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Gaithersburg, HD 20899

Physics Department
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INTRODUCTTION

It has long been hypothesized that collisional electron detachment from
negative ions may be the cause of discharge initiation in SFﬁ=insu1ated
high-voltage equipment. However, uncertainties continue to exist concerning
the identities of the significant negative ions, and the magnitudes of the
detachment cross sections and corresponding reaction coefficientz. Discharge
inception studies, which usually assume that SF% is the negative ion of
interest, have predicted cellisional-detachment cross sections of SF& in SF&
with thresholds ranging from 1 to B eV (Eindersberger, 1986). Collisional-
detachment coefficients determined from low-pressure, uniform-field drift-tube
experiments (0'Weill and Craggs, 1973; Hansen et al., 1983) lie several orders
of magnitude above those calculated from breakdown data (Kindersberger, 1986),
vhile exhibiting an unexplained pressure dependence. Additionally, evidence
exists that the destruction of negative ions in SPﬁ is dominated by collis-
ional dissociation into ionic fragments (0'Melll and Cragps, 1973; McAfee, Jr.
and Edelson, 1963; Compton et al., 1971; MeGeehan et al., 1975; Urquijo-
Carmona et al., 1986; Nakamura and Kizu, 1987) or by charge-transfer processes
rather than by the loss of an electron. However, the exact nature of these

ion-conversion processes has not previously been determined.

In this report we summarize results from the first direct measurements of
absolute cross sections for electron-detachment and ion-conversion processes
involving interactions of SFé, SFE, and F~ with SF, (Vang et al., 1989).

These cross sections are used to caleulate electron-detachment and ion-

conversion reaction coefficlents as funectionz of electric field-to-gas density
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ratios (E/N) for the reactions listed in Table 1 (Olthoff et al., 1989). We
then discuss the relevance of these results to the interpretation of data from
uniform-field drift-tube measurements and measurements of electrical-discharge

initiation processes.

CROGS SECTIONS

Details of the experimental method used te measure the cross sections
reported here are given elsevhere (Wang et al., 1985%; White et al., 1984), and
will not be covered here. We shall focus here only on the results obtained
for collisions of SF;, SFEf and F~ on the SF, target gas, although
measurements have alsc been made using rare gas targets (Wang et al., 1989),

namely He, We, Ar, Kr, and Xe.

The measured center-of-mass energy dependenciez of the collisional |

electron-detachment ecross section, ui{Ecm} for SFEr 5F5. and F on an SFIEI

target are shown in Fig. 1. The thresholds for the "prompt" collisional
electron-detachment processes

SFE + EFE — neutral products + e

5F5 + SFE
as indicated by the vertical arrov in Fig. 1, are seen to be quite high

— neutral produects + & ,

(approximately 90 eV), while the detachment process for F ,

F o EFﬁ

has a lower detachment threshold of about 8 eV. At center-of-mass

—+ neutral products + e”,

collision energies below the indicated thresholds there iz no evidence to
suggest non-zero values for the aiﬁscm}'s. Similar high values for the
collisional electron-detachment thresholds were found for collisionsz of
SFE and SF; ions with rare gas targets (Wang et al., 1989). The
implication of these results as shown below is that prompt electron
detachment from either SFE or ng cannot be important for electrical-
discharge conditions because, even Eor the highest E/N values vhich could
conceivably oceur in a gas discharge gap, only an insignificant fraction
of the negative ions could acquire a kinetic energy of 90 eV or more. I

Cross sections for the ion-conversion processes (reactions (4)1-(9))
listed in Table 1 are shown in Fig. 2 together with extrapelations down
to the thresholds which are used later in the caleulation of correspond-
ing rate coefficients. The bases for these extrapolations are also
discussed later. The so0lid symbols indicate eross sections due to

eollisional-induced-dissoeiation (CID) processes, and the open symbols

indicate cross sections for charge-transfer processes (including
charge-transfer decomposition). There is evidence that the charge-

transfer process involving SFE on SFEI iz predominately dissociative

230




Table 1. Collisional processes for which cross sections are
presented in the present work

cross section {oi} reaction
% SF; + SFS — e o+ SFE + SFE
9y SF5+$F6—PE_+SF + SF
ay F"4SPE‘—>E_1-F+5F6
LA SF; + $F6 —+ F & SF5 + SF6
a5 SF; + 8F, = F o« SF, + SF,
g 5:FE+E'}F':,:‘--'-PSI"E+F+5FE|
o SF; + SF, —* charge-transfer products + 5F
75 ng + BF — charge-transfer products + SF.
Tg F ISFE-_’P'FSFﬁ

