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Spectroscopic measurements of
streamer filaments in electric
breakdown in a dielectric liquid
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Abstract. Emission spectroscopy has been utilized to provide information about
the electron density and temperature in streamers and breakdown arcs in
transformer oil. Recorded spectra include strongly broadened hydrogen Balmer-«
lines and vibration/rotation band profiles of the C, molecule. The origin of the
observed broadening of hydrogen lines is discussed and it is concluded that it
arises mainly from collisions with charged particles, so-called dynamic Stark
broadening. By assuming that the broadening is due solely to dynamic Stark
broadening, electron densities between 1 x 108 and 1 x 10'° cm~2 were obtained
for the rear of positive streamer filaments during the later stages of propagation.
For negative streamers we obtained an upper limit of 3 x 10'® cm~23 and for
breakdown arcs electron densities up to 4 x 10*® cm=3. The temperature
information in the C, emission profiles and the intensity ratio of the hydrogen
Balmer lines are discussed. Rough estimations of the temperature are presented
both for positive and for negative streamers.

1. Introduction spectroscopic methods, also radicals can be detected and
earlier measurements [9-13] detected lines fronadd G

The physics of electric breakdown in liquids is complicated radicals and ions from the electrode material together with

and difficult to model theoretically. To improve our ztomic and molecular hydrogen.

knowledge of this matter, experimental studies employing | this paper emission spectroscopy of the light emitted

image converter cameras and streak cameras [1-3]py streamers is utilized to obtain information about the

together with monitoring of broad-band measurements physical properties of the streamer propagation process.

of light emission and electrode current during the pre- rpe proadening of the atomic hydrogen lines by the Stark
brea_kdown p_hase, have begn performed by other;. Thesgeffect [14] is used to measure the mean electron density
studies provide a substantial amount of information on in streamers in transformer oil. This is the first time, to

the |n|t.|at|on, propagation and appearance of Streamersour knowledge, that this quantity has been measured for
preceding the breakdown. S
streamers in liquids.

Little is known, however, about the physical ) . . . . .
I The experimental technique is outlined in section 2
characteristics of these streamers. Generally they are . .
and the measurements are presented in section 3. In the

regarded as thin (diameter up to tens of micrometres), . . .
weakly conducting and ionized gaseous [4-7] filaments, analysis (section 4) the origin of the observed hydrogen
line broadening is discussed. In particular, whether radial

propagating through the liquid propelled by the electric )
field. The streamer propagation speed in the presentedii€dS caused by net space charges or inhomogeneously

experiments conducted in transformer oil is in the range distributed charges might have an influence is discussed.
0.1-10 km s!. Streamers propagating in a homogeneous Experimental values of the mean electron density are given
field will eventually bridge the whole electrode gap. At for the rear of the streamer filaments both for positive and
that time a strong current will very rapidly begin to flow for negative streamers just before breakdown and also time-
in the connecting streamer filament and a breakdown arcresolved values for breakdown arcs are given. Our results
is established. From gas chromatographic measurementgre discussed in section 5. The possibility of obtaining a
[8] it has been shown that hydrogen molecules are thetemperature from the vibration/rotation profiles of the C
most abundant stable species (80%) formed by streamerSwan bands [15] or the intensity ratio of the hydrogen
discharges in hydrocarbons, followed by low hydrocarbons Balmer lines is also treated. A conclusion is found in
such as methane, ethane and ethylene. By usingsection 6.

0022-3727/96/051188+09$19.50 (© 1996 IOP Publishing Ltd



Spectroscopic measurements of streamer filaments

light to an EMI 9558 photomultiplier tube (PMT) with a

NGYAG- |d rise time of about 20 ns. The photocurrent is recorded
Laser Optical on the oscilloscope together with the electrode current at
isolator | | Lens System sampling rates up to 509 10° samples per second each.
Hy.  TestCell The light collected in the longer fibre is spectrally resolved
Protection R —— in a grating spectrograph with 125 mm focal length and with
i+ °° High either a 300 or a 1200 | mm grating. An intensified diode
oi g Voltage array or CCD detector acquires the spectrum. The detector
is connected to a PC-mastered control unit and a gating
Spectro- pulse unit. The pulse unit controls an electronic shutter in
Optical meter the detector with a minimum exposure time of 100 ns. With
Fibers a spectrometer entrance slit width of »n and 25um
?etector wide detector elements, the resulting resolution is either
@ = /-M;L | 2 or 0.5 nm, depending on the grating. The instrumental
(o) e}e]

. OMA l broadening using different slits has been measured using
8 W control a He—Ne laser. In the analysis these were used to correct
for the broadening added by the limited resolution. The

Oscilloscope 000

Figure 1. The experimental arrangement for spectral instrumental broadening and the corrected value from the
analysis of streamers and electric breakdown. analysis is given for each of the measurements presented.

