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Abstract. The purpose of this paper is to study the temperature evolution during the interaction of a
plasma with an insulating wall in polyethylene ((CHz2)») and polyoxymethylene ((CH20),). The plasma is
initiated by means of a capacitor bank discharge in a copper fuse wire. Due to the energy release the ablation
of the insulating wall produces some insulating vapours in addition to the copper vapours corresponding
to the wire vaporization. Using neutral copper line intensity ratio assuming a Boltzmann distribution we
obtain a temperature evolution from ~11000 K to ~24 000 K in the first few hundreds microseconds of the
discharge. For later times the copper lines are strongly self-absorbed and make impossible the diagnostic
in a spectroscopic way. Hence the temperature is deduced from the comparison between the experimental
and calculated electrical conductivity. So for the decrease of the current the temperature evolves from
~21000 K down to ~6 000 K and depends on the plasma density. The results and the reliability of the two

methods are discussed.

PACS. 52.25.Kn Thermodynamics of plasmas — 52.70.Kz Optical (ultraviolet, visible, infrared)
measurements — 52.80.Wq Discharge in liquids and solids

1 Introduction

For many years many kinds of insulating material have
been tested in electric power apparatus designed to inter-
rupt high fault current (H.B.C. fuse and expulsion fuse,
SF¢ circuit breaker) [1,2] or designed to produce a plasma
source used for various applications (especially powder ig-
nition in electrothermal chemical launchers) [3,4]. The na-
ture and the dimensions of the dielectric material have
been fully investigated in order to select the parameters
which in the first case dissipate the most possible en-
ergy [5,6], and in the second case transfer the most possi-
ble energy to a reactive target. The shape of the plasma
produced during the discharge is generally imposed by the
use of a dielectric material tube which receives the fuse
striking wire. The latter points allow some assumptions
which are very convenient for the interpretation of the
plasma insulator interaction in theoretical [7,8] and ex-
perimental works [9,10]. The tested insulating material is
chosen according to the final purpose of the device [11,12]:
quartz and boric acid in the case of fuses, polymers in the
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case of SFg circuit breakers and electrothermal chemical
launchers.

In modelling the calculations are performed for a tem-
perature scale varying in the range from ~2000 K up to
~30000 K. In this temperature range the main properties
of the plasma made of metallic and insulating vapours
vary significantly with the temperature [13-15] and with
the ratio of metallic to insulating elements [16]. The prop-
erties which strongly depend on the temperature are the
electrical conductivity, the thermal conductivity and the
viscosity. These are clearly linked to the type of mate-
rial [17].

Therefore the temperature has to be known during the
discharge in order to give a coherent interpretation of the
plasma wall interaction. To evaluate the temperature we
use two methods which are distinct from each other. In
thin plasmas the temperature is commonly deduced from
the plasma radiation analysis [18]. The spectroscopic way
consists in the evaluation of the ratio between two spec-
tral line intensities [19] or between a spectral line and
the continuum intensities [20], or directly from one spec-
tral line intensity or continuum intensity when an absolute
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calibration is made [21]. These latter methods give a di-
rect measurement of the plasma temperature. Unfortu-
nately the collection of the available radiation is difficult
to realize. Thus the spectroscopic method has to be com-
pared with another. The method which consists in evaluat-
ing the temperature from the electrical conductivity mea-
surement has been already used in various applications:
railgun plasma armature [22], capillary discharges [23,24],
wall-stabilised AC arcs [25], and free-burning arcs [26].
This means is an indirect way to measure the tempera-
ture. As a matter of fact the electrical conductivity de-
pends strongly on temperature.

Our experimental approach divides into three steps.
First step, we examine the influence of the nature of the
polymer and the confining geometry on the discharge. The
evolutions of the physical and electrical parameters are
given, and the experimental and theoretical results are
given separately. Second step, we detail the plasma tem-
perature measurement. We use two methods depending
on the time interval studied. The temperature is deduced
from the neutral metallic lines intensity ratios assuming
a Boltzmann distribution for the energy levels at the be-
ginning of the phenomenon. Hence, the temperature is
deduced from the electrical conductivity measurement
during the cooling of the plasma. Third step, from the
temperature measurement and the calculations, we study
the plasma density, and the ratio between the metallic and
insulating species during the whole phenomenon.

2 Experimental set-up
2.1 Experimental test device

The section view of the test device is shown schematically
in Figure 1. The test tube is designed to allow the mea-
surement of the pressure (<150 bars), the collection of the
plasma radiation and to study the influence of the test
tube dimensions and material. In this paper we present
the study of a test tube with length-to-radius ratio (I/R)
equal to 6 and 8 and constituent material being either
polyethylene (PE, (CHz),,) or polyoxymethylene (POM,
(CH20),,). Its outer diameter is 10 mm and two inner di-
ameters are tested: 5 mm and 7 mm. The two electrodes
are made in brass. The dimensions of the POM-expansion
chamber are 50 mm in length and 10 mm in diameter.
These dimensions have been tested so as to obtain no high
pressure gradient between the expansion chamber inside
and the test tube inside during the discharge (Sect. 4.2).
Furthermore the expansion chamber wall is made to fit lat-
erally onto the sensitive area of the pressure quartz trans-
ducers. A clamping support especially designed to avoid
the gas leak between the two main parts of the device is
added (not shown in Fig. 1).

