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Abstract:  During the HBC fuse working, the 
fault current implies the initiation of an electric 
arc which is composed of metallic species 
vapours mainly, generally silver. This defines the 
end of the pre-arcing time. This electric arc 
interacts quickly with the surrounding silica 
sand grains or quartz sand. Thus a silver plasma 
is formed around the reduced sections of the fuse 
element. This silver plasma interacts with the 
silica sand grains and this interaction gives rise 
to the ignition of a plasma composed of vapours 
resulting from the dissociation of the SiO2 
molecules. The radiation escaped from the SiO2 
plasma can be used to assess experimentally the 
temperature (T) and the electron density (ne), 
two fundamental parameters for modelling 
purposes. T and ne are difficult to interpret 
because of the strong gradients in pressure, 
temperature, and material densities from the 
centre to the surroundings where the 
measurement is done. We propose a first 
formulation to calculate this radiation in order 
to increase the understanding of the radiation 
measurements. 
 
Keywords: SiO2 plasma, fuse arc plasma, 
radiation, continuum, discrete radiation. 
 
 
1. Introduction 
 

This paper is especially concerned by HBC fuse 
that basically comprises: two electrodes, the fuse 
element (generally in silver), the filling cavity, and 
the arc quenching material that is to say the silica 
sand (or quartz sand). The aim of the study is to 
give a first assessment by calculation to the 
radiative properties of the fuse arc plasma initiated 
during the fuse working. In fact many attempts 
have been done in the past to evaluate the 
temperature [1-4] and the electron density [5-8] by 
means of the study of the discret radiation emitted 
either by the metallic species or the silicon lines  
observed in the neutral state, or ionised once or 

twice. From the set of papers published until now 
several disparities are observed in the temperature 
and electron density results. 

This work is especially focussed on the 
understanding of the spectral line shapes of the 
silicon lines ionised once. In many studies the 
temperature is obtained from the classical method 
by calculating the ratio of the intensities of these Si 
II lines.  This method implies to consider a 
Boltzmann law for the energy level distribution, 
and to assume that the Local Thermodynamic 
Equilibrium (LTE) is valid. These hypotheses are 
discussed in Section 4. The Si II lines are also used 
to assess to the electron density [1, 5, 6, 9]. In this 
case the Stark broadening is assumed to be the 
greatest broadening for the considered spectral 
lines. 

Many studies have depicted the burn-back – 
erosion of the fuse element – and the evolution of 
the fulgurite volume during the fuse working [10-
12]. It is well known that the SiO2 plasma is defined 
by a strong temperature – about 20,000 K at the 
most [5, 6, 9] – a high electron density – about 1018 

cm-3 to 1019 cm-3 at the most [1,9] – and a strong 
pressure – about 10 to 50 bars [13, 14]. This plasma 
is surrounded by a concentric layer made of fused 
silica with partly eroded sand gains inside. And this 
layer is itself surrounded by solid silica sand grains. 
So there exist very strong gradients in temperature, 
density and pressure from the centre to the point of 
observation, which are responsible for more or less 
absorption of the radiation escaped from the core of 
the SiO2 plasma. At our knowledge there is no 
published study concerning the calculation of the 
radiation for Ag_SiO2 plasma, except in [15]. But 
in this latter study the intensity of the monoatomic 
spectral lines is calculated without taking into 
account the influence of the broadening 
mechanisms on the resulting spectral line shape and 
thus on the intensity of the radiations. To obtain 
such results it is necessary to calculate the 
volumetric emission coefficient, and thus to depict 
the broadening mechanisms. 
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In Section 2 we depict briefly the observation of 
the radiation with our experimental fuse and the 
assessment of the temperature. In Section 3 we give 
the formulation used to calculate the radiation 
emitted by a SiO2 plasma by distinguishing the 
continuum and the discrete line emission. The 
calculated results are given for the SiO2 plasma by 
considering various configurations for the 
gradients. 