Recorded spectra are corrected for variations in spectral
2. The experimental arrangement response in the optical system.

The experiments are focused on analysing the small 1. Characteristics of the arrangement

amount of light that is emitted from the streamer filaments

during liquid electric breakdown and thereby drawing With the fibre arrangement light can be collected from
conclusions about the ongoing processes. By conducting@ chosen spatial part of the breakdown process with a
the experiments in close to homogeneous electric fieldsspatial resolution down to 1.5 mm. An advantage with
and using a laser initiation method several advantages arethis set-up is that the detection equipment need not to be
obtained compared to other methods, as will be discussedin the proximity of the HV equipment and the test cell
later. The initiation method has been described in [16].  that generates strong electromagnetic noise, thus interfering

The experimental arrangement is shown in figure 1. pick-up of transients is minimized. At the same time
An electric breakdown is initiated by a laser-produced & necessary delay of the optical signal is conveniently
plasma between two HV electrodes in a test cell filled with achieved before the light reaches the OMA detector. The
transformer oil. Three quantities from the pre-breakdown delay in the electronics limits the maximum exposure time
process are recorded, namely the current induced in theto the last 700 ns of the propagation time.
electrode gap, the instantaneous light intensity emitted By conducting the experiments in electric fields that are
throughout the breakdown process and a spectrally resolvedclose to homogeneous and using the laser initiation method
measurement of a selected temporal and spatial part of theseveral advantages are obtained.
breakdown process.

The test cell is made of stainless steel and has four
windows for optical access. A 65 kV power supply
and hemispherical electrodes (2 cm diameter of curvature)
produce a semi-homogeneous field with a voltage variation
across the gap of less than 20% for a 10 mm gap. A
10 ns long laser pulse from a Quanta Ray Nd: YAG laser _ . "
; ; . point in the electrode gap.
is focused at an arbitrary point between the electrodes. L .

This pulse creates a plasma that serves as the spatial (i) The_ streamer propagation is neither dependent
. . upon nor disturbed by electrode surface effects or charge
and temporal starting point for the streamers. The laser.

wavelength is 1064 nm and maximum available pulse |njec_tion.. s . .
X (iv) Finally, due to the low initiation voltage with this
energy is 0.6 J.

A protecton cicut wih & bandwidh of more han | [*CILE, e volage s e oot lose o e wotese
500 MHz transmits the small pre-breakdown currents to to approach some ofpthg gonditi;)ns in commercial hi ?]
a Tektronix 540 digital oscilloscope and automatically pp 9

drains the high breakdown arc current to earth. This voltage equipment.

provides measurements of the electrode current induced by

the pre-breakdown phenomena with a sensitivity down to 3. Measurements

20 uA. The light emitted from the pre-breakdown process

is collected by two (10 m and 200 m long) 0.8 mm Primarily, the aim of our present experiments is to
diameter fused silica optical fibres and transmitted to the derive temperatures, electron densities and electric fields
two optical detectors. The shorter optical fibre guides the for different parts of the streamers from spectroscopic

(i) There are no triggering electrodes disturbing the
field distribution. Instead the initiation is based upon the
formation of a gas bubble (small bubbles in the insulating
liquid are sometimes thought to be the initiating disturbance
leading to breakdown in commercial equipment).

