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BASIC STUDIES OF GASES FOR FAST SWITCHES

L. G. Christophorou and S. R. Hunter

Health and Safety Research Division
Oak Ridge National Laboratory

I. INrRODUION

This annual report contains a summary of the progress that we have made

during the past year on the identification and optimization of fast gas

mixtures for use in diffuse-discharge switches. Several papers describing our

measurements of the key transport parameters and breakdown strength

characteristics of gas mixtures which we have suggested for use in practical

switching devices have been published"-'6 or have been submitted for

publication7 
-
I during the past year.

During the present contractual period, we have performed measurements of

the basic transport and rate coefficients [i.e.. the electron ift velocity.

w. the electron attachment and ionization coefficient., ti and a/.

respectively, the gas ionizing W values, and the high voltage breakdown field

strengths (E/N)im ] of gas mixtures of potential practical interest as well as

studied the behavior of these gas mixtures under more severe environmental

conditions which are likely to occur in practical applications. In this

connection, we have continued our studies of w. i/N. 6i1N. and k (the electron

attachment rate constant) as a function of gas temperature T and hnve
1QUALIY

initiated a new project to study, the effect of gas temperature or the (E/N) IN GLCTE

of selected gas mixtures. pThis information is crucial to the understandinz of

the mechanisms limiting the rapid recovery of the dielectric properties of the

gas mixture after the switch has opened (i.e.. the switch current has

decreased to zero) and the high repetition rate operation of the switch at

elevated gas temperatures. D

The technical progress we have made on the identification of gas mixtures ....................

with desirable electron transport and rate coefficient properties for use in ....

diffuse gas discharge switching applications and the effects of elevated gas

temperature on these transport parameters and high voltage breakdown field ty Codes

strengths are given below. J;.'or
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II. TEINICAL PROGRS

The measurements that have been performed during this reporting period

have allowed us to continue our studies on identifying attaching gas/buffer

gas mixtures which have very desirable electron attaching and drift velocity

characteristics for possible use in diffuse discharge opening switches. Our

studies of the temperature dependence of the electron transport and rate

coefficients have received increased emphasis during the past year. and our

initial results from these studies have previously been published."1 '12

Important new W value measurements have been obtained in several gas mixtures

in our continuing effort to optimize the electrical conductivity of the

discharge when the switch is closed. These measurements and analyses have

also recently been published .,1 '  We have submitted a patent application on

these new Penning ionization gas mixtures because of their potential for

greatly improving the efficiency (i.e., lowering the resistivity) of the

switch during conduction.

A. Basic Data

We have measured the electron attachment and ionization coefficients and

electron drift velocities in 02, C14. CF4, C2F6 , CaFe, and n-C4F,0 gases using

a new method of data analysis. The pressure dependence of the electron

attachment coefficient in 02, C3Fs, and n-C4F1 o and of the electron drift

velocity in C3F9 and n-C4F,0 have been reported and discussed. The accuracy

and sensitivity of the present pulsed Townsend technique has been investigated

by performing electron attachment coefficient measurements in pure 02 over a

wide range of E/1N at selected 02 pressures and by determining the electron

attachment and ionization coefficients and electron drift velocity in CH4 over

a wide E/N range. Good agreement has been obtained between the present and

the previously published electron attachment coefficients in 02 and for the

drift velocity measurements in CH4 . A paper describing these measurements and

analyses has recently been published.5

Measurements of the electron attachment (nT/N) and ionization (aT/N)

coefficients for the perfluoroalkanes n-CNF2q+2 (N = 1 to 4) have been made

over the density-reduced electric field (F/N) range 5 x 10- "'
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E/N 400 x 10-17 V cm2 using pulsed Townsend (PT) experimental techniques.