 
2. Light emission during the fuse 
working  
 
2.1. Industrial fuse and experimental fuse 
 

Fig. 1: a) Schematic view of a typical industrial fuse 
[16]. b) Experimental fuse designed to spectroscopic 
observations (before the test, during the test with a 
strong radiation, and after the test with the fulgurite) 
[9]. 
 

The observation of the light escaped from 
the fuse arc plasma is impossible in the case of an 
industrial fuse because of the closed filling cavity 
(Fig.1.a). In the case of an experimental fuse 
(Fig.1.b) a quartz window can be fitted on the fuse 
cartridge to collect directly the radiation [9] ; or 
instead of a quartz window, an optical fibre can be 
inserted directly through the silica sand, the light 
being collected by the optical fibre end close to the 
plasma volume [4, 5, 6]. In this latter case the 
optical fibre end can be damaged due to the plasma 
proximity because of the very high temperature. So 
the properties – optical and geometrical – of the 
collecting end change during the measurement. And 
the interpretation of the measurement is difficult. 

In the case of the quartz window the hot 
plasma interacts with the window during the fuse 
working. This implies the shift of the plasma 
volume on the quartz area. This shift can be limited 
if the section of the fuse element is directly put on 

the quartz window, rather than putting the fuse 
ribbon over the plane defined by the window. The 
escaped radiation is focussed by means of a lens to 
the entrance end of an optical fibre connected to the 
entrance slit of a Chromex spectroscope equipped 
with a 1,242×1,152 CCD matrix [8]. The use of this 
CCD matrix in kinetic mode allows the assessment 
of the evolution of the temperature on the whole 
duration of the fuse working. 

Therefore the light escaped from the centre of 
the radiating plasma volume is integrated over a 
depth that is not known with an outer limit defined 
by the quartz window. This depth can be estimated 
around the initial width of the fuse strip. Over this 
depth the collected radiation crosses many layers 
with different values for the temperature, the 
pressure and the density. 
 
2.2. Measurement of the temperature 
 

The evolution of the temperature on the fuse 
working duration is obtained by studying the Si II 
(1) and (3) triplets radiation [9] and taking into 
account the calculated intensity ratios according to 
LS coupling for the energy levels within a multiplet 
[17]. Considering the Boltzmann law for the energy 
levels at a given temperature, the total intensity of a 
spectral line ulSiIII , of frequency ulν is given by: 
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where: ug is the statistical weight of the upper 
emitting level u , ulA is the transition probability 
from the upper level u to the lower level l , L is the 
optical thickness of the radiating volume, ( )TN is 
the total density of the radiating species Si 
II, ( )TU is the Si II internal partition 
function, uE and lE are respectively the upper and 
lower energy levels of the studied radiation, 
andT is the temperature identified to the excitation 
temperature. If we consider two lines from Si II (1) 
and Si II (3), the temperatureT can be obtained 
without the calculation of ( )TN and ( )TZ .  

From Eq.(1) we notice that the temperature 
assessment is sensitive to four main factors. 

 
The uncertainty for the kjA values 

For the two stronger lines of Si II (1), 385.602 
nm and 386.260 nm, the estimated accuracy is 
inferior to 18%, and for the two stronger lines of Si 
II (3), 412.807 nm and 413.089 nm, the estimated 
accuracy is inferior to 10% [18]. 
 
The optical thickness L  

It depends in part of the wavelengths of the 
studied spectral lines. In our case the triplets Si II 
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(1) and (3) are separated by about 27 nm, which can 
be considered as weak in regards to the other 
factors influencing the measurement of the 
temperature. 
 
The calibration in intensity of the CCD matrix 

An absolute calibration in intensity is necessary 
if the temperature is deduced from the absolute 
intensity of the spectral lines. In this case one 
temperature is deduced from each studied line. The 
use of this method is difficult in our case because of 
the various possible errors linked to the optical 
device and the fluctuations of the radiating volume. 
But a calibration is necessary to calibrate the 
response of the optical line and of the spectroscope 
plus CCD matrix. This is done by using a calibrated 
tungsten ribbon lamp [8]. Thus the experimental 
acquisition is corrected for the given spectral 
interval comprises the four Si II lines. 
 