(i) The streamers can be initiated from an arbitrary
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Figure 3. Current and (PMT) light recordings of
400 500 600 700 laser-triggered electric breakdown. The electrode voltage is
Wavelength / nm 43 kV, the gap distance is 4 mm and the laser pulse energy

) is 200 mJ. The baselines for both traces are marked.
Figure 2. The spectrum from a breakdown arc. A

theoretical Stark-broadened H, line profile is fitted to the
spectrum yielding the electron density N = 8 x 107 cm2. 3.2. Streamer measurements
The voltage is 40 kV and the gap distance is 4 mm.
By choosing the position of the laser plasma with respect

to the positive and negative electrodes, it is possible to
measurements. The emission spectrum from a breakdownselect whether a positive or a negative streamer should
arc in transformer oil is shown in figure 2. The hydrogen be the second and final streamer leading to breakdown.
Balmer lines [15, 17] K and H; and the vibration/rotation ~ Figure 4 shows the current and PMT light measurement
band structures from the,Gadical can be recognized and for (a) a positive streamer andb) a negative streamer
also a background continuum. This continuum mainly leading to breakdown. (Note that the current trace for
originates from recombination emission and broad-band the negative streamer is inverted.) The HV electrode

spectral emission from molecules. The instrumental line Potentials were—60 and +60 kV respectively and the
width in the measurement is 2 nm. electrode gap was 8 mm. The laser pulse was in both

cases focused at a point 3 mm from the earth electrode.
In both figures 44) and @) the streamers are propagating
3.1. Initiation processes towards the HV electrode and thus the propagation distance

St in th . N initiated f the | is approximately 5 mm, leading to average propagation
reamers in the experiments are iniiated from the aserspeeds of 3 and 0.7 knTsfor the positive and negative

focal point where a Iase_r pr_oduced plasma is formed_. The streamers respectively. The smoothly increasing current
plasma evaporates the liquid and creates an expanding 9ag§,j jight traces are characteristic of positive streamers but
bubble. In this bubble, gas discharges occur which togetherg.eq ently correlated light and current pulses also occur.
with electrostatic forces elongate the bubble in the direction 1,4 negative streamer measurement shows pulsed light and
of the field [16,18,19]. Itis believed that the discharges o rent traces characteristic of this streamer type. The last
and the deformation of the bubble create an electric field o 5 ;5 just before breakdown shows a more continuously
high enough to initiate the streamers that are observed t0jncreasing current and light signal. This signature is quite
propagate towards the electrodes. The streamer initiationcommon with the laser initiation method for this electrode
process might then follow two possible schemes: streamersgjstance (8 mm). It might be possible that this is evidence
of both polarities are initiated independently, or a streamer of 5 transition to a fast negative streamer [20]. 8 mm
of one polarity is not formed until a streamer with the s close to the longest electrode distance still leading to
opposite polarity has established contact with an electrode. yreakdown with the maximum available voltagetef5 kV.
Electrode current and PMT light measurements, such as Figures 54) and b) show spectra, averaged over
the ones shown in figure 3, have been our main sourceapproximately ten single shots each, of light-emitting events
of information from which to understand the laser-initiated petween the plasma bubble and the negative electrode and
breakdown process. The laser pulse was focused in thethe plasma bubble and the positive electrode. The optical
centre of the electrode gap and the optical fibre collected fibre viewed a volume stretching from 1 to 2.5 mm away
light from the central parts of the gap. In figure 3 the traces from the plasma. The instrumental line width in figure
of the fast positive streamers (about 5 km‘)sand the 5(@a) is 2.2 nm and in figure B) it is 1.5 nm. PMT light
slower negative streamers (about 200 Th)sare indicated.  and current recordings lead to the interpretation that figures
The trace of the positive streamer itself is actually too short 5(@) and ) show spectra from positive and negative
to be discerned in the picture, instead the backstroke of streamers, respectively. Both the appearances of the light
charges following the streamer contact with the electrode and current traces and the fact, which has been ascertained
causes the large current and light pulse just aftep.40 in experiments, that the positions of the most luminous parts
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Figure 5. Spectra of laser-initiated streamers: (a) positive
streamers, U = —65 kV and (b) negative streamers,

U = +65 kV. The gap distance is 9 mm. A profile fit
(circles) in (&) yields N, = 3 x 10* cm=2. The upper limit in
(b) is Ne = 3 x 10 cm~3. Light emission was collected
1-2.5 mm from the plasma.