The present ?VN measurements are the first to be obtained for pure C2 F6 ,

C3F@. and n-C4F1 o at low E/N values. The 11r/N measurements in C3FO and

n-C 4F1 o were dependent on gas pressure over a wide E/N range in agreement with

previous high pressure electron attachment rate constant. ka . measurements in

these gases. The dissociative and nondissociative electron attachment

processes for C3F9 and n-C 4F1 o have been quantified from the pressure

dependence of the measured electron attachment coefficients r)TN as a function

of E/N. The thermal electron attachment rate constants (ka)th and the high

voltage limiting electric field strengths (E/N)tim obtained from the present

measurements are in good agreement with previous literature values. These

measurements and analyses have been described in a paper which has been

accepted for publication.8

The drift velocity, w. of electrons has been measured in the
perf luoroalkanes n-CNF2+ (N = 1 to 4) over the density-reduced electric

field (E/N) range 0.03 x 10 - 1 7 < E/N < 500 x 10-17 V cm2 using a pulsed

Townsend (PT) experimental method. The present measurements of w are the

first to be obtained for C2F6,. C3FO and n-C4F 1o at low E/N values. The

electron drift velocity measurements in C3 F9 and n-C 4F1 o are dependent on gas

pressure at high E/N values, even after allowing for diffusion corrections to

the electron swarm transit time. This is the first observation of a pressure

dependence in the w of these gases and is believed to be due to changes in the

electron energy distribution function f( .E/Ni) with gas pressure. These

changes in f(e,E/N) are the result of increases in electron attachment t.

pressure. The perfluoroalkanes CF4. C2F&. and C3Fe exhibit reions of

pronounced negative differential conductivity (NDC) similar to but smaller in

magnitude than that in CH4. These measurements and the possible mechanisms

leading to the observed NDC effects have been described in a paper which has

been accepted for publication.9

The total electron attachment rate constant, k (<e>), for n-C 4 Fr has

been measured using an electron swarm technique in the mean electron energy,

<>. range 0.76 to 4.81 eV and over the temperature. T. range 300 to 750 K.

The measured ka(<e).T) and the total electron attachment cross section,
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a a(eT). determined from these are reported. The ka(<>) first decrease slowly

with T between 300 and 400 K, then decrease precipitously between 400 and -500

K. and subsequently increases for T > 500 K. The overall variation of k witha

T depends on (0. From the measured dependence of ka((O) on the total gas

number density and T we determined the contribution of dissociative and
nondissociative attachment to k at a function of (<0; the contribution of

a

nondissociative attachment decreases with T (due to increased autodetachment

with increasing T), and the contribution of dissociative attachment increases

with T (due to increased autodissociation into fragment anions with increasing

T). The ratio. Rd/t. of the dissociative to the total electron attachment is

small at low <e> and T. but it increases with both <e> and T and reaches unity

for T > 500 K and <e> > 1.7 eV. These results have been discussed in relation

to earlier work on C2F& and C3FO in a paper which has recently been accepted

for publication. 10

Measurements of k a(<e>) have also been made in n-C6F14 as a function of

gas temperature T up to 675 K in argon buffer gas over the mean electron

energy range 0.4 _ <E> 4.8 eV. These measurements are strongly dependent on

gas temperatures, but In contrast to C3Fg and n-C4Fo where ka (<>) initially

decreases with increasing T up to T 500 K. ' ' the k a(<e>) measurements in

n-C6F1 4 initially increase with T up to T z 400 K. decreases markedly with T

up to T z. 550 K, and then finally increase with further increases in T in a

manner similar to that observed for both COFe and n-C,Fo. These measurme..s

indicate that there is a complex interplay between the various e'ectror.

attachimen: processes in n-CbFJ,. We have previously sho-n that parer.t a.4or,

formation processes decrease with increasing T, while dissociative attac ..ernt

processes increase with increasing T. and it is the conpetition between these

processes and their functional dependences on T which leads ka (<e>) to either

increase or decrease with increasing gas temperature. Analysis of these

measurements is in progress.

We have recently performed a series of ka((E>) measurements in c-C4 Fe and

c-CF 6 as a function of gas temperature in nitrogen buffer gas over the mean

electron energy range from thermal energy ( z:0.03S eX) up to :-1.0 eV.