The experimental assessment of the intensity jkSiIII ,  
of the studied line 

Usually a direct assessment of the total area of 
the spectral lines is good enough. In the case of the 
fuse arc plasma, and because of the strong values 
for the electron density and the pressure, it is 
necessary to fit the experimental spectral line 
profile by using a profile taking into consideration 
the physical effects responsible for the broadening 
of the observed lines. In our case the experimental 
profiles are fitted by means of a Voigt profile [8]. 
This profile results from the combination of a 
Gaussian profile: apparatus function, Doppler 
broadening, and of a Lorentz profile: natural, Van 
der Waals, resonance and quadratic Stark 
broadenings. 

0 1 2 3 4
0.0

1.0x1011

2.0x1011

3.0x1011

4.0x1011
t
4

t3t2

Luminance

(W/sr.m2)

Time (ms)

t1

0.0

2.5x105

5.0x105

7.5x105

1.0x106
 

Electric
Power (W)

Fig. 2: Evolution versus time of the total intensity or 
luminance observed in the range 360 nm-800 nm and 
of the electric power [8]. Fuse test performed with a 
capacitor bank discharge (stored voltage: 460 V, 
presumed current: 3.2 kA, pre-arcing time: 0.9 ms ). 
The times 1t , 2t , 3t and 4t correspond to the calculation 
of the radiation (Section 3.2) 

2.3. Light emission during the fuse working 
 

The intensity of the total radiation escaped from 
the fuse arc plasma is directly linked to the 
instantaneous electric power. The evolution versus 
time of the luminance and of the electric power is 
given in Fig. 2. The radiation is integrated for the 
spectral interval [360-800] nm. At the beginning of 
the arcing time the luminance increases as the 
electric power (from 0.9 ms to ∼1.5 ms). Due to the 
energy brought by the fault current the energy of 
the plasma increases. The losses of energy linked to 
the cooling of the plasma increases, especially the 
radiation. The opposite trend is observed at the 
decrease of the current (from ∼2.1 ms to 4 ms). 
There exists a particular decrease in luminance for 
the time scale corresponding to the higher values of 
the electric power. Moreover the higher values in 
pressure are also observed for this time scale. 

From the Figure 2 the influence of the radiation 
absorption appears clearly. As the temperature and 
the electron density are deduced from the study of 
the radiation properties, it is necessary to 
understand what could be the influence of the 
density, the pressure on the escaped radiation. In 
fact these latter parameters are directly linked to the 
density and the temperature of the radiating species, 
to the absorption of the escaped radiation when it 
crosses various layers in the plasma volume from 
the hot centre to the colder surroundings. 

 
3. Calculation of the radiation 
 

The radiation intensity is expressed in terms of 
the spectral emission coefficient ( λε ) which is the 
result of [19-23]:  
 
3.1. Spectral line 
 
Spectral emissivity for one isolated line 
 For each radiating species one defines the 
spectral emissivity by [19]: 

( ) ( ) ( )TPTnAchT uliuiuliuli ,
4
., ,,,,, λ
π

λε λ ×××=     (2) 

where uliA , is the transition probability from the 
upper energy level u to the lower energy 
level l , ( )Tn ui, is the population density for the 
energy level uE corresponding to the ith radiating 

species at temperature T , ( )TP uli ,, λ  is the 
normalized spectral profile at temperatureT . For 
the spectral lines studied in this work the transition 
probabilities are obtained from [18]. The population 
density ( )Tn ui,  for the ith species is deduced from: 
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where ( )Tn i is the total density of the ith species at 
temperatureT , ug is the statistical weight for the 
upper energy level uE , ( )tZ is the total partition 
function [15,37-38], and uω is the population 
probability of the corresponding energy level [18]. 
In the case of the fuse arc plasma the use of an 
approximate profile ( )TP uli ,, λ  is enough especially 
as the use of a precise Voigt profile is 
computationally expensive. The normalized spectral 
profile ( )TP uli ,, λ is evaluated by using the 
approximate formula [19]: 

