
__ _ _l_ \._i_ Amioc:iiUonfor Informition Ind Image Management

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

- UlII,._

Illll_IIl11_m,.o





A POSSIBLE NEW MECHANISM INVOLVED IN NON.UNIFORM FIELD
BREAKDOWN IN GASEOUS DIELECTRICS j

La_A. Pinnaduwage and Loucss G. Christophorou

Atomic. Molecular, and High Voltage Physics Group, He._Ithand Safety Rescszch
Division. Oak Ridge National Laboratory, Post Office Box 2008, Oak Ridge,
Tennessee 37831-6122, and Department of Physics, The University of Tennuzee,
Knoxville. Tenn_see, 37996

l. INTRODUCTION
1

The electrical breakdown of gases under uniform field condition_ is fairly well "

_ uniform fields, the breakdown voltage can be esl/mated via this theory using bas/c electron
•_ _ . impact parameters (including electron attachment cross sections)for molecules in their

O.

fmund electronic state.q [1-3].

_ _ In contrast, a consistent model of gaseous breakdown under non-uniform fields is not

I available at present although substantial progress has been made recently[1-5]. Wepoint

"_ E out the possibility thatelectron impact processes (in particularelectron attachmentprocesses)

B involving high-lying eleclromcally-excited stales [6,7] may play a significant role undernon-uniform field conditions. Thus, such processes may need to be included in order to obtain
[1 __ a betterunderstandingofnon-uniformfieldbreakdownphenomena.

.l_ _, _ The general, breakdown characteristics of highly non-uniform field gaps can be

the breakdownvoltagefor sucha gap can be calculatedby a simplestreamercriterion[8]

.. if the pressure, P, is above a critical value. P.; for P < P=,the estimated breakdownvoltage
is found [8] to coincide with the corona inception voltage, with the actual breakdownl occumng at a higher voltage; corona discharges occur only for P < Pc. In other words, the
presenceof coronain the pressureregion below Pcseemsto preventthe breakdownfrom

i _ _ occumng at the predictedvalue.
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Figure 1. General brez_kdowncharacteristicsfor a point-to-planegap[4].

This has led to the term "coronastabilization"to describetheenhancementin thebreakdown
voltage for pressuresbelowP©. Non-uniformfield breakdownmeasurementsin gaseswill
be discussedin SectionIH.

[n Section[H, we will discussthe possibilitythat the "coronaszabLliz_ton"(underboth
negauve and positive corona) is due to the prevention of avalancheprogressionby
attachment of free electronsto molecules in their hifh-]yin_ elecu'onicaLlv-excizedstates.
Information on electron attachment to electronically-excited states of molecules was not

available up until the late 1980's, see below.

H. RECENT DEVELOPMENTS IN ELECTRON ATTACHMENT PROCESSES

" ' Recent basic studies on electron attachment to low-lying [9,10] and high-lying [7,11]
) excited electronic states of molecules indicate that the cross sections for these states can be

orders of magnitude largercompared to those for the corresponding groundelectronic states.
In particular, electron attachment to superexcited stales, SES, (electronically-excited stales
lying above the ionization potential, l.P., of a molecule) is an extremely efficient process.
For example, it was shown (1l] that while the electron attachment rateconstant, k,, is < l0"tz
cm 3 s': for the ground electronic state of triethylamine, (CzHshN, (for electron energies < 1
eV), k, is > 10")cm3 s"tfor the SES: this electron attachment to the SES of triethylamine
(TEA) is more than 4 ordersof magnitude larger compared to thermal electron attachment
toSF6.

Furthermore,electronattachmentto SES appearsto be of common occurrencein
molecules,We haveobservedefficientelectronattachmenttoSES insaturatedtertiary

amines (including TEA), nitricoxide, hydrogen, deuterium, methyl iodide, and benzaldehyde.
The general requirements for this process to occur are: (i) molecules must be excited to an
energy within a few eV of the l.P. where the efficiency for formation of SES is high, and
(ii) at least one of the possible molecular fragments has a positive electron affinity. Of the
molecules we have studied so far, only Nz did not attach molecules in the SES: this is
understandable since the nitrogen atom does not have a positive electron affinity, i.e., it does
not form a stable negative ion.