Figure 4. Current and light measurements of laser-initiated
(a) positive streamers (U = —60 kV) and (b) negative
streamers (U = +60 kV). The gap distance is 8 mm and the
streamer propagation distance is 5 mm. The baselines are
marked.

in the beginning of the processes move in time from the

plasma initiation point towards the electrodes, indicate this. 1200+

In figures 5&) and ) the H, line and the G bands are I |

recognized. Due to the lower light intensity, the noise level g 1000

is high compared to the breakdown arc measurements. The S 800f

light in figure 5@) was recorded during the last Ou& of E, 600 -

a total of around 1.5:s propagation time for the positive @

streamer. The light in figure Bf was recorded during the g 400r

last 0.7 us of around 7us negative streamer propagation = 200}

time. The light intensity increases markedly with time so . ) ) .
the recorded spectra are characterized more by the light 625 650 675 700
emitted just before breakdown than they are by that emitted Wavelength / nm

at the beginning of the period. The light is collected by the
fibre from a volume stretching from 1 to 2.5 mm from the Figure 6. The H, line of positive streamers and a profile fit
initiation point in both cases. This means that the recorded (Circles). The fit yields Ne = 4 x 10" cm~2. Needle—plane
light is emitted from the rear_ of the streamer filament, ilze%rr?wéel_sigwhfwazsgglllggtt del ;n:nS?rcl)% ?r?g rg:gdlcgtstance
far away from the streamer tip. Measurements up to 5
mm away from the plasma bubble show similar spectral
signatures. This ascertains that the characteristic spectraheedle without further modification. Figure 6 is the sum of
profiles of the measurements in figureabéand p) are 11 streamer spectra.
related to the streamer filaments and are not an effect of
the closeness to the initiating plasma bubble. .
= 4. Analysis

Measurements of positive streamers generated in

needle-plane geometry with step voltage were also 4.1. Theor
. . . A y

performed. These provided spectra of high quality from
the streamer filament with spectral signatures similar to that Hydrogen is affected by the linear Stark effect and its
figure 5@). The H, line of such a measurement is shown energy levels are very sensitive to electric fields compared
in figure 6. The instrumental line width was 10 nm. The to those of other atoms. The presence of atomic hydrogen
light was emitted from a volume stretching from 3 to 5 mm in a volume subjected to high macroscopic or microscopic
away from the needle electrode during 700 ns ending 50 electric fields can thus be utilized to measure the size of
ns before breakdown. The needle was an ordinary sewingthese fields. The Stark effect is manifested as shifts of
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less sensitive to temperature variations than it is to changes
in the electron density, an estimation of the temperature is
sufficient if not very high accuracy is needed. For example,
by doubling a fictitious electron density from x 108
to 2 x 10'® cm3 the calculated line width (FWHM, full
width at half maximum) of i increases by approximately
50%; whereas by doubling the temperature from 10000 to
20000 K the linewidth is increased by only 5%. The fit in
l l figure 2 yields an electron density ofs8107 cm 3. The
. 1 . l, LA | 1 close fit could be taken as an indication that this technique
630 640 650 660 670 680 for calculating the charge density is correct.

Intensity / arb. units

Wavelength / nm . .
4.3. Non-Stark-effect related broadening mechanisms

Figure 7. The different Stark-shifted components of the H,, Wh Vsi ¢ f iti t . icul
line. Theoretical shifts and line intensities are from [22] at én analysing spectra of positive streamers in partcuiar,

an electric field of 1 MV cm-1. the question of the cause of the broadening of theikke
arises. To determine the broadening mechanism we can first
conclude that the emission in the presented measurements
of positive streamers most probably really originates from
the column rather than from a new streamer tip at the rear
of the streamer tree. As was described in section 3, it
was the rear parts of the streamers that were observed in
the measurements in figuresab@nd ) and 6. Also, we
found no indication in other reports that a new streamer tip
growth should occur at this location in a positive streamer
and, moreover, such a process seems unlikely because of
the expected lower fields in this part of the streamer. Could
there then be broadening processes other than the dynamic
Stark broadening, resulting in similar profiles?