To initiate the arc a 0.3 mm-diameter copper striking
wire is inserted between the two electrodes inside the test
tube. To get the same initial conditions a new test tube
is used for each test and the two electrodes are frequently
replaced. We do not use any specific working gas. The

s
.

Fig. 1. Diagram of the test device: 1, cathode; 2, anode; 3, in-
sulating test tube (PE, POM); 4, copper fuse wire; 5, expansion
chamber; 6, quartz fibre; 7, pressure transducer.

inner tube is full of ambient air at atmospheric pressure
before the discharge.

2.2 Energy supply

To provide the energy necessary for the wall ablation a
capacitor bank is used. It consists of two sets of seven
capacitors (4700 pF each) in series with an inductance
of 145 pH. The charge voltage range investigated in this
work is included between 220 and 340 V (Tab. 1). So the
initial stored energy ranges between 385 J and 925 J. The
time lag between the release of the stored energy and the
triggering of the measurement devices is of major impor-
tance especially for the triggering of the CCD matrix in
the streak mode. So it has been tested and adjusted ac-
cording to the two main influential parameters: the charge
voltage and the length-to-radius ratio (I/R) (Tab. 2).

2.3 Diagnostics
2.3.1 Current and voltage measurement

The electric current through and the voltage across the
electrodes are measured by means of a 416 A V~! current
shunt and a 100 VV~! voltage shunt respectively. These
two voltages are displayed on a TEK TDS 224 oscillo-
scope and the data are monitored by means of a standard
commercial video-PC interface hardware.

2.3.2 Pressure measurement

The pressure evolution during the whole duration of the
arc is measured using two Kistler 601A quartz pressure
transducers. They are set at right angle to the test device
axis. To protect and to prevent a direct exposure of the
quartz transducer to the very hot plasma, a thin layer of
silicon grease is spread on the sensitive area of the trans-
ducers. The pressure can be monitored simultaneously at
two different points: at the mid-point of the test tube, and
at the mid-point of the expansion chamber.
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Table 1. Details of the measurements for the two types of confining tubes. The pressure is the absolute pressure.

Test voltage (V) 220 | 240 | 260 | 280 | 300 | 320 | 340

Current peak (A) 990 | 1015 | 1048 | 1106 | 1166 | 1181 | 1207

Current density (A.mm™) 2571 264 | 27.2 | 28.7 | 30.3 | 30.7 | 31.4

3.5 Energy (J) 217 | 250 | 291 | 336 | 390 | 464 | 501
Energy / Volume (10° J.m) 282 | 325 | 378 | 436 | 506 | 603 | 651

PE Pressure peak (Bar) 2831 39.8 | 46.8 | 56.8 | 72.0 | 82.3 | 92.8
Current peak (A) 998 | 1048 | 1065 | 1065 | 1130 | 1131 | 1182

Current density (A.mm™) 50.8 | 53.4 | 542 | 542 | 57.6 | 57.6 | 60.2

2.5 Energy (J) 160 | 192 | 216 | 254 | 298 | 311 | 381
Energy / Volume (10° J.m?) 407 | 489 | 550 | 646 | 758 | 791 | 969

Pressure peak (Bar) 274 | 353 | 41.2 | 484 | 55.6 | 63.8 | 77.8
Current peak (A) 974 | 998 | 1056 | 1090 | 1131 | 1148 | 1190

Current density (A.mm™) 253 | 259 (274 | 283 294 | 29.8 | 309

3.5 Energy (J) 191 | 229 | 267 | 310 | 353 | 415 | 471
Energy / Volume (10° J.m™) 248 | 297 | 347 | 403 | 458 | 539 | 612

POM Pressure peak (Bar) 246 | 28.0 | 353 | 41.3 | 58.0 | 59.6 | 71.0
Current peak (A) 940 | 982 | 1040 | 1090 | 1123 | 1173 | 1182

Current density (A.mm™) 479 1 50.0 | 53.0 | 555 | 57.2 | 59.7 | 60.2

2.5 Energy (J) 151 | 177 | 196 | 223 | 253 | 281 | 314
Energy / Volume (10° J.m™) 384 | 450 | 499 | 567 | 644 | 715 | 799

Pressure peak (Bar) 2341 269 | 32.8 | 37.1 | 41.9 | 499 | 56.8

Table 2. Stored energy-to-total dissipated energy ratio (r)
and arc duration (¢,) with the corresponding standard devia-
tions (or, Ota).

rt . (%) 1, % 0, (ms)
I(mm) | R(mm) | IR
PE POM PE POM
20 35 | =6 | 50712 482408 29401 | 2810l
20 25 8§ | 384108 350419 22402 | 210l