.1V
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Electron attachment to these two molecules over this <> range is almost

exclusively by parent anion formation with the thresholds for dissociative

electron attachment occurring at several eV. Consequently. we have observed

that k a(<>) decreases by up to two orders of magnitude over the temperature

range 300 T 600 K due to the drastic decrease in stable parent anion

formation with increasing T. Analysis of the measurements in c-C4Fg has been

completed and a journal paper will be submitted for publication. 14

We have shown from the measurements described above that the electron

attachment rate constant. k , for several gases can decrease or increase
a

significantly with gas temperature. T. from room temperature to T > 750 K. We

thus expect the limiting value. (E/N) tm of the density-reduced electric

field. E/N. for such gases to be similarly affected by T. Measurements of the

(EN) irm have been made in the dielectric gases l-C 3 F6 . C3F. c--C4 Fe. and

n-C4Fo over the T range -300 to 600 K. For l-C3F&. c-C 4F,, and n-C4 FO for

which the ka decreases as T increases, the (E/N).im was found to decrease with

T; its value at 600 K was -5%, -25%. and -10% lower than at 300 K for --C3F6,

c--C4 F, and n-C4Fo. respectively. For C3Fg. the (E./N)tm is initially

independent of T up to -450 K and then it decreases by -3% at 600 K. This T

dependence of the (E/N)tim for C3Fg is qualitatively in agreement with the T

dependence of the k which was found to decrease with T only for T > 4C-D, K.a

These findings and those on C2 F6 and CF3CP for which the k increases ra:her
a

than decreases with T. have been analyzed and a journal paper describir.; :.ese

findings is in preparation.25

B. Publications

Several papers describing the measurements and analyses outlined above

have been published1 -6 or submitted7' ° for publication during the past

contractual year. In particular, a paper has been published in which our

electron drift velocity, attachment, and ionization measurements in several

proposed switching gas mixtures have been summarized, and the relevance of

these results to the design and optimization of gas mixtures for diffuse

discharge switching applications has been outlined.' A paper has been

published describing our initial W value measurements in C2F6 gas mixtures."
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These measurements, analyses, and implications for diffuse gas discharge

switching applications have been discussed in a paper which was presented at

the 5th IEEE Pulsed Power Conference.2  A paper has also been recently

publishedb in which the W-values of CF4, C2F6. C3F9, and n-C4F,0 , and several

binary and ternary gas mixtures were measured. We found that the W-value

decreased, and hence the electrical conductivity of the discharge increased

when small percentages of C2H2 (0.5% to 5X) are added to several binary

Ar/PFC ( = CF4, C2F6 and C3Fs) gas mixtures.

An invited paper was presented at the 5th IEEE Pulsed Power Conference in

which our measurements of the effect of gas temperature on the electron drift

velocity and electron attaching and ionizing properties of gas molecules was

discussed.3  Our more recent measurements of the effect of elevated gas

temperatures on the electron drift velocity and attachment and ionization

coefficients in C2F6/Ar and C2F6/Cli 4 gas mixtures have recently been discussed

at two conferences.1 '1 7

An invited paper describing the effects of elevated gas temperatures on

the dissociative and nondissociative electron attachment properties of gas

molecules, which have been observed under partial support by ONR. has been

presented at the Joint Symposium on Swarm Studies and Inelastic

Electron-Molecule Collisions.4

A paper describing our improved pulsed Townsend experimental technique

for the measurement of electron transport and rate coefficients in gases has

been published.5 Measurements of the electron attachment coefficient in 0-

and the electron drift velocity and attachment and ionization coefficients CV4

are given in comparison with previous literature values for these

measurements.

A paper describing our electron attachment and ionizatio7. coeff.c.e.t

measurements in CF4 . C2F&, C3F, and n-C4F:0 using this pulsed Tovtsend

experimental technique has been accepted for publication (see Appendix A).8

The measurements of ka (<e) in n--CF 2 o as a function of gas temperature.

and the analysis of the results to obtain the relative contributions of

dissociative electron attachment and non-dissociative parent anion formation

processes as a function of gas temperature have been described in a paper

which has been accepted for publication (see Appendix B). 0

AL~ ~ *S~~.,
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Eltctron attachment and Ionization processes in CF 4, CAF., CAF5 ,
and n-C 4F10

S. R. Hunter, J. G. Carter, and L G. Christophorou ")

Atomic. Molecular and High Voltage Physics Group. Health and Safety Research Division. Oak Ridge
National Laboratoy. Oak Ridge. Tennessee 37831

(Received 24 June 1986; accepted 8 October 1986)