( ) ( )λ
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ε

λ λ
λ
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where ( )λλulVL wwif ,,, is a numerical expression 

defined for the studied line of wavelength ulλ , Lw is 
the Lorentz half-width, Vw is the Voigt half-width. 
The two terms

ululLi λε ,, and int,, ulLiε are respectively 
the centreline magnitude and the integrated 
intensity for the studied line [19]. The following 
items consist in a depiction of the physical 
broadening mechanisms responsible for the Lorentz 
and Gaussian half-widths [22]. 
 
Broadening mechanisms resulting in a Gaussian 
profile 
• The Doppler broadening is described by a 
Gaussian profile and is of negligible contribution in 
the total half-width. 
• The apparatus function is not generated by a 
physical mechanism. It is the response of the 
monochromator plus CCD matrix device to an 
isolated and thin line. It has to be taken into account 
especially at the end of the arcing period because 
the spectral lines are weakly broadened. 
 
Broadening mechanisms resulting in a Lorentz  
profile 
• The resonance broadening is due to an atom or ion 
in a resonance state interacting with another like 
atom of ion in a ground state. It is not the case for 
the once ionised silicon lines studied. 
• The natural broadening is due to the finite 
lifetimes of an atom or ion. It is calculated using the 
formulation given in [22] but it is of negligible 
contribution for the studied lines. 
• The Van der Waals broadening is of great 
contribution in the case of neutral emitters. In the 
case of the once ionised silicon lines, this 
broadening exists but it is negligible. An 
approximated calculation can be made with the 
hydrogenic assumption [19]. 

• The Stark broadening is the greatest contribution 
in the case of the studied plasma. In fact the fast 
energy release linked to the power supply produces 
silica vapours from the early beginning of the 
arcing period. These vapours are enclosed in a 
surrounding fused silica layer which maintains an 
overpressure on the plasma volume. Because of the 
energy of the fault current the temperature of the 
plasma increases, and so does the amount of 
vapours. Thus the pressure of the plasma increases 
strongly [13-14]. Therefore the number and the 
strength of the collisions between charged particles 
increase which imply the splitting of the emitting 
energy levels of the radiating atom or ion. In the 
case of a plasma the quadratic Stark broadening is 
dominant in comparison to the linear Stark 
broadening, and it can be evaluated using the 
results given by Griem [24-25]. 
 
Resulting Voigt profile 
 The resulting profile is known as the Voigt 
profile, with the half-width defined by [19]: 

2
2

22 G
LL

V wwww ++=           (5) 

where Gw and Lw are respectively the Gaussian half-
width and the Lorentzian half-width taking into 
account each of the broadening mechanisms 
defined. 
 
3.2. Continuous radiation 
 
 There exist many works dedicated to the 
calculation of the continuous radiation [26] in the 
case of the most common elements such as H2, He, 
N2, O2 [27], Ar [28], SF6 [29], rare gases [30] [31] 
[32] and highly ionised elements. Some information 
can also be found about the calculation of the 
volumetric emission coefficient dedicated to typical 
applications such high current breakers [33-34]. 
 For the calculation of the continuum, two 
contributions are calculated, namely the free-bound 
continuum and the free-free continuum. 
Considering that the aim of the study is a first step 
in the understanding of the radiated properties in 
electric fuses on one side, and that the fuse plasma 
is characterized by strong values of the temperature, 
electron density and pressure on the other side, the 
molecular contribution is neglected. This latter 
assumption supposes that the chemical species in 
the plasma are completely dissociated. 
 