2.3.3 Radiation analysis

Spectroscopic apparatus

During the discharge the plasma emits a radiation allow-
ing the evaluation of the plasma temperature (Sect. 4.3).
The radiation viewing point is located at the mid-point
of the insulating test tube. The quartz fibre used to col-
lect the light is inserted through the insulating wall into
the close-fitting channel. The channel length is fitted to
avoid direct contact between the quartz fibre end and the
plasma. Thus the light issued from the plasma is collected
by the quartz fibre via a weak thickness of the insulating
material. Since the radiation emitted is strong and the
absorption by the thickness of the optical fibre channel is
weak and can be estimated, we obtain a sufficiently high
radiation level to perform the spectroscopic analysis. The

other end of the quartz fibre is connected to the 80 pm-
entrance slit of the spectroscope.

The spectrometer is a Chromex 500IS with a 0.5 m-
focal length and equipped with a CCD matrix. We have
worked with a 600 line mm~! grating. The corresponding
spectral range investigated is [450-540] nm. The size of
the CCD matrix is 1242 x 1152 pixels. The set of setting
parameters (exposure time and shifting of each track) is
fitted according to the duration and the brightness of the
phenomenon. We have worked with 60 tracks with a du-
ration of 0.030 ms or 0.050 ms each. An electronic circuit
is used to control the start of the power supply and the
shifting of the tracks on the CCD matrix.

Relative intensity calibration

The relative intensity calibration of the optical sys-
tem (spectrometer, CCD matrix, quartz fibre) is car-
ried out using a tungsten ribbon lamp in the spectral
range [450-540] nm. As a matter of fact it is necessary
to perform a relative intensity calibration for two main
reasons. Firstly we have to correct the possible non lin-
ear response of our optical acquisition system over the
investigated spectral range. Secondly the light emitted by
the plasma is absorbed by the weak material thickness of
the wall before being collected by the quartz fibre. Thus
we measure the decrease in intensity due to the material
thickness for the two diameters, that is to say the ratio
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Fig. 2. Massic fraction of chemical species versus tempera-
ture for a plasma formed of (a): PE and copper (0.45 kg/m?;
0.05 kg/m?), (b): POM and copper (0.45 kg/m?; 0.05 kg/m?).

I, /Iy » for the spectral range [450-540] nm (Ip y is the
radiation intensity emitted by the tungsten ribbon lamp;
I, is the collected radiation intensity). Respectively for
the 5 and 7 mm-diameters, we obtain (1.2 £ 0.5) x 1072
and (7.8 + 1.8) x 1072 for PE, (3.1 & 1.3) x 1072 and
(6.3+1.1) x 1072 for POM. Of course we observe that the
higher the thickness, the higher the absorption. Further-
more for the considered spectral range [450-540] nm, the
absorption is higher for POM than for PE.

3 Theoretical calculation

Since the plasma gets a high pressure (up to 100 bars) in
the confinement volume, we consider that the plasma is at
thermal equilibrium. We assume that the temperature T'
and the volume V' are maintained constant. In these con-
ditions the thermodynamic equilibrium is reached when

Table 3. Methods used to determine the momentum-transfer
1 . ~(1,1)
cross @~ or the average cross-section @3, .

Species | Dipole Method References
Cu Numerical Integration [28-32]
Cu, @(l,l) 15

— (LD 1Cu

O\, =m’32[,rj
CuO @(l,l) 15 é(l’l) 15

O 1Cu 10

OQicuo =7 23 +

T T

the total Helmholtz free energy is minimal. In our pa-
per [27] we give the composition, the pressure and the
thermodynamic properties calculated for plasma formed
in insulator vapours of PC and POM at fixed volume. In
the current study we add in our calculation the chemi-
cal species due to the copper constituting the fuse wire
and apply the calculation for plasmas formed in insulator
vapours of PE and POM (Figs. 2a and 2b). So we take into
account 18 monoatomic species, C, C~, C*, Ct+, Ct++,
Cu, Cu—, Cu™, Cu**, Cu™*, H, H-, H*, O, O, O™,
O*+, Ot*F, 21 diatomic species CH, CH*, CH™, CO,
CO*, CO~, Cy, C;, CJ, CuO, CuH, Cuy, OH, OHT,
OH—, Hy, H;‘, H, Oz, O3, O;‘, 21 polyatomic species
CQHa CQH27 CQH4; CQH407 0207 C37 CSOQ; C47 057 CH27
CH-0, CH3, CH4, CHO, CHO™, CO4, CO5, H0O, H;0T,
HOs3, O3 and electrons.

The electrical conductivity is given in our paper [16]
for several insulator vapours but without copper and at
fixed pressure. In Tables 3 and 4 we give the necessary data
to complete those given in [16] to calculate the electrical
conductivity.

