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Abstract: This paper describes an experimental set up
used to investigate the physic parameters of the arc, in
fact the temperature and the electron density.
Improvements have been made from the last set up [1],
Fuses studied here are High Breaking Capacity fuses
(HBC). In this study, the arc dissipates 1,200 J, the peak
of current is about 2,000 A and the duration of the arc is
3 ms. The whole of the visible spectrum has been
registered, from 360 nm to 800 nm, in the exploding
part of the arc. The spectrum consists of continuous
light together with spectral lines which appears mostly
when the electric current decreases. The behaviour of
the spectra shows that there is a big gradient of species
concentrations in the arc, together with a high gradient
of temperature.
The temperature is measured from Si II lines and
metallic spectral transitions. The calculations show a
decrease from about 17,000 K at the beginning of the
phenomenon, until about 7,000 K at 4 ms after the
beginning of the electric current. The measured values
of the electron density vary between 10l7cm3 and
lO'W.
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INTRODUCTION

We briefly recall the specifications of the
experimental fuse we use. We know that there exist very
close interactions between the arc and the surrounding
sand : so it is necessary to keep, as far as possible, the
similar properties of the arc and its sand coating as in an
industrial fuse. In an industrial fuse, it is not possible to
collect suitable light because of the scattering of light by
the sand grains. To completely avoid the scattering of
light, one side of the experimental fuse consists of a 4mm wide glass wall ; the fuse element in silver or in
copper is directly put on it. On the other side, the fuse is
tilled with silica grains with a mean diameter of 0.4
mm. We distinguish two different experimental fuses,
depending on the position of the fuse element on the
glass wall (Figure I). In the experimental fuse (b) (in
opposition to the experimental fuse (a)), the section of
the fuse element is directly put on the glass wall : the
area of the fuse element in contact with the glass wall is
thus less important, and interactions between this two
dements are weaker. Fulgurites obtained with the

experimental fuses (a) do not have the same shape as
industrial ones, whereas those obtained with the
experimental
fuses
(b)
are
nearly
identical.

(a)

(b)

Figure I - Experimental fuses (a) and (b); the cross
symbolizes the observation point.

It has been verified previously that the compactness
of sand is an essential factor to obtain a good electrical
cut off. In the same way, the spectra obtained later
closely depend on the apparent density of sand, which is
the reason why the mass of sand is checked for each
fuse box.
Our fuse elements have an effective length of 36
mm, are 0.105 mm thick, 5 mm wide, and are 99.99 %
pure silver (or copper). They have a single row of
notches (0.5 mm in diameter) punched in the centre of
the strip.

II.
EXPERIMENTAL
SET
SPECTROSCOPIC
ACQUISITIONS
KINETIC MODE
II I

UP:
USING

Light collection

The light coming from the glass wall is accurately
collected via an optic fibre connected to the input of a
spectroscope. The exact location of viewing is
determined by way of a small laser beam. The
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Evolution of radiation versus time