Measurements are reported of the electron attachment (71r/N) and ionization (aTIN)
coefficients for the perfluoroalkanes n-C F2., +2 (N = I to 4) over the density-reduced
electric field (E/N) range 5X 10- "<E/N,400 10- 17 V cm2 using pulsed Townsend (PT)
experimental techniques. The present 7TI/N measurements are the first to be obtained for pure
C,F 6, C3F,, and n-C4 Fto at low E/N values. The -qr/N measurements in C3F8 and n-C4 Fo are
dependent on gas pressure over a wide E IN range in agreement with previous high pressure
electron attachment rate constant ka measurements in these gases. The dissociative and
nondissociative electron attachment processes for C3F8 and n-C4 F,, have been quantified from
the pressure dependence of the measured electron attachment coefficients lT/N as a function
of E/N. The thermal electron attachment rate constants (k. ),h and the high voltage limiting
electric field strengths (E /N),,m obtained from the present measurements are in good
agreement with previous literature values.

I. INTRODUCTION velocities and low diffusion coefficients over a wide E /.V

The perfluoroalkane series of molecules n-C. F,, -. 2 range in order to detect the path of the ionizing radiation
(N = I to 4) are of considerable fundamental interest due to with good resolution. The gas mixtures CF,/Ar ,' and CFj
their unique electron attaching and scattering properties and He " have been found to possess these desirable characteris-
their potential use in several applied areas.' These perfiuoro- tics.
carbons have been studied for many years as high voltage Another very recent application of the perfluoroalkanes
gaseous insulators due to their large electron attachment co- is in the area of plasma etching using low pressure gas dis-
efficients to high E IN (electric field E to gas number density charges. In this process, micron-sized features are etched

N ratio) values, which gives CF 6, CFs, and n-CF,o high onto substrates for use in a variety of semiconductor de-
voltage breakdown field strengths (E /N)i. comparable to vices."8 The molecules CF4, C.F6 , and CFs have been used

or greater than that of SF6 . In addition, they possess good in several experimental studies to determine their suitability

thermal and chemical stability, low toxicity, and relatively as plasma etchants,"9 but considerably fewer studies have

high vapor pressure. '  Recently, interest has been renewed concentrated on understanding the underlying mechanisms
in these and other perfluorocarbons, in general, due to the governing the etching process in these gas discharges. ' -" A

desirability of finding gases and gas mixtures with break- recent study of the etching niechanisms in CF , has shown

down field strengths greater than that of SF6 for use in com- that the processes involved are very complex. and the magni-

pressed gas insulated substations, switchgear. and transmis- tude of several of the negative and positive ion and neutral
sion lines.' -2 The (E/N),,. values for uniform electric radical reaction rate constants are poorly known.

fields in CF,' ° and n-C 4 Fo," have been found to be depen- A final area of practical importance where the perfluor-

dent on gas pressure P over the pressure range 15<P<400 oalkane molecules under study have been found to exhibit

kPa in contrast to the usual behavior where at sufficiently very desirable electron transport and attachment rate con-

large values of Pd (d is the electrode separation) the stant characteristics is in externally sustained diffuse gas dis-

(E/.V),, of a gas is independent of P. This finding was charge switches for pulsed power technology applica-

anticipated 4 and shown" to result from the pressure depen- tions."- The primary requirements on a gas mixture in this

dent electron attachment rate constant in these two gases. application are (1) negligibly small (or zero) electron at-
The (E/.V),,, of the gas mixture CF,/SF, has also been tachment rate constants and large electron drift ,elocities at

found to exhibit a positive synergistic behavior [i.e.. the low E /. values (E /.V S 3 -, 10-'- V cm:). and :) large

(E /N),_ of the mixture is greater than that of either of the electron attachment rate constants and. preferably. low elec-

component gases I which was interpreted" as resulting from tron drift velocities at high E/.V values (50 " 10 E
the pressure dependent stabilization of the transient parent N 5 l00 10 V cm). Gas mixtures composed of small
negative ions in the mixture. percentages of the perfluoroalkanes (either CF,. C F.. or