In Figure 4 we show a MEB view of the test tube
wall after the discharge and the cooling. We observe the
presence of two copper shapes: droplet shape and clus-
ter shape. So we can say that the droplets are formed
from the parts of the copper wire that do not have the
time to vaporise and that the clusters are formed when
the copper becomes part of the plasma and condenses on
the wall during the cooling. Thus the exact copper pro-
portion that becomes part of the plasma is difficult to
determine. Furthermore, since we use the electrical con-
ductivity and the pressure in the plasma phase to interpret
the experimental results, we have to study the influence
of copper on these physical properties. From the pressure
measurements obtained at the beginning of the discharge
and from the number of copper droplets observed, we con-
clude that the copper percentage involved in the plasma
phase is weak. Thus we make the calculation with a W.P.
(Weight Percentage) of 10% which is taken as a very high
limit. In Figure 3a we show the electrical conductivity for
POM and PE with copper versus temperature at a fixed
density of 0.5 kg/m?3. We observe that with copper the
electrical conductivity is higher than with pure insulat-
ing. The difference is about a factor of 4 for POM and
a factor of 2 for PE at 8000 K, but becomes lower than
a factor of 1.25 for temperature higher than 10000 K.
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Table 4. Coefficients of the fitting of Q%’S) available between 1000 and 30000 K. These coefficients are used in the relation [33]:
lej’s) =a1In(T)+ a2 + asT + as/T + (15/T2 + a5/T3 + a7/T4.

j s |al a2 a3 a4 as A6 a7
Cu 1 |-55.942 541.231 0.0015783 554324 -5.55829¢+008 | 2.04748e+011 -2.74537e+013
Cu 2 |-55.9419 522.583 0.0021044 369550 -1.85278¢+008 | 1.24249¢+006 | 9.15093e+012
Cu 3 |-55.9421 508.599 0.00263051 277161 -9.26376e+007 | -336107 1.11347e+008
Cu 4 |-55.9424 497.414 0.00315662 221727 -5.55793e+007 | -2.23767¢+006 | 4.6504e+008
Cu 5 |-55.9421 488.088 0.00368272 184774 -3.7054¢e+007 -828981 1.38884¢+008
Cu2 1 |-88.8019 859.147 0.00250539 879937 -8.82326e¢+008 | 3.25018e+011 -4.35803e+013
Cu2 2 |-88.8022 829.549 0.00334053 586623 -2.94108e+008 | -302296 1.45268e+013
Cu2 3 | -88.8025 807.352 0.00417567 439964 -1.47049¢+008 | -2.8424¢+006 5.28881e+008
Cu2 4 |-88.8024 789.589 0.0050108 351973 -8.82305¢+007 | -750673 5.98177¢+007
Cu2 5 |-88.8022 774.788 0.00584593 293311 -5.88203e+007 | -441046 2.31037e+007
CuO |1 |-55.6271 538.494 0.00162694 555643 -5.56937¢+008 | 2.05241e+011 -2.7535e+013
CuO |2 |-55.627 519.951 0.00216925 370429 -1.85648e¢+008 | 1.75569¢+006 | 9.17793e+012
CuO |3 |-55.6274 506.047 0.00271157 277820 -9.28225e¢+007 | -28934.6 4.28867¢+007
CuO |4 |-55.6275 494.923 0.00325389 222255 -5.56918¢+007 | -1.24693¢+006 | 3.03956e+008
CuO |5 |-55.6278 485.654 0.00379621 185209 -3.71231e+007 | -3.82296e+006 | 7.84461e+008
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Fig. 3. (a) Electrical conductivity versus temperature for several mixtures of PE, POM and Cu (W.P.) and for a density
fixed at 0.5 kg/m?3. (b) Pressure versus temperature for several mixtures of PE, POM and Cu (W.P.) and for a density fixed
at 0.5 kg/m®. (c) Massic fraction of electrons versus temperature for several mixtures of PE, POM and Cu (W.P.) and for a
density fixed at 0.5 kg/m?.
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20 um

Fig. 4. MEB viewing of a PE test tube after the discharge: (a), copper droplets; (b), copper granular cluster.

In Figures 3b and 3c we show the pressure and the massic
fraction of electrons for POM and PE with copper versus
temperature at a fixed density of 0.5 kg/m®. We observe
that for the same density the pressure is higher with PE
than with POM. The influence of copper on pressure is
less than 8%. On the contrary the massic fraction of elec-
trons (Fig. 3c) is definitely higher with copper than with
insulator vapours. For temperatures higher than 10000 K
the influence of the copper proportion (10% W.P.) for the
two polymers is not significant. This justifies partly the
discrepancies observed for the electrical conductivity of
the various mixtures of PE and POM.

4 Data analysis

The measurement of the current peak, the deduced cur-
rent density, the total dissipated energy, the volumic en-
ergy and the pressure peak are given in Table 1 for the
two confining test tubes and the two materials. To deduce
the maximum current density and the volumic energy we
make three approximations: the radius increase due to the
ablation can be neglected, the channel is fully filled by the
plasma, and the temperature is the same in the whole of
the test tube volume. Thus all the estimations are made
with the initial radius value. These approximations are
discussed in Section 5.