the atomic energy levels when hydrogen is exposed to
an electric field. Moreover, different sub-levels within a
specific energy state are shifted by different amounts, either
to higher or to lower energies. For a radiative transition
between two atomic energy levels this results in a number
of discrete emission lines, see figure 7, or, if broadening
or a non-uniform electric field is present, a wavelength
distribution, creating a line profile. Hydrogen atoms in a
plasma experience strong, time-varying local electric fields
created by free electrons and ions. These fields result
in a strong broadening of the hydrogen atom emission
lines called dynamic Stark broadening. The ensuing line
profiles are strongly dependent on the electron and ion
densities and to a lesser extent on the temperature in thet-3-1.  General broadening processes.Line radiation
plasma. For example, in [21] calculated line profiles from from the hydrogen atoms is also affected by the following
hydrogen plasmas are tabulated with the electron densityProadening processes [22]: (i) natural line broadening
and temperature as parameters. The broadening modeWwhich is usually very small and is determined by the
for pure hydrogen plasmas is assumed to be applicable inlifetimes for the energy states in the transitions, (ii) Doppler
the fo”owing ana'ysis Since using th|s model iS a general broaden|ng Wh|Ch |S due to the Ve|OCI'[y dlStI’Ibutlon Of the

technique to analyse also impure hydrogen plasmas [14,radiating atoms and is thus determined by the temperature
p 304]. and (iii) pressure broadening from neutral particles which

arises from collisions between the radiating atoms and
the surrounding atoms and molecules. The first two
processes give line broadening far less than that which
In a breakdown arc with a large number of ions and is observed for positive streamers. Pressure broadening
electrons in a larger volume no high macroscopic electric and dynamic Stark broadening are related in that they are
fields can exist.  Therefore, the predominant Stark both caused by collisions with particles. However, the
broadening of hydrogen emission from the arc should range over which the electric forces from charged particles
arise from dynamic Stark broadening. Other broadening affect the atoms far exceeds the effect from neutral ones
processes are discussed in the next section but shouldand even with only 1% ionization, pressure broadening
not have a noticeable influence on the broadening of theis dominated by dynamic Stark broadening. The internal
hydrogen lines. In figure 2 the inset shows a theoretical line streamer pressure at the tip should be very high, but,
profile fitted to the H line from a breakdown arc spectrum. due to expansion, it decreases rapidly further back in
Before optimizing the electron density parameter to obtain the filament [7]. There, at the rear of the filament, the
the right shape of the line, the temperature was calculated orpressure should not be orders of magnitudes higher than
estimated, a flat background level was added and the heighthe surrounding atmospheric pressure (inferred from [7]).
of the curve was adjusted. The excitation temperature in Pressure broadening of hydrogen in a gas even under
breakdown arcs has been measured from the intensity ratiohigh pressure and temperature, for example 30 bar and
of the H, and H; lines assuming a Boltzmann temperature 10000 K, is no more than 1 nm in width (FWHM).
distribution function. Measuremennaa 4 mmelectrode Thus, since the recorded radiation from positive streamers
gap at a voltage of 40 kV yielded a temperature maximum is expected to originate from a gaseous [6,7] streamer
slightly above 10000 K 300 ns after the breakdown arc filament, the pressure broadening from neutral particles is
had been established. Since thg khe profile is much also negligible.

4.2. The breakdown arc
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Spectroscopic measurements of streamer filaments

4.3.2. Liquid broadening. Radiation from the liquid, as  at different radial positions in the streamer, experiencing
an alternative to radiation from the streamer gas, is not different field strengths, were integrated. Parameters for the
expected in any substantial amount, since there the atomscalculations were estimated using values from the literature
would experience very strong quenching, namely, non- regarding streamer size and net charge [26] and from
radiative de-excitation. Therefore, liquid broadening shall experiments regarding temperature, see section 5.3. To
not be considered here further as a cause of the observecliminate errors in the calculations due to uncertainties in

broadening. the parameters, these were varied over wide ranges. The
calculations showed, however, that, with the assumptions
4.4. Stark broadening from electric field gradients made, it is neither possible to achieve emission profiles

with the width nor with the shape that has been seen in
It seems clear from the previous section that the hydrogenexperiments.