(Lifshitz et al., 1973; Foster and Beauchamp, 1975), and that charge

transfer involving F~ on SF, may lead to both SF; and SFE (0'Neill and
Craggsa, 1973; Lifshitz et al., 1973). It is interesting to note that the
ion-conversion processes predeminate for - £200eV, i.e., upon collision

of an SFE or SF; ion with EFG' ion conversion is much more likely than

prompt electron detachment.
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Fig. 1. Collisional electron-detachment cross sections for F~, SF.

and SF% on SF. target gas as a function of center-of-mass
energy.
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Fig. 2. Measured cross sections for collision-induced ion-
conversion processes in 5F, target gas: (@) F from 3F
(m) F~ from SFE; (&) SF; from SF;; {o) ions dus to
charge-transfer reactions of SF:; (O) ions due to charge-
transfer reactions of 5F.; and (V) ions due to charge-
transfer reactions of F°. The two exponentially-decaying
curves on the left side of the figure represent the
kinetic—energy distribution of Eq. (5) for v = 1.0 and v =
0.5 scaled relative to each other.

5t

REACTION RATES AND COEFFICIENTS
Calculations

The analysis of rates for chemical processes in drift tubes or electrical
discharges requires expressing inelastic-collision probabilities in terms of
rate coefficients rather than cross sections. For a process where the pro-
jectiles have a velocity distribution, F{v), the rate coefficient, k, is given

by an averaging of the collision cross section over all velocities, namely

k= [ a{vivflv)dv, (1)

]

were o(v) iz the velocity-dependent cross section for the process and
flv) is subject to the normalization

J Flw)dv = 1. (2}

Q
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For measurements where charged particles are accelerated in a gas by

an electric field (such as in a drift tube), the reaction coefficient, kK,
is defined as the reactieon probability per unit length in the direction
of the electric field, and is related to the rate coefficlent by

5 - ﬁ—d (3)
where N is the target-gas number density and V4 iz the charged particle
drift velocity. For the specifiec case of collisional electron detachment
from a negative ion, the reaction coefficlent is referred to as the
detachment coefficient, § (i.e. KN = &/N for cellisional electron

detachment ).

Feaction ecoefficients for detachment and fon-conversion processes
involving SF;, SF;, and F in SF can be derived from the measured cross
sections, ui(ecm}. presented in Figs. 1 and 2 using

By v

- ﬁ E o, (g ) (g e, (4)
vhere g iz the projectile energy in the lab frame, m is the mass of the
negative ien, and f{ELj and q(EL} are the ion kinetic-energy distribution
and the process cross sections, respectively. The ion drift veloeity is
assumed to be given by vy UE, where p iz the ion mobility and E is the
applied electric-field strength.

It should be noted that the determination of reaction coefficients from
collisional eross sections suffers from certain difficulties, the greatest
arising from the assumed form of the ion kinetic-energy distribution, f{EL}
(albritron et al., 1977). While determination of ion kinetic-energy distri-
butions has received considerable theoretical (Lin and Bardsley, 1977) and
experimental (Khatri, 1984) attention, the theoretical work is hampered by the
lack of detailed ion-atom (or molecule) potential-energy surfaces and the
experimental wvork suffers from a lack of reliability (Albritton et al., 1977).
Aceurate direct measurements of lon-velocity distributions have been

demonstrated in recent optical-probing experiments, (Dressler et al., 19BE)