The whole of the visible spectrum has been
registrered from 360 to 800 nm [2]; each spectrum has
an approximate 90-nm bandwidth, the total spectrum is
a juxtaposition of 6 spectra. To avoid possible problems
of reproductibility, three discharges are done for each
wavelength.
Figure II reveals a typical evolution of spectra
obtained
for a single discharge.
line (ms)
We easily distinguish three different stages in the
global spectrum :
360
380
400
420
440
Wavelengths (nm)
Spectral transitions which are superimposed on an
intense continuous light: it corresponds to the
meantime 0.8 to 1.4 ms after the beginning of the
Figure II - Visible spectra obtained within [360-440]
current.
nm. The pre-arcing value is 0.87 ms.
Increase of the continuous light which dominates
the whole spectrum from 1.4 to 2.5 ms. Continuous
light is most important in the I.R. than in the U.V.
spectroscope used is a Chromex 500 IS (0.5-m focal
region because of the increase of the free-free
length). Three diffraction gratings can be used: 600;
transitions. Some atomic transitions are still emitted:
I.
200 and 1,800-gr/mm. As the aim of this work is to
the latters correspond to ionised species.
obtain the global visible spectra, the 600-gr/mm grating
The continuous light decreases fastly and atomic
has been used in most cases. So, the bandwidth is about
transitions
emerge from 2.5 ms until the end of the
90 nm. The output light is collected by a CCD matrix
phenomenon.
whose size is 1,242 x 1,152 pixels. Each pixel is a 22.5This evolution is observed in the two models of
|4m side square. The 1,800-gr/mm diffraction grating is experimental fuses.
used for the evaluation of the electron density : it
To determine the temperatures from spectral lines,
provides a 25-nm bandwidth.
we need to know precisely the origin of light. In
particular we need to know whether there is a
II.
2continuous
Use oflight
matrix
kinetic
at in
thea foot
of mode
lines or whether some
specific lines are sufficiently isolated in the spectrum.
The matrix is 1,152 lines high. It is divided in 39 For these reasons our first measurements are devoted to
tracks, 29 lines each. An area of 21 lines, on the bottom
identify all the species which emit light in arc fuses.
of the matrix, is never used. The spot light is aimed on The totality of the visible spectrum was first studied
the first track located at the bottom (pixels 1,131 to within 3 ms after the beginning of the arc, because the
1,102). Shortly before the phenomenon the mechanical narrowness of lines permits a very good estimation of
shutter is open. At the beginning (t = 0 ms), one wavelengths. An accurate gauging of the spectrometer
imposes to the matrix 15 ps of time exposure. Then the had been realised with spectral lamps, it had showed
shifting up of the content of lines is commanded, line that the wavelength of a line was given with an absolute
after line, and this, 29 times. Shifting of one line accuracy of 0.07 nm.
requiring 3ps, then, 87 ps after, the totality of the track
The recognition of emitting species has required
is in the upper track (1,102-1,073). Now, t = 87 + 15 = several sources. Several spectral tables have been used
102 ps. A time exposure of 15 ps is imposed again and
[3][4][5], as well as data referring to N.I.S.T.
so on until the totality of the matrix is full, at t = 39 X
[6].Nevertheless, this information is often insufficient
because for a given wavelength there are a lot of
102 ps = 3.98 ms. The mechanical shutter is then
corresponding elements. So, one has to study each
closed, with a non reproducible long time lag.
The first and the last tracks are randomly exposed atomic transition in detail.
Three groups of spectral lines have been identified
because of the inaccuracy of the mechanical shutter. For
(Table I):
this reason these spectra are not shown later in this
The impurities : they are present in the sand and
paper.
especially in the glass wall ; they consist of oxide
An electronic circuit drives simultaneously the start
such as CaO, Na20, K20. All the impurity species
of the power supply and the shifting of the matrix. For
singled out emit resonance lines (atomic transitions
each shooting, the start of the power supply, the current
flowing across the fuse and the voltage drop are stored
to the ground state).
by means of two oscilloscopes.
The metallic transitions (Ag and Cu) : we only
observed neutral atomic transitions.
III.
EXPERIMENTAL
RESULTS
AND
The silicon transitions : observed in the neutral
DISCUSSION
state and ionised once.
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Figure III - Visible spectrum obtained 3.0 ms after the
beginning of the arc.

’'-THEORETICAL

Element

Ionization stage

(nm)

Si
Si
Si
Ca (R)
Ca (R)
Si
Ca (R)
Ag
Ag
Ag
Ag
Ag (R)
Ag (R)
Na (R)
Na (R)
Si
Si
Li (R)
Li (R)
K(R)
K(R)
Ag

II
II
I
II
II
II
I
I
I
I
I
I
I
I
I
II
II
I
I
I
I
I
I
I
I

385.60
386.26
390.55
393.37
396.85
412.81
422.67
431.11
447.61
466.85
487.42
520.91
546.55
588.99
589.59
634.71
637.14
670.78
670.79
766.49
769.90
768.78
777.19
777.42
777.54

O
O

o

Table I - Identified transitions in fuse tests within the
spectral band [360-800] nanometers. Tests done with
copper fuse element revealed the A, = 510, 515, 521 nm
lines.

Within 3 ms, twenty five lines are identified with
certainty (Figure III).

III.2
Plasma temperature evaluation using the
ionised silicon multiplets (1) and (3)
Among the atomic transitions identified, we have
used the groups of the metallic transitions and the
silicon transitions ionised once to evaluate the
temperature.
As first approximation, we compare the arc in a fuse
with a wall stabilised arc, the arc being closed within
molten silica. In such case, it is known that metallic
particules spread to the walls and the electrodes. As a
consequence, we can expect to obtain different
temperature values from the two groups of atomic
transitions. In fact, to make calculation from lines, we
have to use lines from elements which are first present
in the centre of the arc and second which emitted some
light at hight temperature because at the beginning of
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II
the arc’s growth, temperatures in the arc are supposed to
be very high.
Calculations are achieved from the relative intensity
ratio of Si II 386 nm (2D-2P°) and Si II 413 nm (2D2F°) lines. Using the Boltzmann distribution and
assuming the plasma being in local thermodynamic
equilibrium, the temperature at the instant t is given by :
(1)
T(t) =

Em1

-

Em

log

§m1^ mn1^'mn2'f(^-mn2>0
Sm2^mn2^'mn1'l(^mn1 ’

where

A

, are the transition probabilities, x

0

As the profil shapes are easier to observe, we
compared values deduced from (1) using maximal
intensities ratios and areas ratios. As continuous
light is less important at the end of the
phenomenon, we worked in the meantime 3.0-4.0
ms: from the maximal intensities we got values
between 7,500K and 6,000K, whereas from the
areas we got values between 12,500K and 9,500K
(gaussian line shapes).
Thus we notice that the scales of size are clearly
different between the silicon and the metallic lines, and
that numerical values are higher if one uses the areas
ratio rather than the maximal intensities ratio.

are the

differences in wavelength between the upper levels m
and the deeper levels n, gml2 are the statistical
weights, £
j(X

—o— Experimental fuse (b)
—o— Experimental fuse (a)

P-o

are the energies of the upper levels, and

*0-0.