In our basic studies, we populated SES of molecules via laser multiphoton excitation
[11]. Resonant two-photon excitation of a molecule (via a low-lying electronic state) to an



energy above its ionization threshold is schematically shown in Fig. 2. As a result of the
excitation the molecule may undergodirect ionization (the excited electron coming off within
- i0"'s s) or formation of a SES. A molecule in a SES may decay via
preionizat/on/predissociation (the SES lifetime is presumed to be < 10" s) or it can attach
a closeby electron dissociatively [I 1]. In our experiments, the same laser pulse provided
molecules in SES and attaching electrons (via direct ionization as_dpreionization), see Fig.
2. Since the attaching electrons and SES were produced concomitantly and in close
proximity, electron attachment can occurr prior to the decay of the SES [11].
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Figure Z. A typical two-photon excitation of a large molecule to an energy above its
ionization potential (l.P.). This two-photon excitation will result in direct ionization or
population of superexcited states (SES) of the molecule. A molecule in a SES (populated
via photon absorpUon, electron impact or by other means) can decay via preionization,
predissociation, or by dissociatively attaching a close-by electron.

Figure 3 shows our data (11] for TEA excited via the KrF (248 nm) excimer laser line;
15 microns of TEA were mixed in with 200 Tort of N2 for the data of Fig. 3. Nitrogen was
used as a buffer gas to lower the effective E/P (E = applied electric field and P = total
pressure} value and hence to separate the electronic and the ionic components in the signal
waveform { 11]. The laser light did not affect N,. (I,P. - 15.8 eV), butexcited TEA (I.P. - 7.5
eV) to an energy - 2,5 eV above its 12. via two-photon excitation. The positive ions
produced via photoionizatlon were rejected using a 3-electrode arrangement and only the
negative ions and unattached electrons were detected [ 11]. The total signal, VT, of Fig. 3
is the sum of the detected signals due to negative ions, V_, and unattached electrons, V,_.
Thus, VT is proportional to the number of electrons initially produced via laser
photoionization; some of these were convened to negative ions via attachment to SES. As
seen in Fig, 3. at higher laser intensities almost all the electrons were convened to negative
ions.

The basic electron attachment studies [9.11 ] have so far concentrated on electronically-
excited states produced via laser excitation; however, in a corona discharge these excited
states may be produced also via electron impact [6,7]. excitation transfer via collisions with
metastables or by light absorption.
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Figure 5. Laser fiuence dependence of the measured total, VT, and negative ion, V:,
signal and the normalized negative ion signal, (V:),, [ll] for TEA under the experimental
parameters indicated in the figure.

IH. QUALITATIVE MODEL FOR BREAKDOWN UNDER NON-UNIFORM FIELD
CONDITIONS

In this section we point out that the enhancement in breakdown voltage under non-
uniform field conditions (see Fig. I) can be qualitatively explained by taking into account
electron attachment to highly=excited molecules and in particular to SHS, produced in
corona discharges.

1. BreakdownofUnitary, "Non-ElectronAttaching"Gases

The streamertheoriesfirstproposed,independently,by Meek.Raether,andLoebdeal

primarilywithelectronmultiplicationviaelectronimpactandphotoionization[12].Implicit
inthesetheoriesaretwo mainassumptions:(i)electronmultiplicationmustoccurrapidly
toproducelargespacechargefields,and(ii)theselocalizeddischargesproduceradiation
(light)whichinducesphotoionizationinfrontofthecorona,especiallyforpositivecorona
[12].Oncea criticalfieldisreachedtosatisfytheseconditions,breakdownensues.