but toa date no experimental data are available for the kinetic-energy

distributions of SF;, SPE, or F in 5F -

In general, experimental work has indicated that ions with masses less
than or egual to that of the molecules of the gas in which they are moving
exhibit kinetic-energy distributions with high-energy tails (Albritton et al.,
1977; Moruzzl and Harrison, 1974). Differences in the velocity distributions
at high energies in Eq. (&) will obviously have a large effect upon the
calculated reaction coefficients derived from cross sections with threshold

energies considerably in excess of the average ion kinetie energies.
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An example of the large differences in calculated values of reaction
coefficients which can occur when different energy distributions are
assumed is shown in Fig. 3, vhere the collisional-detachment coefficient
for F- in SF6(63} has been calculated as a function of E/N using the
cross section data {uj} from Fig. 1 and several different indicated
energy distributions. The solid line in Fig. 3 represents detachment
coefficients calculated using the kinetic-energy distribution of Kagan
and Perel (Kindersberger, 1986; Kagan and Perel, 1934},

B exp [_TEL ] (5)

f(e) = 5
d

vhich assumes that charge exchange is the dominant ien-molecule

n mv

interaction. For the standard EKagan and Perel distribution, vy = 1.0.
However, as will be discussed later, better agreement between ion-
conversion reaction coefficients calculated here and those from analysis
of drift-tube results is obtained by assuming ¥ = 0.5 vhich introduces a
larger high-energy tail in the distribution.

The dashed line in Fig. 3 was obtained using a Maxwvellian speed
distribution (Kindersberger, 1986) of the form,

3m 5L _EEL]
flg) =322 exp [— . (6)
L n w2 7%

vhere the mean energy of the ion in the lab frame is given by (Vannier,
1951)

kT

LS e

o=

2 2
Vit T Vg (7

ta||

and M is the mass of the collision-gas molecules. This distribution has
been used previously wvhen analyzing discharge-inception data (Kindersberger,
1986) and is gimilar to a strongly anisotropic velocity distribution derived

by Skullerud (1973) for ions drifting in a gas composed of moleculez of the

same mass as the ions under high electric fields.

Figure 3 clearly demonstrates hov the use of different ion kinetic-
energy distributions in Eq. (&) can produce reaction coefficients which
differ by many orders of magnitude. This indicates the need for more

accurate ion kinetic-energy distribution measurements.

In addition to the uncertainty associated with the assumed distribu-
tion function, another source of uncertainty in deriving reaction {
coefficients from cross-section data is the choice of experimentally i
determined values of ion mobilities (p). Several previous mobility
measurements (Brand and Jungblut, 1983; Morrowv, 1986; Patterson, 1970; 1

Nakamura, 1988) for SFg and SFE in SFEI are not in complete agreement.
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Fig. 3. Calculated collisional electron-detachment coefficients for

F on 5F, gas using Eq. (4) and gyl ), and assuming

different ion kinetic-energy distributions: (——) Kagan and
Perel; (- - -) Maxwellian.

However, uncertainties in caleulated reaction coefficients using dif-
ferent mobllities are significantly smaller than the uncertainties due to
the use of different energy distributions as discussed above. For the
remainder of this paper, the mobilities used for SF% and SF; are those
reported by Brand and Jungblut (1983) and for F~, the values of Makamura
(1988).

Detachment Coefficients

45 expected, the extremely high apparent thresholds for prompt
collisional electron detachment from SFE and SFE yield detachment coeffi-
cients from Eq. (4) that are insignificantly small in the E/N range of
interest here. Simple estimates of these coefficients using a Kagan and
Perel velocity distribution in Eq. (4) indicate that the detachment
coefficients for EFE and SFE will be tens of orders of magnitude below
the detachment coefficients determined in drift-tube experiments and the
detachment coefficients calculated for F~ (Fig. 3). Thus one must con-
clude that prompt collisional electron-detachment processes for SF; (and
SFE} in EFE cannot be significant reactions for production of electrons
in discharge-inception processes, if, in faect, uitecm} is zero below the
apparent thresholds. It should be noted that this conclusion is inde-
pendent of the assumed ion kinetic-energy distribution or the ion-
mobility data used.
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It is clear from Fig. 3, however, that the collisional electron
detachment from F~ in SFe iz a significant process, thus suggesting that
previously observed electron-detachment processes due to motion of
negative ions in 5F, are very likely from F . This agrees with earlier
vork (Eccles et al., 1967) which indicated that detachment in SF& vas
predominately from F~, and also with recent reanalysis of pulsed-electron
avalanche experiments (Teich, 1973)}. In fact, the observed threshold for
electron detachment frem F in SFIS near 8 eV is consistent with the
hypothesized thresholds predicted by some discharge-ineeption experiments
(Kindersberger, 1986).