;] are the lines areas.

v.

This method has the advantage to avoid an absolute
light calibration of the experimental set up. Moreover, it
is not necessary to know the species concentrations. The
experimental uncertainties come from spectroscopic
data (especially the transition probabilities) and from
the difficulty to estimate the line area, which overlaps a
not-to-well defined shape of continuum. As the
influence of pressure on radiation is not well known, we
decided to use maximal intensities, rather than lines
areas.
Calculations (Figure IV) have been made using
spectra obtained from the two models of the
experimental fuse.
We can summarize the results in three points :
We observe a logical decrease of temperature in the
meantime 0.9-3.0 ms ; fuse is in fact a device used
to dissipate energy.
In spite of this logical evolution, we notice a weak
variation during the studied meantime. Values are
still high at the end of the phenomenon.
The discrepancies between the two types of results
are justified as follows: in the case of the
experimental fuse (a), the fuse element is directly
put on the glass wall; it involves the shifting of the
plasma on the glass wall. On the contrary, in the
case of the experimental fuse (b), the energy is
closely concentrated in an ionised channel whose
expansion is limited by the surrounding compact
silica sand ; fulgurites obtained have a shape as
good as in industrial fuses.
Evaluations have also been made using the Cu 1 X =
510, 515 and 521 nm lines at the end of the
phenomenon in the case of the experimental fuse (b).
We were motivated by two goals :
We wanted to evaluate discrepancies between the
temperature obtained from the maximal intensities
ratio of ionised silicon lines and from metallic
transitions.
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Figure IV - Temperatures obtained from the Si II X =
386 nm and 413 nm lines. Results are given for the two
models of experimental fuses.
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Figure V - Low threshold temperature deduced from the
Planck’s law within [360-800] nm for the experimental
fuse (a).

III.3

Black body approximation

In order to improve our knowledge of the physical
parameters of the plasma, we tried to characterize the
plasma radiation during the meantime 1.4-2.5 ms. As
there is no spectral line observed in some spectral
intervals such as in [670-760] nm, we tried to evaluate
the temperature by making the comparison between a
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black body curve at given temperature and our spectra,
within [360-800] nm. We have used the Planck's law
assuming an emission coefficient equal to unity. This
implies to obtain a low threshold of the temperature.
Results are shown in Figure V.
The temperature obtained decreases roughtly from
8,000K to 3,000K. This evolution is still logical, but the
values are not available because one ignores the layer
on which the radiation is integrated ; and an emission
coefficient below unity should involve higher values.

experimental fuse (a) are rather in the range 24xlOl7cm'3.
IV.

CONCLUSIONS

From the experimental fuse deviced, we are able to
conduct reproducible tests in order to evaluate the two
physical parameters temperature and electron density.
The first stage of the work consisted in the
determination of the atomic species (together with their
spectral parameters) that are present in the plasma. The
following stage was to select those spectral lines we
could use to evaluate the physical parameters.
The influence of the pressure broadening has to be
quantified shortly for two reasons: first, it causes
discrepancies in the determination of the temperature ;
second, it would provide another way to evaluate the
electron density.

III.4
Electron density deduced from the ionised
silicon multiple! (2) Stark shifts
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Fi
gure VI - Electron densities for the two models of
experimental fuses for T = 15,000 K :
Si II X = 634
nm, experimental fuse (b); -A- Si II X = 637 nm,
experimental fuse (b) ;-V- Si II X = 634 nm,
experimental fuse (a); -A- Si II
X = 637 nm,
experimental fuse (a).
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To obtain an evaluation of the electron density, we
did not use the line shape and thus the broadening
parameters because of the difficulties we had for fitting
line shapes. Thus we deduced the electron density from
the shift between theoretical and experimental
wavelenghts.
This method is applied to the ionised silicon
multiple! (2). We suppose that the observed shifts of the
X = 634.7 and 637.1 nm lines are due to the Stark effect.
From the theoretical values of shifts given by Griem [7]
as a function of temperature and at a given density, and
according to the fact that Stark effect is a linear function
of the electron density and a non linear function of the
temperature, we deduce the values of the electron
density versus time by observing the experimental
shifts. Because of the weak change of the shifts with the
temperature, calculations are carried out with a
temperature equal to 15,000 K.
Results are given in the Figure VI for the two
models of experimental fuses. The results obtained with
the experimental fuse (b) are rather in good agreement
with Chikata's one [8] : between 4xlOl8cm3 and
8xl018cm‘3 ; whereas the results issued from the
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