The gas CF. has been suggested" and has recently C,F) in buffergasesofeitherArorCH, ha~ebeen found to

found application" as an additive in gas mixtures for use in exhibit near-ideal electron drift velocitv and attachment
ionizing radiation detectors High count rate. position sensi- characteristics for use in diffuse discharge opening sw itch-
tive detectors require gas mixtures with large electron drift es.)": Recent measurements in small-scale externally sus-

tained diffuse discharge opening switches ha\e sho\\n that
AJbo. Departmenf of Phssjcs. The L'niers L , , Tennesser. K no%% 111C. switching times an order of magnitude faster than prex iousl
Tennesee 379Q6 obtainable (i.e.. opening times 5 20 ns) hae been achieN ed

J Chem Phys 6 12). 15 -aruary '987 0021-9606 87 020693. "$02 '0 '986 A-'e',ca -sr:, e o, 's cs 993
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when small percentages 2"c of either CF. CF,. or periments -ere performed using a pulsed Townsend (PT)
C,F, are added to high pressure , P, IOZ kPaj CH, acting experimental technique with the detection circuit operating
as a buffer gas ' Studies of the operating parameters of self in the .oltage integrating mode '"
sustained diffuse discharge closing s%,itches indicate that the The errors insolsed in performing these experiments
electron attachment requirements on the gas mixture in hae been discussed preiousl, ."'The estimated total uncer-
these apphcations are similar to those for diffuse dis,.harge taint, in the electron ionization or attachment coefficient
opening switches." The perfluoroalkanes CF, C:F,, and measurements when onls ionization or attachment is pres-
CF, in mixtures with high pressure Ar ha-,e also been used ent. ,aries between - 2 and - 517c depending on the mazni-
in expenmental studies of this switching concept " - rude of the process When both electron ionization and elec-

Despite the large number and dierse nature of the ap- tron attachment processes are present, the errors in
plications for which these molecules are suited. surprisingls determining a, /N and 77,/N uniquely are considerabl.
little is known about the electron scattering, electron attach- larger and are discussed more fully in Sec. 111 The present
ment, and electron energy loss processes in these mole- technique has previousl, been checked b, performing elec-
cules. ' The lack of knowledge of these processes hinders tron attachment coefficient measurements in 0- and elec-
studies aimed at modeling the practical applications de- tron ionization coefficient and electron drift .elocitv mea-
scribed above for these molecules. The information current- surements in CH,." In all cases, we hae obtained excellent
ly available concerning the electronic excitation and joniza- agreement with the most reliable pre% ious measurements of
tion processes in the lower members of the perfluoroalkane these parameters. In addition. the electron attachment coef-
series has recently been summarized.-' The total dissocia- ficient was also measured in CH., and these measurements
tion cross sections for CF. C:F,, and C,F, at electron ener- have shown that the technique is capable ofaccuratel.v mea-
gies above 12eV have been measured, and it was argued that sunng both the electron attachment and ionization coeffi-
excitation to all electronic and ionic states in these perfluor- cients, even when one of the coefficients is considerabl
oalkane molecules results in fragmentation, and. conse- smaller than the other. '

quently. the measured dissociation cross sections are the The gases CF., and C.F, were obtained from .Matheson
sum of the cross sections for all these processes." Gas Products with a stated purity of 99.6%. CF, from

The measurement of the electron attachment and ioni- Union Carbide Corporation. Linde Division. with a stated
zation coefficients for these perfluorocarbons has received purity of 99%. and n-CF, from Columbia Organic Chemi-
considerably more attention although large inconsistencies cals Company with a stated purity of 95%. Previous anal%-
exist between these measurements. The density-normalized ses of these gases indicated that they were at least 09 9c-
Townsend electron attachment and ionization coefficients pure '' These gases were subjected to several vacuum distil-
(ir/,N and a,VN, respectively) have been measured at high lation cycles prior to any measurements in order to remoe
E/N values in CF,, 4'"" - 2 CF 6,s'-i 3  C1Fs, - and air from the samples. The vapor from each of these com-
n-C.Fo.6. ' The relative' l3 4 and normalized3 electron at- pounds was then extracted at temperatures just above their
tachment cross sections have been measured for these mole- respective boiling points to remove water vapor and any oth-
cules in electron beam studies, and the total electron attach- er condensable impurities.
ment cross section a. (e) has recently been determined using
a high pressure electron swarm technique for all four mole- III. RESULTS
cules. -I6 The effect of elevated gas temperatures on the disso-
ciative electron attachment and parent negative ion forma- We have performed an extensive series ofmeasurements
tion processes in C:F, 31 and CF, ' have also been studied of 77,/N and ar/N in CF. C:F_. CF,. and n-CF ,. er a
recently. Previous measurements of the electron drift veloc- wide range of gas pressures (0.03',P,; 100 kPa . Examples
ity w and the ratio of the transverse diffusion coefficient to of the waveforms obtained in CF, using this technique at
electron mobility Dr/Asp (wherep = wIE) have been report- low. moderate, and high rates of electron attachment are
ed in C.F., C1 F4, and n-CF, over a limited range ofE /at given in Fig. I. The densitv-normalized electron attachment
high EI values- and over a wider E IN range in CF....Q coefficient 7/., can be obtained from the ratio R of the