4.1 Current and voltage characteristics

Typical current and voltage profiles are given for PE and
POM in Figures 5a and 5b. The current increases lin-
early up to the maximal value for a time depending on
the stored voltage (Fig. 5c¢). Hence the current decreases
roughly linearly with time. The current density values de-
duced from the constant radius approximation are in the
range [25-60] A mm 2.

At the early beginning of the phenomenon the volt-
age increases slowly and steadily. There are two rapid
changes in the current at times ~0.754 ms and ~0.801 ms
for POM, and ~0.773 ms and ~0.819 ms for PE which
correspond to two voltage drops. These moments depend
on the stored voltage. The phenomena responsible for the
fuse wire breakage are very complex and particularly they
markedly depend on the pre-arcing times and the corre-

sponding fault current [34-36]. At this point, in our con-
ditions and to simplify, we can say that until the first of
these two drops in the voltage curve (i.e. two breaks in
current), the fuse wire gradually melts and many copper
droplets are produced. The fuse wire is partly vaporised.
Once the plasma is initiated (220.8 ms) the voltage fluctu-
ates around 360 V. After roughly 2 ms for the two mate-
rials there is a gradual and broad voltage drop.

The current peak and the pressure peak vary in a lin-
ear way with the charge voltage for the two confining ge-
ometries and the two materials. The stored-to-dissipated
energy ratio r depends strongly on the {/R value (Tab. 2).
The I/ R value is thus the main parameter which influences
the ability of the device to dissipate the stored energy. On
the contrary the material has a weak influence. The mean
values and the standard deviations in Table 2 are calcu-
lated from the results obtained for the seven charge volt-
age values. From these values we remark that r is constant
for a /R value and that the discrepancy between the ma-
terials is not significant. Such considerations are helpful
for the design of the devices, especially for the prediction
of the size of the interaction volume and the influence on
the electrical conductivity for a given temperature and a
given material [37]. From the measurements (Tab. 1) we
clearly see two trends: the pressure peak depends on the
confining geometry, whereas the current peak is nearly the
same for the various confining geometries.

Moreover the calculations (Sect. 3) show that the elec-
trical conductivity is nearly the same for PE and POM
for temperatures higher than 10000 K. This can be seen
experimentally in Figure 5d. In fact, for such tempera-
tures, the electrical conductivity depends mainly on the
electron concentration (which is very similar for both in-
sulators) and the charged-charged collisions. The latter
point is valid for each plasma density put in the calcula-
tion.

4.2 Pressure

The pressure evolution versus time is showed in Figures 5e
and 5f in the case of two typical tests with PE and POM
test tubes. All the values are stated in absolute pressure.
Two measurements are given: the pressure inside the test
tube (curve (1)) and the pressure inside the expansion
chamber (curve (2)). The pressure evolution throughout
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Fig. 5. Typical evolution of: the current (a), the voltage (b), the influence of the stored voltage on the current (c), the electrical
conductivity (d), the pressure inside the test tube (curve (1)) and the expansion chamber (curve (2)) versus time in the case of
a 340 V-stored voltage, for a PE (e) and POM (f)) test tube (I/R = 8). The pressure is the absolute pressure.

the whole of the discharge is nearly the same for the two
measurements. At the very beginning of the arc (<1.1 ms)
the fuse wire disruption generates some pressure peaks
which fluctuate very quickly: these correspond to the arc
ignition and the induced voltage drops. Once the arc is
initiated the material ablation due to the electric energy
dissipation is responsible for the more regular pressure
increase considering that the temperature is roughly con-
stant during the corresponding time interval (Sect. 5). The
maximum pressure values observed are less than 100 bars.
After the maximum pressure drop the pressure decreases
practically linearly. As a matter of fact, from this moment,
the system dissipates more energy than it gains from the
electrical supply, which explains the regular pressure de-
crease.

The discrepancy between the test tube and the expan-
sion chamber trends obtained for the maximum pressure
drops is less than 3% which is not significant if we con-
sider the measurement accuracy. On the contrary the two
pressure waves are clearly different at the beginning of
the phenomenon. The expansion chamber pressure drop
is observed 55 us after the test tube pressure drop. This
reproducible time lag for a given set of parameters is quite
logical because the pressure wave is propagated over sev-
eral millimetres before reaching the pressure transducer
located at the mid-point of the expansion chamber.

In Figure 6 the pressure peak values versus volumic
energy are shown. We point out two trends. Firstly, for a
given confining geometry the pressure peak value increases
regularly with the total dissipated energy. Secondly,
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for a given confining geometry there is no significant dis-
crepancy between the trends observed for the two materi-
als, but the pressure peak values are higher for PE than
for POM. The linear trend between the pressure peak and
the energy is consistent with the fact that this latter is
responsible for the wall ablation.