Other discharge-inception experiments (Van Brunt, 1986) have, how-
ever, suggested that negative cluster ions involving H,0 or HF may be re-
sponsible for discharge initiation in SFE‘ In fact, recent measurements
(Sauers et al., 1989) of negative lons produced in negative corona dis-
charges, have indicated the presence of several types of cluster ions of
the forms FF(HF}H, GH_{HEQ}n‘ and SF;(HF}. Further investigations of the
collisional detachment cross sections for these ions are necessary to de-
termine their role in discharge initiation.

The conclusions drawn above depend upon the assumption that o(g) =
0 at energies below the apparent threshold marked in Fig. 1. If one
assumes that u{EL} = 0.1 EE (i.e., the experimental uncertainty) for
ensrgies which extend down te the thermodynamic thresheld for electron
detachment, then detachment coefficients for SFé and SFE are found teo be
of the same order of magnitude as those determined by drift-tube
experiments. However, detachment coefficients derived with sueh an
assumption are not compatible with previously observed pressure
dependencies observed in drift-tube experiments (0‘Neill and Craggs,
1973; Hansen et al., 1983) as discussed in the next section.

Ion-Conversion Reaction Coefficients

In order to caleulate the reaction coefficients for the ion-
conversion processes listed in Table 1, it is necessary to extrapolate
the measured cross sections down to assumed thresholds at lover energies.
The extrapolations used for the subsequent caleculations are shown in Fig.
2, These extrapolations were chosen to agree with known thermodynamie
thresholds and to minimize the discrepancies with previously determined
reaction coefficients as discussed below. The thresholds for production
of F~ from EFE and SF; (“4 and o.) were determined to be 2.0 eV and 1.5
eV, respectively, by using the observed thresholds for F~ production from
collizions of SF; and SFE with the rare gas targets (Vang et al., 1989).
The cross sections for SF; production (uﬁ} and SF; wvere extrapolated down

to the thermodynamic threshold of 1.35 eV. For the charge-transfer
reaction involving F~ and SFg, the cross sections were extrapolated down
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the thermodynamic threshold of 2.25 eV under the assumption that the primary

product is SFé. The other charge-transfer cross sections (d? and UE) Vere
both extrapolated down to a threshold near 3 eV which corresponds to the

thermodynamic threshold for a symmetric charge transfer between SF. and SFE as

6
suggested by Hay (1982). There iz a large uncertainty in these last assumed
thresholds since the identity of the charge-transfer products in these

processes are indistinguishable in the present experiment.

The caleulated reaction coefficients for processes 6, 5 and 9 of Table 1
are shown in Figs. 4; 5 and 6 respectively, along with reaction coefficients
for the same reactions as determined by previous drift-tube experiments. The
solid lines represent the coefficients calculated using the standard Kagan and
Perel distribution (i.e. ¥ = 1) shown in Eq. (5). Note that these calculated
reaction coefficients all fall substantially belev those determined previously
despite the fact that the extrapolated thresholds for these cross sections
wvere all assumed to be thermodynamie thresholds. Any reasonable change in the
assumptions concerning the reaction thresholds or the behavior of the cross
gections near threshold would necessarily cause the reaction coefficients to
be even smaller, thus implying that the discrepancies cannot be resolved by

changing the assumed cross section thresholds or extrapolations.
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Fig. 5.