Free-bound continuum 
 The free-bound continuum or recombination 
radiation is due to the capture of a free electron by 
an ion. The contribution of the continuum due to 
negative ions (attachment of an electron to an atom 
or a molecule) is neglected is so far as the 
concentration of these negative ions is very low 
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compared to the other contributing species [15]. 
The free-bound continuum is defined from 
the fbξ factor or Biberman factor [19] by: 
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λ

πε

λ

λ

,1
1

177.2

,,2

2
,

,

1,,
5.12

6

2,,,

Te
T

znn

U
g

kmc
e

zifb
kT
hc

zie

zi

zi

e
zifb

×⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−×

−
×

×=

−

≥

 (6) 

where e is the elementary charge, c is the speed of 
light, em is the electron mass, 1,, zig is the statistical 
weight of the ground state for the particle i in the 
ionisation stage z ( z =1 for atom, z =2 for the first 
ion, etc.), ziU , is the partition function, en is the 
electron density, zin , is the density of particle i in the 
ionisation stage z , λ is the wavelength,T is the 
temperature, h is the Planck constant, k is the 
Boltzmann constant, zifb ,,ξ is the Biberman factor 
whose values are tabulated in [35]. In this study the 
equation is given in absorption coefficient form. 
 
Free-free continuum 
 The free-free radiation corresponds to the 
emission of a photon when an electron is subjected 
to the electric field of an ion (case 1), or an atom 
subjected to a transition from a free state to another 
free state with lower kinetic energy (case 2). In the 
case 1 the free-free continuum is given by: 
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where the free-free Gaunt factor is used to correct 
the non-classical behaviour: 
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where HE is the ionization energy of hydrogen. The 
expression (8) is defined from the hydrogenic 
approximation [36]. In the case 2 the following 
equation is used to calculate the free-free 
continuum: 
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where ( )TQ is the electron-neutral collision cross-
section. This term can be neglected in the case of 

the fuse arc plasma in so far as it is important at low 
temperatures. 
 
 
Resulting continuum for the fuse arc plasma 
 The total continuum is the sum of the free-
bound and free-free continuum calculated for all the 
chemical species observed in the fuse arc. These 
chemical species can be deduced from the 
calculation of the plasma composition published in 
[15, 37-38] where the chemical species 
concentration is given versus the temperature. For 
the current paper the chemical species considered 
are: Si, Si+, Si++, Si+++, Si−, O, O+, O++, O+++, O− and 
electrons. These chemical species are chosen 
because: 
• the calculation is made in the case of spectral 
observations obtained for high level of the electric 
power; 
• from measurements we know that the temperature 
is high; 
 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 3: Evolution versus time of: (a) length between 
electrodes ( ied ) [12], temperature [9], spectral 
radiation observed in the domain focussed around 
the Si II (2) multiplet. 
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• for the time of observation, the gap between the 
two eroded parts of the fuse element is around 15 
mm to 20 mm ; thus the silver element is supposed 
to be emitted in the surroundings of the plasma 
volume, near the two erosion fronts ; and the 
spectral observations are done close to the centre of 
the initial reduced section. 
 The evolution of the temperature, the inter-
electrodes length, and the observed radiation in the 
spectral domain focussed around 634 nm is given in 
Fig. 3. 
 The radiation escaped from the fuse arc plasma 
is difficult to study in a spectroscopic way. This is 
due to the strong gradients in temperature, pressure 
and density from the centre to the colder 
surroundings. It can be easily seen in Fig. 3 (c). The 
quoted spectral domain comprises the Si II lines 
used to assess the electron density assuming that the 
Stark broadening is the major broadening effect [9]. 
The beginning of the emission starts around 0.9 ms 
and is not shown. We give the radiation after 
around 1.5 ms for which the maximum value of the 
electric power is observed. 
 The current calculation is made to understand 
the profile line shape observed for the Si II (2) 
multiplet during the decrease of the electric power, 
that is to say to understand the physical conditions 
responsible for the emission of radiation. 
 
Resulting radiation for the fuse arc plasma 
 The first step is to calculate the total spectral 
emissivity defined by: 
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which is expressed in 4.msrW . 
 To compare the experimental spectral 
observation with the calculated one, one had to 
calculate the spectral intensity in 3.msrW defined 
by: 
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where R indicates the edge of the integration 
domain (Fig. 4), λk is the spectral absorption 

coefficient in 1−m defined by: 

λλ π
λ Pee

U
ngA

c
k kT

E
kT
E

Z

Z
uul

ul
ul

.
8

4

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−×=

−−
 (12)

The expression (12) can be used to evaluate the 
optical thickness ( )Tx,λτ . 
 