In this paper we report measurements of 77,/N and total voltage to electron voltage in these waseforms when
r/N for the perfluoroalkanes n-CF.: (N = I to 4) ionization and longitudinal diffusion are negligible from"'

over theE/Nrange 5 - 10- \E/.%,400 x 10"V cm- us-ing a pulsed Townsend (PT) experimental technique." R, . ) (Nd)
The present measurements are the first to be obtained for N ( I - exp[ - (77/.V ) .Vd
C.F,, C,F,, and n-CFo at low E/N values. We have ob-
served that rbr/N is dependent on gas pressure in both CF, wnere d is the electrode separation.
and n-CF,,. The mechanisms leading to these pressure de- The present measurements of ?7/N at lov E. N in C-F.
pendences are discussed in Sec. IV are plotted in Fie 2 as a function of Nd for a fixed drif:

distancet d2 cm) usini an analysis based on Eq. ,I). Ar

II. EXPERIMENTAL METHOD sufficientl. low values of Nd. the apparent electron attach-
ment coefficient is a tunction of Nd indicatin that, in thi,

The experimental technique and apparatus used to men.a- d range. the electron sssarm has not .ichie\ ed equiibrium
ture iheelectron attachment and ionization coefficients ha\e ,ith the applied electric field c. the h.drod naIiMc In-

been described in derail prei ously " Brietly. the present e.x- proximation fals, for this gas under these ,kn-'wl.s S im i-

.. Chem c-ys 1,o 86 %o 2 '5 _-ar, ',87
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tar, but larger, Nd dependences have also been observed in
(.O W the present measurements of i7/N in CF4 . Measurements of

I /Nin gases with a high electron attachment threshold ener-
gy (the threshold energy for electron attachment of CF4 is 5
eV and for C2F6 is 2 eV

3 ' 36
) appear to be sensitive probes of

4 C F. nonequilibrium conditions in the electron swarm and may

02 Nd-&i"10
18 CM2 possibly be useful in studying the influence of boundary con-

ditions and higher-order diffusion processes on the attain-
0 .. ment of equilibrium within the electron swarm.

to (b) .At higher E/N values than those shown in Fig. 2, elec-

tron ionization processes become significant in addition to
01 electron attachment for CF4 and C2F6. Under these circum-

c- E /N=3o.0x -O7 V em2  stances a different analysis procedure must be applied to them

0 a, experimental voltage ratios to obtain unique values of the
W ionization coefficient a/N and i7/N. In the presence of sig-

nificant electron attachment, ionization, and diffusion, the
S00 , .. voltage ratio has been shown by Blevin et al." to be

o [7d + 1 - (/NT) - ad(2 - ('/TT))exp[Nrd ]
Ol [ 1 - (2 - (NT/a))exp(ard) I

OA E/N-500x0
-
1'

/ 
V cm

2  (2)

0. L Iwhere i = (a - 71) is the unnormalized effective ionization
coefficient, and aT = (aT - 17T) is the unnormalized effec-
tive Townsend ionization coefficient. The coefficients N and

o . 5 = are related by42

* ~ ~~~~ FI.~ ia 2 U~ (I + [I-4 (3) i~)
FIG. L Digitized voltage waveforms obtained in CF, at E/N values corre- N 7 7) N N
sponding to (a) low, (b) moderate, and (c) high rates of electron attach- wh
ment. The first segments of the waveforms were digitized at 10 ns/channel, ere IN and N/N are the gas density normalized effec-
and the second segments (occurring after the vertical dashed lines) were tive Townsend ionization and effective ionization coeffi-
digitized at 200 ns/channel cients, respectively, and DL / / is the longitudinal diffusion

coefficient to electron mobility ratio.
Using the analysis procedure outlined in Ref. 40, Eq.