4.3 Determination of the plasma temperature
by means of the spectroscopic method

The plasma temperature is deduced from the ratio of neu-
tral copper line intensity assuming a Boltzmann distribu-
tion. Out of the whole spectral range investigated about
twenty neutral copper lines have been identified. Most of
them cannot be used in the temperature evaluation be-
cause the upper energy levels do not differ between them
by at least 2 eV [18,38]. The only three neutral copper
lines which fulfil the latter condition are commonly used
in the temperature evaluation, namely the Cu I 510, 515
and 521 nm whose spectroscopic constants can be found
in [39]. Because of the influence of the confinement on
the energy release, these three neutral copper lines are
strongly self-absorbed on a large time lag during the whole
of the radiation emission (Fig. 7). Thus the neutral cop-
per lines can be used only at the early beginning of the
phenomenon for which the self-absorption influences the
copper line shapes slightly.

From the total intensity of two neutral copper lines
quoted 1 and 2 we evaluate the temperature evolution
T(t) versus time ¢ with:

Eul - Eu2 1

k log <9u1 Auin A2 J2(t)>
Guz Auiz M1 J1(t)

T(t) =

where A,; is the transition probability, A,; is the central
wavelength of the neutral copper transition between the
levels u and [, g, is the statistical weight of the upper
energy level F,, and J(t) is the total area of the copper
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Fig. 7. Plasma radiation in the spectral range [440-530] nm.
The time origin corresponds to the arc ignition. The experi-
mental configuration is the same for the two tests (charge volt-
age, 340 V; inner diameter test tube, 5 mm; total dissipated
energy, 464 J and 471 J respectively for PE and POM).
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Fig. 8. Evolution of the temperature (m) deduced from the
neutral copper lines intensity ratio and the electric power
versus time for tests performed with a 7 mm-diameter PE test
tube.

transitions expressed for the spectra observed during the
discharge. This formulation gives the electronic temper-
ature assuming a Boltzmann distribution for the energy
levels. Considering that the transitions probabilities are
well-known for the neutral copper spectral lines used, the
temperature uncertainty AT(¢) can be expressed as:

A(J2(t)/1(t))
Jo(t)/ I (¢)

where A(J2(t)/J1(t)) is the uncertainty about the exper-
imental intensities.

In Figure 7 we give an example of the spectra observed
in the [440-530] nm range at the early beginning of the
phenomenon (/100 ps) and 1 ms after for PE and POM.
The origin of the time scale is taken as the arc ignition.
The three neutral copper lines used for the temperature
evaluation are visible in emission at the very beginning of
the time interval studied. Only a few number of spectra
are valid for the temperature evaluation.

The results are given in Figure 8 for three different
charge voltages in the case of some tests performed with
PE. From the spectroscopic measurements we obtain a
temperature which increases from ~10000 K at the very
beginning of the plasma ignition to ~25000 K. The tem-
perature increase is observed for a very short time lag
about 0.2 ms at the most. The results are only given in
the case of PE in so far as no significant discrepancy is
found between the two materials by applying the spec-
troscopic method. For later times the diagnostic based on
the spectroscopic method is not valid. In fact the con-
tinuous radiation level is very strong and the three neu-
tral copper lines are markedly self-absorbed (Fig. 7). In
Table 5 we compare our results with other authors. We
obtain similar values of temperature. The discrepancies
are coherent if we take into account the input energy,
the confining geometry, and the time of the measurement.
In our study the main source of error can be attributed
to the uncertainty of spectral line intensity, mainly due
to absorption. Considering the expression of AT'(¢t) with
A(J2(t)/J1(t))/(J2(t)/J1(t)) ~ 50% and 25% we obtain
respectively AT'(t)/T ~ 36% and 18% at 20000 K.

kT?

AT(t) = 5——pr

5 Study of the electrical conductivity

The electrical conductivity measurement provides the
plasma temperature on the condition that the plasma den-
sity is known. The plasma density depends on the propor-
tion of metallic elements to insulator vapours.

5.1 Study of the metallic elements to insulator
vapours proportion

From the spectroscopic measurements we clearly see that
the neutral copper lines are visible in emission for a short
time range at the early beginning of the phenomenon. This
time range lasts 150 us at most. Thus to consider the influ-
ence of the copper density in the calculation of the plasma
properties we have to distinguish two time intervals:

e at the early beginning of the phenomenon: we consider
that the plasma is a copper plasma;

e soon after the copper plasma ignition (=150 us): we
consider that the arc plasma is an insulator plasma.

This assumption for the arc plasma evolution is reinforced
by the pressure values obtained at the beginning of the
phenomenon. Compared to the pressure levels obtained for
the 150 ps-time interval, the values are inferior to 20 bars.
Now considering the copper fuse wire used for the plasma
ignition, the corresponding mass is about 50 x 102 g and
it represents an initial copper density of about 66 kg/m3
for the 7 mm-inner diameter test tube. If we assume that
the copper fuse wire is fully vaporized, it should imply
some pressure values significantly higher than 100 bars. If
we consider a plasma formed with some copper vapours
only, and the plasma temperature deduced from the spec-
troscopic measurement ~20000 K, a pressure of about
20 bars after 150 us would correspond to an initial den-
sity lower than 0.5 kg/m~2. This shows that the part of
the fuse copper wire which is vaporized is significantly
smaller than 1% of the full wire. The latter trend is rein-
forced by the observation of many copper droplets on the
inner area of the expansion chamber (Fig. 4). Moreover
the first step in the plasma development seems to be very
similar to the depiction of a current-carrying wire submit-
ted to a sudden energy release as it is described in [34].
In fact the main part of the wire disruption appears in
the form of the formation of unduloids which are molten
parts of the wire. The consecutive arc initiation implies
the expulsion of these unduloids or copper droplets. The
second step in the plasma development is induced by the
plasma-wall interaction and the ablation of the material.