The abovepictureworkswellwithunitarygasesthatdo notattachelectronsintheir

groundorexcitedelectronicstates:breakdownoccursalmostsimultaneouslywiththe
appearanceoffirstcorona.The so-called"coronastabilizationregion"(seeFig.I)isabsent
orminimalinsuchgases.Inbothpositiveandnegativepoint-to-planegapstheabsenceof
asignificantstabilizationregionhasbeenreportedforHe [13],At [13],andN,,[13.14].To

quotePollockandCooper[13],"Inthesegasestheindividualstreamersareabletopropagate
entirelyacrossashortgap beforeasufficientnumberofstreamersformsireultaneouslyto
giveburstcorona,...".Any evidenceforstabilizationinthesegasesobservedby some
experimentersisprobablydue tothepresenceimpurities[12].Itmustbenotedthatfora

gasatatmosphericpressure,contaminationofIpartpermillioncorrespondsto- I0"impurity
speciespercm3.

Therefore, in the absence of electron attachment to excited states the first streamers
formed can lead to breakdown. The above discussed gases do not form stable negative ions
via electron attachment to either ground or electronically-excitedl states.



2. BreakdownofEiectronegafiveGases

When electron attachmentto the c,roundelectronicstate is takeninto account, the
streamercriterioncanpredict[8] thebreakdownvoltageforeiectronegativegases undernon-
uniformfields forpressuresabovePc,see Fig. 1. BelowPc, the estimatedvoltagecoincidm
with the coronainceptionvoltage,but the actualbreakdownvoltagelies at a highervalue,
see Fig. 1;i.e., forpressuresbelowPc,anadditiomdmechanismfor inducingan enhancement
in breakdownvoltageis present,which comes in to playwith the inceptionof corona. We
proposethat the enhancementin breakdownvoltagefor P < Pcis due to the attachmentof
electrons to high-lying excited electronic states of the molecules producedin corona
discharges.

At the onset of the corona,localized "mini discharges"occurin the gas where electron
impact induces ionizationand excitation of the gas. In such mini discharges,as many
excited speciescomparedtoionizationeventscanbe produced[15]. Thus,at a totalpremtu_
of 300 Tort, the electronnumber density [16], and hence the excited species number
densities,arein the rangeof - l0 tlto l0 !6cm3 in variousstagesof dischargedevelopment.
Since the electronattachmentcross sectionsfor the high-lyingexcitedelecuronicstatescan
be much more efficient (with k, > l0"_cm"3s"t[l l]) comparedto groundstateelectron
attachment,undersuchconditionselectronattachmentto these excitedstatescan completely
dominateevenfora stronglyelectronegativegas suchasSF6(k, < l0"_cm3s"lfor the ground
electronicstate). Therefore,the stabilizationof breakdownvoltageu11derbothpositiveand
negativecoronaconditionscanbepredominantlydue to thepreventionof electronavalanches
by electronattachmentto high-lying excited electronicstates.

Any electronegadvemolecule (i.e., a molecule which attacheselectrons in the ground
electronicstate)shoulddisplayelectron attachmenttohigh-lyingexcitedstates,providedthat
such statesdo not undergorapiddissociation,see Section H.3. Thus, witha possiblefew
exceptions, any electronegativegas shoulddisplay the stabilizationeffect shown in Fig. 1.
At pressures higherthan Pcthe loss of stabilizationcouldbe due to the shorteningof the
lifetime of theexcitedspeciesvia collisional quenchingcomparedto the electronattachment
time. It mustbe noted that,highnon-uniformityof theelectricfield (e.g., sharperpoint)will
lead to higher excited species numberdensities and thus small attachmenttimes, i.e., the
stabilizationeffect is more pronouncedunder higherfield non-uniformity.

We also like to pointthat the terms electronegativeandnon-electronegativemay have
to be redet'medsince up to now they refer only to electron attachmentto the ground
electronicstateof aspecies. A molecule whichdoes not attachelectrons in thegroundstate
could attachelectronsin theelectronicully-excitedstates,inparticularthe $ES. Forexample,
while TEA does not significancy attachelectronsin the groundelectronicstate, it attaches
electrons efficiently whenexcited to SES, see Section II.