broadening in the presented measurements of positive
streamers mainly arises from the Stark effect. The question
is then whether the electric fields causing the broadening
are macroscopic or, as for breakdown arcs, generated on dn section 4.3 it is concluded that the observeqd H
local level. broadening is due to the Stark effect and the conclusion
To generate a substantial broadening as in figuray 5( from section 4.4 is that macroscopic fields from space
and 6, fields in the region of 1 MV cm are necessary charges alone do not give rise to the correct emission
and, also, there has to be a certain distribution of the profiles. In combination with extensive dynamic Stark
electric field strength since a constant electric field would broadening the profiles can become similar to the one in
only result in a discrete set of emission lines, figure 7. figure 5@), with the influence from macroscopic fields
Moreover, the central, main component in thg khe is acting as a perturbation of the original dynamic Stark
to a first approximation not shifted by an electric field broadening profile. This type of calculation of,H
and so the atoms have to be subjected to an additionalbroadening due both to dynamic Stark broadening and to
broadening mechanism. (The central component is affectedspace charge fields can also be found in [27]. That space
by the quadratic Stark effect which is much weaker than charges have an influence on the broadening can definitely
the linear effect at fields around 1 MV cth A wavelength not be ruled out from the presented measurements, but it
shift of less than 1 nm can be observed in breakdown arccan be concluded that they have only a limited influence.
measurements, but the noise in the streamer spectra makeshe main broadening process of hydrogen radiation in the
the determination of a shift impossible.) There are two streamer filament should thus be dynamic Stark broadening
possible effects that perhaps could result in the correct field and approximate values of the charge density can therefore
distribution. The first is that there is a sufficient amount of be determined from the recorded line profiles.
excess charge with a certain distribution in the streamer
volume producing high electric field strengths. The second 451, The electron density in positive streamers.
possibility is that electric fields are instead caused by Theoretical line profiles have been fitted to streamer spectra,
different radial distributions of equal amounts of ions and royiding values of the mean electron density. The
electrons in the streamer. In arc and glow discharges ininfuence from the instrumental broadening was taken into
gases, see section 5.1, this gives rise to radial electric fieldsaccount in the presented values. In figura) theoretical

[24]. However, the field calculated for streamers using profile has been fitted to measurements from laser-triggered
values from [24] as a rough approximation gives values far positive streamers (circles). The fit in this example yields

4.5. Dynamic Stark broadening

too low to produce the observed broadening. an electron density of % 10! cm3. Generally the
measurements of positive streamers yield electron densities
4.4.1. Net charges as the cause of the broadeninglf between k108 and 1x10° cm~3. The temperature cannot

there is a net charge in the positive streamer filament thenbe calculated from the intensity ratio of the hydrogen lines
it should be, due to mutual repulsion of equally charged in figure 5@) as was done for breakdown arcs, because the
particles, distributed not in the bulk of the streamer, which Hg line cannot be discerned. For the fitting procedure the
is thought to be gaseous [6,7], but rather at the liquid temperature has instead been estimated to be 10000 K, see
boundary, there forming a charged shield. Such a shield section 5, but the influence on the result from an erroneous
would not be infinitely thin; it would probably have a temperature would be, as has been mentioned, small. An
density distribution with highest density near the gas— H, profile fit to measurements in point—plane geometry
liquid boundary, decreasing exponentially away from the is shown in figure 6 (circles). The fit yields an electron
liquid. As a comparison the distribution of net charges in density of 4x 10 cm™3. The experimental curve has a
an electrolyte near a charged interface can be studied inlower and flatter peak than has the theoretical one, which is
[25]. The width of the shield corresponds approximately mainly due to the spectrometer entrance slit width limiting
to the Debye length and is then of the order of 100 nm the resolution of the measurement to 10 nm. (A wide
at, for example, 5000 K and with an electron density of entrance slit increases the light level and thus lowers the
10'% cm=23. Calculations to evaluate the resulting emission relative noise.) The width of the entrance slit influences
line profile from hydrogen atoms assuming this type of the line width but the line profile is not seriously disturbed
charge distribution were performed. The contributions from and the measurement should be relevant for evaluating the
the different sub-levels of the emitting hydrogen atoms, electron density based upon line shape analysis. The close
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fitin figure 6 could be taken as an additional indication that
the main hydrogen broadening process in streamers is most 3L T=0ns
likely to be dynamic Stark broadening. fwhm = 16 nm
The electron density values obtained are indeed high Ne = 4+10'8 cm?
and imply a high degree of ionization, see section 5.1.
It should be emphasized though that the experiments
provided spectra that are dominated mainly by the emission
from later stages of the streamer propagation process, as
described in section 3.2.

4.5.2. The electron density in negative streamers. The
performed measurements of negative streamers, such as in
figure 5p), can only give an estimation of the upper limit of
the electron density. The line width is limited by the 1.5 nm
spectral resolution which is also the width of thg khe

in figure 50). The electron density can thus be concluded
to be below around & 10'® cm~3. In the fitting procedure

the temperature was set to 5000 K, see section 5.3. The
difference in electron density that we obtained for positive
and negative streamers just before breakdown is remarkable
and may indicate a clear difference in the degree of
ionization in the streamer gases.