Fig. 6.
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Despite the fact that the Kagan and Perel distribution produces the

largest coefficients of any of the commenly used ion kinetic-energy distri-
butions, better agreement can be obtained betveen our calculated coefficients
and those from previous experiments if one assumes that the kinetic-energy
distribution has a longer high-energy tail, in agreement with the previous
discussion of kinetic-energy distributions. The Kagan and Perel distribution
in Eq. (5) can be conveniently altered by allowing v to vary between 0 and 1.
The dashed lines in Figs. & to 6 represent reaction coefficients calculated
with v = 0.5, while in Fig. 2 the relative magnitudes of the two distributions
{(vy=1and v = 0.5) are shown for comparison.

Obviously, the curves in Figs. 4-6 with vy = 0.5 are in better agreement
with the previously reported coefficients than are the curves calculated
using ¥ = 1. This may indicate that previously assumed energy distributions
need to be modified (Kindersberger, 1986; Hansen et al., 1983). However,
pne must note that the reaction coefficients derived from drift-tube data
are model-dependent and that only reactions 5, 6 and 9 (Table 1) are assumed
in the previous analysis of data from drift tubes. Thus discrepancies may
also arise because this commonly used model does not consider the
eollision-induced dissociation of SF; inte F~ + SF5 {reaction 4). This
reaction ig found here to be significant (see Fig. 2) and its omission may

produce errors in the reaction rates derived from drift-tube data.

The calculated reaction coefficients for reaction & {and for reactions
7 and 8) are shown in Fig. 7 using Kagan and Perel distributions with ¥ =
1.0 and 0.5. As stated before, no previously determined coefficients for

these processes exist for comparison.

HODEL FOR ELECTRON DETACHHENT FROM ION DRIFT IN SF‘lEl

4 different interpretation of the processes which lead to detachment
coefficients derived from drift-tube data (0'Meill and Craggs, 1973;
Hansen et al., 1983) and their observed pressure dependence can be
obtained if one assumes that electron production in a drift tube is not
due primarily to prompt electron detachment from SF;1 but ariszes from
either detachment from F~ or from collisicnally-excited, energetically-
unstable {SFé]* fons as suggested by the previously presented data. 4
model can then be developed which assumes that under drift-tube
conditions, prompt detachment from SF% and SF; is insignificant, and that
a steady state condition exists for intermediate products (i.e. d[SFE]Idt
= d[F ]/dt = d[{ﬁF;)*]Idt =0). If one analyzes the drift-tube data as
done previously (0'Meill and Craggs, 1973; Hansen et al., 1983), assuming
that all ejected electrons come from SF; ions, then the measured
electron-production rate can be written in terms of an "effective"

detachment coefficient (Eeff} according to the expression
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&
e - ”d[ Erﬁf] NISF, (8)

where [e] is the number of free electrons produced per unit volume vhich
can be detected, Va4 refers specifically to the drift velocity of SFE in
sFﬁ, and aafffﬁ is determined by analysis of drift-tube data (0'Neill and
Craggs, 1973; Hansen et al., 1983). Assuming that the simplified set of
processes indicated in Table 2 dominates in a drift tube, an expression
for &

eff
solving the set of coupled rate equations. The result is

" =v[aeff]=k rﬁ+kﬁ]+k [ %10 ] o
eff = Va W B s v R P v

The effective detachment coefficient given by Egq. (9) is seen to consist I
of two terms, a pressure independent term which depends upeon various ion-

/N, can be found in terms of the relevant rate coefficients by l

conversion and direct-detachment processes invelving F~, and a pressure-
dependent term which depends upon the rates for collisicnal relaxation,

- & ? - .
excitation and auto-detachment of {SFﬁ} . This expression iz more complex

than those previously derived (Kindersberger, 1986; 0'Neill and Craggs, 1973;




Table 2. Proposed ien-molecule reactions for drift-tubes containing SF.

SF; + EFE =3 SF_S + F + SFE kﬁ
5F§ . SF6 - F, + SF5 + EFﬁ kﬁ Dissociative Ion Conversion
SFS . SFG == F 2 SF& + SFEI RS
F~ o=+ SF, — F + SFE kg Charge Transfer
F % SF, — neutrals + e kq e Detachment
v & C :
5F6_+*5F6 —_ {$F6)_ + EFé klﬂ Execitation
{SFE}* - SF‘6 — Sfﬁ + SFE kll De-excitation
(SFﬁ} — SF‘6 + B klE duto-detachment

Hansen et al., 1983) which.assume that direct detachment from SF; was the sole
source of electrons.