3. EnhancedStabilizationby Additive Gases of Low IonizationPotentials

It has been shown (2, 17-23] that the stabilizationeffect in gases like SFo can be
enhanced by the additionof a few percentof a gas with low I.P. for both positive and
negativepointsin point-to.planegaps. Inthese casesthe highly-excitedstatesof theadditive
lying both aboveandbelow its I.P. arepopulatedby electronswithenergieswell below the
I.P. of the main constituent(buffergas) of the mixture;also they may be populatedvia

" energytransferfrom comparativelylow-lying electronicstatesof the mainconstituent,and
by radiationemittedby theexcited states of the mainconstituent.Eventhoughthe additive
concentntion is only a few percent, efficient excitationtogether with the ultraefficient
electroncapturecan leadto efficient removalof acceleratingelectronsfrom the discharge.
This is confirmedby the ob_rved reductionin coronaactivity[17,18, 22] in the discharge
withadditives.



One of the additives used [18. 19] with SFe is triethylamine (TEA) where enhancement
in stabilization was observed for both posiLiveand negative points. The I.P. of TEA is .- 7.5
eV compared to - 16.0 cV for SF6. Electron attachment to ground state TEA is extremely
weak (rate constant < I0"j2cm3s"i)for electron energies of _; I eV [I I]; electron attachment
data for electron energies above I eV are not available. However. we observed that electron
attachment to laser excited superexcited states of TEA is exuremely large, rate constant > 10.3
cm3 s"l [11].

In a very recent study reported in these proceedings. Chalmers et el. [23] observed
enhanced stabilization in SF6with different freon additives. Of the four freons studied, they
did not observe enhanced breakdown only in R116 (C2F_). _ molecule seems to be
dissociating rapidly when in a SES: in both photoionization [24] and electron-impact
ionization {25] studies the parention C_F_*was not observed and only fragmentpositive ions
were observed; upon excitation to energies above the l.P., the superexcited molecule
dissociated rapidly via repulsive potential energy surfaces. Evidence for the inability of C_,
to capture electrons via superexcited states formed in a corona discharge comes also from
a recent corona ion source mass spectrometric study [26]. In this study, ions formed in a
corona discharge were extracted into a quadmpole mass spectrometer; the mass spectra of
a pure SF_discharge and a mixture of 1% C_Feand SFe were similar, Le., no negative iors
characmngic of C2Feappearedin the spectrum of the mixture. On the other hand, a mixture
of 0.5% R113 (CCI2F- CCIF2)and SFe clearly showed CI"and CIF peaks in addition to the
peaks characteristic of SFe; this is consistent with the observed enhancement in breakdown
characteristics of R113/SF6 mixtures observed by Chaimers et aL [23].

From the discussion so far, we can make some predictions that can be tested in
breakdown experiments: (i) C_F6should not display a significant breakdown stabilization
region (see Fig. 1) in pure form or as an additive in a mixture with other gases, (ii) even
though TEA does not attach electrons in the ground electronic state, ions characteristic of
TEA (possibly C2Hs"and/or C,HsN') should be observable in a corona source mass
spectrometric study on a mixture of TEA and SFe, and (iii) since we have observed [11]
enhanced electron attachmentto the superexcited states of nitric oxide, the stabilization effect
should be present in nitric oxide even though the electron attachmentto the groundelectronic
stale is extremely weak [11]. Furthermore, used as an additive. NO (I.P. -- 9.6 eV) should
display enhanced stabilization in SF6 or in other gases with LP. > 10 eV.

IV. CONCLUSIONS

We have introduced a novel concept that may lead to a better understandingof electrical
breakdown in gases ',nder non-uniform field conditions. Evidence was presented that the
loss of electrons via _tachmentto high-lying excited electronic states of molecules could
play a significant roic in corona discharges, leading to the observed enhancement in
breakdown voltage undernon-uniformfield conditions. Furtherbasic and breakdown studies
are needed to test this concept.
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