(2) can be fitted to the experimental voltage ratios as a func-
tion of Nd to obtain unique values ofa/N and ?/i/N. Ex-

e 10- amples of the degree of fitting to the experimental voltage
E 10ratios in CF, are given in Fig. 3. An alternate analysis can
Z E/N (10- 17 V cm 2 ) also be used to obtain a/N and i7/.V (assuming that longitu-

7Z; al am gai la dinal diffusion is negligible) by noting that when Nd-0.

' AiA AoMO A" A" £,A4.,070 both a and 17 - 0 and the parameter (a - 77)/.Visthengiven
Z *'A" oo 0000 000 000 o 60 by 4 3

45 oo ° V = so a+ 71- (2R45-_- (4)

0 40 N Nd
•Equations (1) and (4) can also be used to obtain unique

zA A ,- 3 values ofa/N and i/N as has been outlined in Ref. 40. The
attachment and ionization coefficients determined in this

1(3" -oew ,,oo 0., 30 manner have been substituted into Eq. (3) to find the ratio
ar/ which was then used in Eq. (2) to determine the diffu-

< CEFs • sion-corrected values ofa r/N and i7T/. uniquely using the
26 6 v v 27 experimental voltage ratios as a function of.Nd. The degree

0 of fitting ob:ained using this analysis procedure is shown in
IT,- a.t 25 Fig. 4 for CF, and is considerably more sensitive to varia-

S '.tions in either a/N or i7/N than by fitting to the voltage ratio

l op' 1le 2 le 10 measurements as a function of .Vd given in Fig. 3. From an
Nd (cm 2 ) analysis ofthe standard deviations ofthe derived coefficients

FIG. 2. Electron attachment coefficient 77/N (uncorrected for diffusion) in and tests of uniqueness, we believe that the parameter
C.F, as a function of Nd (gas number density times electrode gap separa. (a + 17)/N has an uncertainty of + 5%. while the individ-
tion) at several E/N values below the onset of electron ionization. ual coefficients a/N and Y7/.V have uncertainties of less than

J. Chem. Phys., Vol. 86. No. 2, 15 January 1987
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- pendent of Nd (Fig. 4). When a/N=iq/N, then 3=0 and
&IN4 (1O-P V Cin2) under these circumstances the diffusion correction of NT/N

Will is negligible (i.e., for CF, at E/N= 14OX 10-" V cm 2,
a/N - a /N1/lN = ilr/N = 0.44SX 10 7ci').

me A. CF4 and C*P.

0 The present measurements Of q TIN and a7 -/.V in CF,
P 140 -and C2F, obtained using this technique are given in Table J

/ F ~ .'>and in Figs. 5 and 6, respectively, in comparison with pre-
hi ~ -vious literature values using steady state Townsend tech-

niques (SST) which measure aT/N and i',/N directly. Un-
.4 '* * like the situation in CH.,' no D~lp4 measurements have

ii ,/.....frbeen published for the perfluoroalkanes under study, and
a estimates must be obtained for this parameter if the diffusion

CF correction to the electron attachment and ionization coeffi-C 4 cients are to be obtained. These perifuoroalkane molecules.
particularly CF. and C2F6, possess electron drift velocities

OLO and transverse diffusion coefficients that have similar depen-
Nd (110icm2 L' zo dences onE/N to those of CH43 .'4E Consequently, we

Nd ~w-cmmake the assumption that at high £ IN values when
FIG. 3. Experimental voltage ratios R, obtained in CF, as a function of Nd aIN> 71/N these molecules behave in a similar manner
at several E IN values where both electron attachment and ionization pro. to CH, and that D, /DT =1. At lower £ IN values where u- is
cesaes are signillcant. The lines are calculated results obtained using the decresn ihicesn N(hsi h einweeth
values Ofa TIN andrITI~N determined by th aasis given in Eq. (2) anesndihinraig£. (hsi h ego hr h
(3), attachment coefficient peaks for all the perfiuoroalkanes

studied), we assume that DL/M'(Dr/Mu. This assumption
has been approximately verified in drift velocity measure-