3.3. Spectral radiation for the fuse arc plasma 
 
 The calculation is done for the Si II lines of the 
multiplet (2) whose spectroscopic constants are 
given in Table 1. These lines are chosen because 

they are used for the electron density evaluation on 
one side, and they are isolated from other lines 
observed in the whole spectrum on the other side. 
Thus the pseudo-continuum due to the merging of 
the wings of strongly broadened lines can be 
neglected for the calculation. 
 

Table 1. Spectroscopic constants for the two Si 
II lines of the multiplet (2) [18]. 
 

λ 
 nm 

Transition 
Aul  

108 s-1 
gu 
gl 

Eu / eV 
El / eV 

634.711 s4
2
1

2S − p4 0

2
3

2 P  7.0 10-1 4 
2 

10.073961 
8.121089 

637.137 
s4

2
1

2S − p4 0

2
1

2 P  
6.9 10-1 

2 
2 
 

10.066524 
8.121089 

 
 The calculation is made for two times of 
observation during the fuse working. In this case 
the prospective current is provided by a capacitor 
bank discharge with ~ˆ

pI 3.2 kA, ~sup plyV 460 V   
[8]. The pre-arcing time is around 0.87 ms and the 
arcing time is around 3 ms. The fuse element put in 
the tests is equipped with two reduced sections, 5 
mm in width, 0.105 mm in thickness. 
 

 
Fig. 4: Schematic explanation of the geometry 
chosen for the calculation ; =x 0 corresponds to the 
edge of the fuse strip in the sand, Rx = corresponds 
to the edge in contact with the quartz window from 
which the light is integrated. 
 
 Figure 4 illustrates the fulgurite and the plasma 
volume in the case of the experimental fuse. The 
back edge of the fulgurite is delimited by the silica 
sand grains, and the front edge of the plasma 
volume is in contact with the quartz window from 
which the light is collected. The calculation is 
performed for the domain [ ]Rx ,0∈ and it is 
assumed that the radiation is emitted in the R -
direction only, in so far as in the 0-direction the 
radiation is unable to escape. 
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Fig. 5: Comparison at =4t 3.24 ms between 
experiment and calculation for the  Si II (2) 
multiplet: spectral profile, plasma density, and 
temperature. =EXPT 11,988 K. 
 
 In the lower part of Fig. 4 we show the 
configuration chosen for the calculation. We 
consider that the experimental observation 
corresponds to one line of sight which is divided in 
a fixed number of volume elements of length kxΔ  
from 0=x  to Rx =  ( =k 1,2,…). 

 
Fig. 6: Comparison at =3t 2.97 ms between 
experiment and calculation for the Si II (2) multiplet: 
spectral profile, plasma density, and temperature. 

=EXPT 12,914 K. 
 
   For each kxΔ : the temperature value is fixed 
according to the mean temperature obtained for the 
same observation time by spectroscopic diagnostic, 
and the plasma density value is set according to the 
experimental electron density. The variations of the 
temperature and the plasma density are chosen 
symmetrical to the axis of symmetry of the fuse 
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strip. The calculation is done for =1t 2.43 ms, 
=2t 2.70 ms, =3t 2.97 ms, =4t 3.24 ms (Fig. 2). 

The first result is given in Fig. 5 for =4t 3.24 ms, 
that is to say during the decrease of the electric 
power near the end of the arcing time.  
 

 
Fig. 7: Comparison at =2t 2.70 ms between 
experiment and calculation for the Si II (2) multiplet: 
spectral profile, plasma density, and temperature. 

=EXPT 13,839 K. 
 

 The characteristics of the domain are given for 
the temperature and the plasma density. For these 
values we see that the calculated profiles fit well 
with the experimental profile. The plasma density 
decreases strongly from 10 kg.m-3 at =x 0 down to 
0.01 kg.m-3 in the centre.  
 