Considering this two-step schema we examine the in-
fluence of the copper vapours at the early beginning of the
plasma ignition on one side and at the material plasma
growth on the other side. During the early 150 us the
arc plasma is treated as a copper plasma. The tempera-
ture corresponding to this time range is ~20000 K. For
such temperatures the electrical conductivity is nearly
the same whatever the type of the plasma for a given
density (Fig. 3a). Unlike the electrical conductivity the
pressure is significantly different in the case of a copper
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Table 5. Comparison of the experimental temperatures deduced from various capillary experiments.
Ref. Type of insulator Type of experiment Temperature Experimental conditions Diagnosis method Wavelength (nm)
[40] Lexan 3kJ pl{lfed capillary 23400 K t@me i 30 us Spectroscopy Cu I 510.554, 515.324, 521.820, 529.250,
discharge 16 200 K time = 70 us 570.020, 578.213
[41] Polyethylene 4.5kJ t((i)iic()hlgigceapillary gg ?ég g Average plasma temperature Spectroscopy Cu T 510.55, 5517%%22,, 552718221, 529.25,
[42] Lexan 1 kJ to 3 kJ capillary 13925 K Average plasma temperature Spectroscopy Cu I
discharge 22 050 K (Maximum pressure = 100 MPa) Heat ﬂ.ux measurel.n.ent 510.55, 515.32, 521.82, 529.25,
Electrical conductivity 570.02, 578.21
measurement
[43] Polyethylene 80 kJ ;(Jﬁlslz;ir;ipillary g ‘1);)8 E Low pressure (frlol\lxplafs).l()'(‘ MPa to 10° Spectroscopy Cu 1 510.55, 515,32, 521.82
This Polyethylene Capillary discharge < 1 kJ ~ 14500 K ~0.81 ms Spectroscopy Cu I
v Folvormetiyiene 13 500212 (t)&())?i ]5<00 K ~0{_8;r:~1;5 Electrical conductivity 51055, 515.32, 521.82
8000 K to 5900 K ~2.7ms
E ! ' ' ' ' 3' ' E the density of the material plasma is continuously mod-
= 8 '_% ified. Thus it is not possible to describe the plasma-wall
a 10 E E interaction by only one calculation, but by a set of calcu-
\q'; fkﬂ lations taking into consideration the ablation of the wall
5 10’ E—Lﬂ and the gradual cooling of the material plasma. This series
a £ Experimental 3 of the different plasma states is visible in Figure 9 where
o 6 | 7 the experimental pressure is compared with the calculated
% 10 E pressure obtained by taking into consideration the experi-
5 C mental temperature. In fact, especially at the beginning of
S 10° E 3 the discharge, the changes occur very quickly. Taking into
8 E 3 consideration the evolution of the experimental curve of
< 4[] . | . | . L] the pressure, we clearly see that the material plasma pres-
10 1.0 15 20 25 sure 1s successively described by some increasing initial
densities, namely 0.005 kg/m?3, 0.01 kg/m3, 0.05 kg/m?,
Time (ms) and 0.1 kg/m®. After 2 ms the pressure increase is not

Fig. 9. Evolution of the pressure in the insulator plasma versus
time in the case of a test with a 7 mm-inner diameter PE test
tube. The total dissipated energy is 250 J. The experimental
pressure and the pressure calculated for the various densities
are absolute values.

plasma (Fig. 3b) for a given density. The values are about
10 times lower than the values obtained for a plasma
with insulating vapours only. Once the plasma is initi-
ated (=150 ps) the plasma is treated as an insulator
plasma. The corresponding temperature decreases from
~11500 K to ~8000-5500 K at the end of the discharge.
For this temperature range the electrical conductivity and
the pressure mainly depend on the material density value.
During the cooling of the plasma the calculation shows
that the massic fraction of CuQO varies between 10~° and
10~7 at the most in the case of POM. Thus it can be
neglected.

5.2 Experimental assessment of the plasma density

To obtain the plasma density we use the pressure measure-
ments. In Figure 9 we compare the experimental pressure
with the calculated pressure in the case of a test performed
with a 7 mm-inner diameter test tube and a 240 V-charge
voltage. For the time interval [0.95-1.25] ms, the pressure
increases up to about 2 x 10% Pa. Due to the gradual en-
ergy release and the induced ablation of the wall material,

significant any more, and the curve of the experimental
pressure trends to the calculated pressure deduced for an
initial density somewhat less than 0.5 kg/m3.