T = 500 ns
| fwhm =6 nm
L Ne=8 *10'7 cm3

Intensity / *500 counts

T = 800 ns
fwhm < 4.5 nm
4.5.3. The electron density in breakdown arcs. Spectral Ne< 2¢10'7 cm3
signatures of breakdown arcs at different times after
streamer contact are shown in figure 8. The instrumental
line width was 2 nm. The Hline is strongly broadened
shortly after the contact and narrows considerably during
the later stages of the breakdown. According to the
measurements in figure 8 the average electron density
during the first 50 ns is 4 10'® cm™3; after 500 ns it b

has decreased to 8 107 cm~2 and after 750 ns, when 400 500 600 700

the H, line intensity is quite low, it is down to below Wavelength/nm

2 x 107 ¢cm 3. These numbers for the breakdown arc

are highly dependent on laser energy, gap distance andrigure 8. The spectral development of breakdown arcs in
voltage. During the early stages of the breakdown arc transformer oil. U =40 kV and the gap distance is 4 mm.
the electron density might be expected to be higher than T is the time after the inception of breakdown, fwhm is the
in the streamers preceding it. This is clearly the case line width and Ne is the resulting electron density.

when the connecting streamer is of negative polarity. With

a connecting streamer of positive polarity the electron g gitference thus remains also further away from the

density seems to decrease after contact in some case€$yjasma bubble and closer to the tip of the streamers.
though. However, the breakdown channel experiences may be wise to be cautious when interpreting the

rapid expansion due to heating and the following high \ea5 rements of negative streamers, though. Even if
pressure. This strongly tends to decrease the electrony,q light is collected close to the streamer root, it is

density. Furthermore, the limited charge available from ,giple that the emission might arise from new streamer
the power supply or actually from the charged electrode i, qrowth at this location. In that case, the negative

capacnor, see section 2, s exhausted over a very short UMe&sireamer spectra are not directly comparable to those from

period when the arc resistance drops. After that time the ,qgjtive streamers since they are expected to be related to

electron density is expected to decrease rapidly. the charge transport in the streamer filament feeding the tip
propagation.

>

5. Discussion

.1. The degree of ionization and comparison with gas

Different broadening mechanisms have been discussed an ischarges

it has been concluded that the broadening most probably
primarily arises from dynamic Stark broadening. Assuming Due to the relatively high electron densities measured
that this is true, the experiments have shown a greatlate in the positive streamer propagation process, the
difference in electron density in the rear of negative and hydrogen emission should originate from a highly ionized

positive streamer filaments. Similar differences have beengas. Assuming a pressure and temperature of, for example,
observed up to 5 mm away from the plasma bubble. 10 bar and 10000 K, an electron density ok 30'8 cm3
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and that only singly ionized species exist, the degree of 5.3, for example, might be investigated by means of the
ionization amounts to about a third. This high degree of method described in this paper.
ionization and also other quantities of the positive streamer In future measurements we expect to be able to increase
filament, such as the radius, current and current density, atthe detected light level and we will also have a system
the relevant pressures, are similar to the quantities in arcthat enables us to perform measurements at an arbitrary
or high-pressure glow discharges under certain conditions.time in the streamer propagation process. It will then
The resemblance between the positive streamer gas andbe possible to obtain more detailed information about the
the arcing regime in gases has also been pointed out inspectral differences along the streamer filaments.
[20]. The measurements result in high degrees of ionization
indeed and a possible explanation for this follows. 5.3. The temperature in streamers