 
Fig. 8: Comparison at =1t 2.43 ms between 
experiment and calculation for the Si II (2) multiplet: 
spectral profile, plasma density, and temperature. 

=EXPT 14,765 K. 
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The plasma temperature increase from 9500 K 
at =x 0 to 13000K in the centre. The calculated 
trend for the temperature clearly shows that the 
experimental temperature can not be considered as 
uniform on the whole plasma thickness. 
 
 On the contrary the experimental temperature 
has to be considered as a mean value of the 
temperature which is the result of the contribution 
of different volumes with a given temperature. 
 Similar results are obtained for 3t and 2t . We 
can notice that there is an increase of the 
domain [ ]R,0  with higher values of R . This is 
consistent with the fact that for this time interval 
the pressure increases – linked to the increase of the 
temperature, and the vaporization – and implies a 
higher width of the plasma volume. For the spectral 
observations given on Fig. 5 to Fig. 8, the width of 
the two reduced sections fuse element is 5 mm in 
the initial state. The corresponding widths put in the 
calculation are 5.2 mm, 5 mm, 6.4 mm and 6.9 mm 
respectively for 4t , 3t , 2t and 1t . This parameter is 
difficult to determine in so far as the fuse arc 
plasma radiation is collected through a quartz 
window directly in contact with the plasma. Thus 
the plasma interacts with the quartz window and 
can imply strong fluctuations at the surroundings. 
Moreover the experimental temperature increases 
regularly from 4t to 1t . This trend is consistent with 
the increase of the calculated maximum 
temperature observed close to 2Rx = . 
For 4t , 3t , 2t and 1t we obtain respectively 13,000 K, 
17,500 K, and 20,000 K for 2t and 1t . These values 
can not be considered as the true values but the rise 
seems to be in good agreement with the rise in 
pressure and electron density. 
 The case =1t 2.43 ms is more problematic 
because it corresponds to a high level of electric 
power: the continuous radiation is strong and the 
spectral lines are strongly broadened. From Fig. 2 
and Fig. 3c we see that this time is close to the time 
for which it is difficult to distinguish the discret 
radiation from the continuous radiation. The 
calculation has been tested to evaluate if it is able to 
give a realistic result concerning the influence of 
the plasma density and temperature, especially to 
estimate the conditions implying a strong 
broadening with a dissymmetrical spectral line 
shape like in experiments. The result of the 
calculation is given in Fig. 8 for =1t 2.43 ms. The 
experimental profiles are strongly disturbed and the 
calculated profiles do not fit well with the 
experimental ones. 
 This case illustrates clearly the limit of the 
calculation. From our opinion the time domain 
corresponding to the time observation with 1tt < is 

characterized by very strong and quick variations of 
the gradients in temperature, pressure, plasma 
density, plasma composition and also in the 
dependant properties such as the optical thickness 
of the plasma. Such observations have been made 
in the case of the interaction between a metallic 
plasma and a polymer wall [39]. In this latter case 
the rise in pressure is highly brisk and the pressure 
value is high. It implies the spreading of the 
pressure wave with transmitted and reflected 
components. The interference between these two 
components is directly linked to the strong 
broadening of the spectral lines, to the increase of 
the continuous radiation intensity, and to the strong 
increase of the plasma optical thickness that implies 
absorption of the emitted radiation. In this case also 
the spectral line shape can not be used for a 
spectroscopic diagnostic and other experimental 
methods have to be used. 
 