If kll” is approximately the collision frequency of SFé in SF (e.g-y =

]
10

state lifetime (T - 10us to 2 ms) (Odom, et al., 19753}, then k11N > k12 and

/sec at 1 kPa) and kl2 iz on the order of the inverse of the excited-

the model predicts an inverse pressure dependence for Sefffﬂ at low M. This
inverse pressure dependence is consistent with previous drift-tube measure-
ments (0'Meill and Craggs, 1973; Hansen et al., 1983). 0'Neill and Craggs
(1973) also report no detachment from F~ or SF; at lov pressures in
agreement with the dominance of the second term of Eq. (9} for smaller N.
The model proposed here is consistent with the observed (Hansen et al.,
1983) variations in & ;. /N with the "age" of the SFé ions if there is a
substantial fraction of 5Fg anions which are initially in excited or

autodetaching states.

At higher pressures, the first term on the right side of Eq. (9)
dominates, giving a ﬁefEIN that is essentially pressure independent. In
this pressure regime, electron production invelves mainly process (3) with a
threshold of 8 eV. These results are consistent with: 1) the lack of
pressure dependence (Kindersberger, 19B6; Teich, 1973) for aefifﬁ suggested
from the analysis of high-pressure electrical-discharge initiation data, and
2) previously discussed results (Eccles et al., 1967) suggesting detachment
in 5F, is predominately from F~.

Ideally, one would like to caleculate the effective detachment
coefficients using Eg. (9) to compare with the previously determined
drift-tube measurements. However, values for klﬁ’ kll and klz are not
available, so only the contribution to 6Eff!N from the first term of Eq.
(9) can be calculated using the reaction coefficients derived above. The
golid curve in Fig. B shovs the contribution from the first term of Eq.
{9) using a Kagan and Perel distribution with y = 1.0. HNote that the
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Fig. B. Effective detachment coefficients determined from drift-tube
experiments at different pressures are shown as identified by the
symbols in the key. Effective detachment coefficients calculated
from discharge-inception data from (Kindersberger, 1%86) are also
ghown (— * —). The contribution to the effective detachment
coefficients from the first term of Eq. (%) are shown for vy = 1.0
{(—) and for v = 0.3 (- = -}.

magnitude of the solid curve is similar to that of the effective detach-
ment coefficient derived from discharge-inception experiments (Kinders-

—Fq e

berger, 1986) (dot-dashed curve) but is substantially smaller than the
coefficients derived from drift-tube experiments (0’'Neill and Craggs,
1973; Hansen et al., 1983) (symbols). If one uses the reaction coeffi-
cients derived using a Kagan and Perel energy distribution with y = 0.5
{dashed curve) then the SefffN derived from the first term of Eq. (%)

becomes of the same order of magnitude as the coefficients derived from
the highest pressure drift-tube experiments. The fact that the dashed
ecurve actually lies above the smallest measured drift-tube values
indicates that taking y = 0.5 may overestimate the high-energy tail for
the kinetic-energy distribution.

CONCLUSION

The measured croszs sections for collisional electron detachment and
ion conversion of negative ions in SFE have been used in a theoretical
model wvhich invokes detachment from long-lived, energetically-unstable

states of collisionally excited SF; te explain the pressure dependence of
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previously measured detachment coefficients and the high apparent detach-

ment thresholds implied by analysis of breakdown-probability data for
SFﬁ. The model suggests that measured effective detachment coefficients
depend upon many different reaction rates, thus implying that detachment
processes in SFB are more complex than previously assumed. At high
pressures, measured detachment coefficients appear to depend primarily
upon the rates for ion-conversion and direct-detachment processes invelv-
ing F~, consistent with earlier suggestions. Also, calculation of
jon-conversion rates for SF;1 SF;, and F in SFIE indicate the need to
reexamine both reaction coefficients derived from drift tube experiments
and lon kinetic-energy distributions assumed in interpreting the cross
section data presented here.
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