discussed here, which were per-
formed using the WM capacitor.

18



NRL REPORT 6009

Table Al also shows that the Al II 3586A ion
line, because of the magnitude of the broadening,
should be shifted on the order of 1OA at 25,000°K
-- the temperature, expected on the basis of Table
Al, at 10-6 sec after the start of the explosion.
This shift, however, is not observed (e.g., Fig. 11).
The reason that the Al II 3586A ion line is not
shifted is that the free electrons in the plasma
tend to cluster around the Al+ ion due to its
electrostatic attraction. This results, for the
densities considered here, in a shift that is esti-
mated to be of the same magnitude but is in the
opposite sense to that computed. The computa-
tions used here (Table A 1) do not provide for such
a clustering effect.

One additional comment should be made re-
garding the application of the Stark broadening

and shift to the temperature and electron density '

determination of exploding conductor plasmas.
The dependence of the widths, in the range of
applicability, calculated in Ref. 10 is very weakly
dependent on the temperature (less that T'/6
dependence) and therefore the densities can be
determined even when the temperatures are not
known precisely and even when one is not sure
of the existence of local equilibrium (Ref. 11,
p. 189). On the other hand, the line widths are
somewhat distorted if the plasma observed is not
completely optically transparent. This is so, since
the line intensity maxima in such a case are over-
emphasized because of the greater self-absorption
in the line wings. Since no information regarding
the transparency is available, no estimate of this
effect can be made.
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