The main conduction in gas discharges at high pressure
occurs in the centre of the discharge tube. The radius of thePreliminary estimations of the molecular and electronic
conducting volume can be much smaller than the radius of €xcitation temperatures were obtained from the presented
the discharge tube and it decreases with increasing pressurétreamer spectra. Upper and lower limits of the temperature
and also with increasing current [24,28]. This type of Were obtained from the relative hydrogen line intensities
constriction of the conducting volume could be considered and the Gline profiles. The method by which to use thg H
also for the later stages of positive streamers. By estimatingand Hs intensity ratio to obtain the excitation temperature
the total energy delivered to a streamer filament from was mentioned in section 4.2. For the presented streamer
the external circuit and considering the different energy- Measurements only an estimation of the upper limit of
consuming processes [20], the hypothesis that just beforethe temperature is possible with this method, but recent
breakdown only a part of the streamer volume is strongly €xperiments promise to give more information. Upper
ionized can be made credible. The available energy temperature limits have been estimated to be 5000 K for
estimated from the streamer current and voltage drop, forthe presented negative streamer measurements and around
example 4 mA and 10 kV cnt at a propagation speed 10000 K for the positive streamer measurements, C
of 1 km s for a single creeping streamer filament [26], emission profiles can be precisely calculated [30] and
is 400 uJ cntl. The energy required to ionize the whole fitted to streamer £spectra. Preliminary results with this

filament volume with, for example, a streamer radius of t&chnique clearly indicate a temperature below 5000 K for
40 um at the rear of the filament [7], with 10 eV ionization the negative streamer measurements and above 5000 K for

energy, to an electron density ofx510'® cm—3, amounts ~ the positive streamer measurements. At the present state
to 400.J cnTt. Considering the energy needed for all the this rather crude temperature determination does not allow
streamer processes (wherein the mechanical energy and thé$ to distinguish between the rotational and vibrational
energy needed for decomposition are dominant [20]), it is émperatures. It can only be stated that for negative
evident that it should not be possible too achieve this degreeStreamers the vibrational and rotational temperatures of
of ionization throughout the whole volume. Note also that C2 cannot both be above 5000 K and for positive
the streamer current in our measurements, figued, 46 streamers they cannot both be below 5000 K. Whether local
much lower and the propagation speed is higher; thus thethermodynamic equilibrium (LTE) prevails or not must be

available energy for ionization is even lower than that for considered before drawing far-reaching conclusions based
the example above. on the temperature. If the majority of the molecules are

excited by chemical reactions instead of by collisions, the
emission can give temperatures that strongly deviate from

5.2. The streamer tip the kinetic temperature.

The tip of a positive streamer filament, where the
actual propagation processes occur, should have physicab. Conclusion
properties and a spectral signature quite different from those
of other parts of the filament. The tip of a positive streamer We have studied the spectral signature of the light emitted
is believed to have a net charge of some nano-Coulombslate in the propagation process by streamers and especially
that produces high electric fields governing the propagation the broadening of the Hline. The cause of the observed
of the streamer [20]. The hydrogen emission at the tip broadening has been thoroughly discussed. @Common
would, due to the field at the tip, which is in the region gas broadening processes and the Stark shift induced
of 10 MV cm?, experience extensive Stark shifts and by electric fields from space charges in the streamer
broadening, perhaps producing emission lines too wide tofilament have been considered together with dynamic
be discernible from the continuum. Stark broadening. The broadening was concluded to
The spectral signature from the negative streamer tip arise most probably from dynamic Stark broadening. We
might be expected to be somewhat similar to that from have thus presented an experimental technique providing
the negative streamer filament, since both processes ardime-resolved information about the electron density in
believed to be gas discharges. The light intensities from streamers and also about electric breakdowns. Also, the
the tip and from the filament have also been reported temperature can be obtained from the measurements. It is
to be of similar strengths [3,29] which may indicate a the authors’ belief that these physical streamer parameters
similar conductivity and charge density. This reasoning can be quite efficient in reducing the difficulties inherent
and questions about differences in temperature, see sectiono building a physical model of the streamer process.
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The methods might come to be used for characterization
of the insulating properties of dielectric liquids. The

measurements may also open the possibility of deducing,

for example, the conductivity in the streamers. Knowing

im inhomogenen Fel®hD ThesisTechnische Universit
Dresden

[9] Wong P P and ForsteE O 1982 The dynamics of electrical
breakdown in liquid hydrocarbor&EE Trans. Electr.
Insul. 17 203-20

physical parameters such as electron and ion density, their10] Sakamoto S and Yamada H 1980 Optical study of

distribution and the temperature in the streamer filament
gives a good foundation upon which to calculate the
conductivity. We believe that the data that can be obtained
with the presented technique combined with imaging

measurements of streamer growth processes constitute ]

promising method to achieve an improved understanding
of the physics of streamers.
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