5.3 Temperature deduced from electrical conductivity

The plasma electrical conductivity o is deduced from the
current ¢ and voltage u measurements assuming that the
material plasma completely fills the confining test tube of
radius R at the same temperature. Thus it is possible to
express the electrical conductivity as:

il
u wR2

where [ is the length of the confining test tube. This clas-
sical formula has been used in strongly flowing cascaded
plasma arc plasma [20] assuming a homogeneous current
distribution over the arc channel cross-section. In our ex-
periment we take the plasma radius equal to the inner
diameter of the test tube. As a matter of fact the total
ablated mass is low [11]. The radius increase does not ex-
ceed 6% and the ablation is the same along the whole
length of the tube [5,7]. Furthermore the radial profile of
temperature is given nearly constant over the full radius of
the plasma [21]. In capillary discharges the measured volt-
age U is written as [23,24]: U = iR + Ldi/dt +idL/dt,
where iR, is the resistive component used to calculate o,
and Ldi/dt + idL/d¢ is the inductive component taking
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into account the change in inductance. The term idL/d¢ 2.0x10" ) B
is linked to the change in diameter corresponding to the . L )
change from the diameter of the wire to that of the test X . oo
tube. Once the wire is vaporized, it is negligible. The term o 1.5x10 sgkg{ra“ .
Ldi/dt is the inductance of the current column plus elec- % 3 / 03 kg’ L
trodes. di/dt is calculated as the derivative of the current 5 4l frem |
measurement. L is calculated from U = Ldi/dt at the g— 1.0x10
early beginning of the discharge when the product iRy, ) [T =
can be neglected. The maximum value of Ldi/dt is lower = 5.0x10° Lo ooskgm’y .,
than 10 V. Thus this term is neglected. ) 1.0 1.5 2.0 2.5
In Figure 5d we give a representative evolution of the Time (ms)

electrical conductivity versus time. From the various ex-
periments given in Figure 10 we notice that the electrical
conductivity observed at the very beginning of the phe-
nomenon fluctuates and does not depend on the stored
voltage. These fluctuations are linked to the copper fuse
wire disruption [35]. The maximum electrical conductivi-
ties are overall the same: about 10* S/m to 10° S/m. Once
the material plasma is established, the electrical conduc-
tivity decreases slowly with time and the values are in the
interval [0.1-2.0]x10% S/m. At the end of the discharge
which corresponds to ~3 ms and ~2 ms respectively for
the 7 mm and 5 mm-diameters, the electrical conductivity
decreases quickly down to values about 10* S/m. From the
measurements we observe that there is no significant dis-
crepancy in the shape of the curves obtained for the two
tested materials and that the values lower than 102 S/m
are observed more rapidly with POM than with PE. In
fact the duration of the plasma obtained with POM is
shorter.

The electrical conductivity calculation has been per-
formed for eight initial plasma densities ranging from

Fig. 11. Temperature versus time deduced from the electri-
cal conductivity measurement. The curves correspond to the
initial densities ranging from 0.005 kgm™ to 10 kgm™® for
a test performed with a 7 mm-diameter PE test tube, 220 V-
charge voltage. The points (m) correspond to the intermediate
densities.

0.005 kgm™3 to 10 kgm™3. Then the evolution of tem-
perature can be deduced. In Figure 11 we give the tem-
perature evolution for a test performed with PE. At the
early beginning of the plasma ignition the values range
from ~10000 K to above ~21000 K depending on the
plasma density. The trends obtained for the various den-
sities quickly decrease: at 1.2 ms the values spread in the
range ~[13500-8500] K, the temperature increasing with
the plasma density. For the time interval [1.2-2.7] ms the
temperature decreases regularly until the end of the phe-
nomenon. For the end of the discharge, the temperatures
range from 5900 K to 8 000 K.
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6 Conclusion

The plasma insulator interaction is used in various indus-
trial devices. Many complex physical and chemical pro-
cesses such as insulator wall ablation, plasma diffusion,
plasma cooling, ... take part during the interaction. One
of the parameters to characterize these processes is the
plasma temperature. Unfortunately the evaluation of the
temperature versus time is difficult to obtain. In this pa-
per we have proposed two methods to evaluate it in the
case of a capacitor bank discharge in PE and POM tubes.
We have described the experimental set-up. Then we have
depicted the first method based on atomic spectral lines,
and the second method based on the electrical conductiv-
ity. We have also discussed the difficulties in their applica-
tions and showed that we have found similar results with
the both methods in a specific time range. After show-
ing that each method is available in a given time range,
we have obtained interesting results. That is to say, for
the first hundreds microseconds of the plasma the tem-
perature evolves from ~10000 K up to ~20000 K. At the
decrease of the current, the temperature quickly evolves
from ~20000 K down to ~12500 K, and then more slowly
down to ~6000 K. We have observed that the lower the
diameter, the lower the discharge duration. We have also
observed that with POM the discharge duration is lower
than with PE. So the time profile of the temperature is
the same for all the considered cases, but for different time
scales.
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