4. Synthesis and conclusion 
 
 For modelling purposes [40] one has to 
calculate the radiative term of the fuse arc plasma. 
This calculation consists in the evaluation of the 
evolution of the net emission coefficient versus the 
temperature for a given plasma composition. But 
the hypotheses linked to the calculation have to be 
checked. The way described in this study is to 
compare the experimental spectrum observed 
during the fuse operation with the result of the 
calculation including the continuous and spectral 
components. 
 The first attempt given in this paper clearly 
shows that some hypotheses have to be used with 
great care, especially: 
• the calculation of the radiation is usually a 
complex task, and especially in the case of the fuse 
working as far as the plasma volume is not a 
cylindrical volume well appropriate to use classical 
methods such as the Abel inversion necessary to 
obtain the local emissivities ; 
• due to the short duration of the arcing time – 
typically around 5 ms – there exist strong gradients 
which evolve on the whole duration of the fuse 
working ; these gradients concern the temperature, 
the plasma composition, the optical thickness, the 
values of the transport coefficients, namely the 
electrical conductivity, the thermal conductivity, 
and the viscosity ; 
• therefore the following assumptions have to be 
discussed: 

- the plasma is supposed in Local 
Thermodynamic Equilibrium (LTE): this 
can be easily justified for the areas close to 
the centre of the fuse arc plasma because 
the pressure is high ; but for the areas close 
to the surroundings, near the fused silica 
layer surrounding the plasma core, and near 
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the quartz window, the gradients are very 
high and the LTE hypothesis is  not valid ; 
these areas correspond to the colder 
surroundings ; 

- the influence of the spectroscopic constants 
: in the case of the radiation measurements 
by means of spectroscopy, and the 
calculation of the discret and continuous 
radiations, one uses the transition 
strengths ulA quoted in various databases ; 
if possible, the experimental values are 
preferred but usually these experimental 
values correspond to measurements 
performed in different plasma sources ; and 
most of these plasma sources are uniform 
in temperature, density and the influence of 
the gradients in physical properties is 
negligible ; in the case of the fuse arc 
plasma, the pressure is very high and can 
affect the transition strengths; 

- the variations of the plasma composition : 
the composition of the plasma at a given 
time of observation is one of the key 
parameters to obtain a consistent 
assessment of the radiation ; as it has been 
shown in [37] an addition of metallic 
species implies very strong changes in the 
resulting plasma composition for a given 
temperature ; thus the radiated intensity is 
modified and it depends directly on the 
concentration of these metallic species ; 
furthermore the radiated properties of the 
metallic spectral lines is hard to calculate 
as soon as the pressure moves far away the 
atmospheric pressure: the low energy level 
of two typical silver lines, namely Ag I 
520,907 nm and Ag I 546.550 nm, is close 
to the ground level of the silver atom ; 
therefore these lines are highly subjected to 
self-absorption when they are observed 
during the fuse working ; such lines are 
unusable for a spectroscopic diagnostic, 
and the calculation of the emissivity should 
imply a specific knowledge of the physical 
characteristics of the fuse arc plasma. 

- the influence of the calibration of the 
experimental observation : due to the 
geometry of the experimental fuse, it is 
rather complex to perform a valuable 
calibration in intensity ; many mistakes can 
be made and they make more difficult the 
choice of the initial values in the 
calculation. 

 The comparison of the experimental and 
theoretical intensities given in this paper clearly 
shows a good agreement at the end of the arcing 
time. The calculation of the discrete and the 
continuous radiations fits well with the 
measurement. The calculated broadening and 

shifting of the Si II (2) lines by Stark effect are also 
in good agreement. But for the time corresponding 
to high levels of electric power and pressure, the 
calculation of the continuum in particular becomes 
more complicated as far as it depends strongly on 
the concentration of the various chemical species in 
the fuse arc plasma. 
 The next step of this work is thus to improve 
the depiction of the [ ]Rx ,0∈ domain. Physical 
arguments have to be defined in order to build an 
iterative calculation for the determination of kxΔ . A 
solution could be to calculate the radiation for the 
final microseconds of radiation emission for the 
lowest levels of the electric power. By means of the 
high sensitivity CCD matrix the radiation emission 
can be observed even if the level of radiation is 
very low. In this case the broadening of the spectral 
is minimum and the contribution of the Stark 
broadening is very weak in the total broadening. 
The main broadening is due to the apparatus 
function.  
 In the future these calculations could be very 
helpful to define the true net emission coefficients 
used in the modelling of the fuse working.  
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