±10% except when one is considerably smaller than the ments in these sases"
other. Note that for CF,, a/N= i/NatE/IN = 140 X 10-- " Using the literature values for Dr/M in CF, and
V cm2 and under these circumstances, R. is a linear function C2F, 23.25.32 and making the assumption that D. /Iu = Dr 'U
of NYd (Fig. 3), and the parameter (2R. - 1)/Nd is inde- a4EIN values above (E/IN),, [i.e.. theE/Vvalueat which

i1= ar/N; (E/N),., z 40x 10 V cm forCF4 and
(E/N),. =275SX 10- " V cm-' for C.F.], the largest cor-

3a rection to a /N in CF,,occurs at E IN 200 x 10 - "V cm:
-.- *-and is + 3%7; in CF, it occurs at EIN =400x 10'

M V cm2, and it is also + 3%. At E/INvalues below (E/N,,
if D,1/u = D r/p, then the largest corrections to rr I oc -
cur at the peak values of '7r/N and are - 201 for CF, and

-3% for C*F, The actual corrections are considerably less
Z 4hthan this as DL. I/ will be much less than D,, M in this region.

Z/ l~Vc 2  At E/IN values near (E /),n the diffusion corrections to
4 ar/N and yIr/N are negligible.

a OOIn general there is good agreement between the present
C 0-- - - measurements and those obtained previously using both

C SST- -2 and time-of-flight (TOF)- t techniques. althouah
Z we believe that the uncertaintv in our results is considerab!
~. L 140less than that obtained using conventional SST techniques.

..... .... ... ..... . At E/N values > 200\ 10-"V cm-.,ou attaichmnentrnea-

0.5 _____________ vious measurements, especially for C.F,. We ha% c obcr% ej

100 I significant secondary ionization processes ait the larger Nd
values for CF, at E/N> 100\ 10' V em'and for C.F, at

00 E /N > 200,< 10 V cm- SecondarN electron production
00 05 a 5 20 as 30 was also observed at large E.'Nand.%d %alues in recent etc,:-

4d (0 cm-) tron attachment and ionization coefficient measurements in
FIG. 4 Apparent values of the electron attachment coefficient r?,. at E CH,.' but in contrast to that study where photoelectron
N-~ tOO. 1O "and 140. 10 - vcm: (oisybl)thelcrnin- pouinatheahdewshpredominant eeto
zAtion coefficient a/N at EX proucio at- the' sathod waso, thaeecrd

(a- )/Nat all E/.V valuesI open symbols i for CF,calculated using Eq% production mechanism, positive ion bombardment of the
(1)and (41 in comparison with the experimental values obtained from the cathode appears to be the major mechanism in !he presertr
experimental voltage ratios using these equations, study. As we hate noted earlier for CH,, "' the disagreement

J Chn'i Phys Vol 86 No 2. 15 .January 1987
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TABLE 1. Electron attachment and ionization coefficients in CF4 and C2F6 as a function of E/N.

CF, C2 F6

E/N ,,rlN ar/N Total 37r/N ar/N Total

(10- V cm') ( Is0- cm") uncertainty' (10"m
2 ) uncertainty'

20 0.0010 ± 0.0001
22 0.0027 ± 0.0001 0.0009 ± 0.000 04

25 0.0134 ±0.0003 0.0082 ± 0.000 2
27 0.0264 ± 0.000 8

30 0.093 ± 0.003 0.099 ± 0.004
35 0.306 ± 0.012 0.49 ± 0.01
40 0.636 ±0.015 1.40 ± 0.04

45 1.05 ±0.03 2.82 +0.06
50 1.48 *0.03 4.61 ± 0.08

55 1.92 *0.04

60 2.38 ±0.08 8.7 ± 0.2
70 3.10 ±0.07 12.7 ± 0.3

80 3.64 0.11 -:0.03 16.2 ± 0.2

90 4.08 0.32 ±0.05 18.8 _ 0.3

300 4.36 0.44 ± 0.05 20.9 ± 0.4

110 4.50 1.10 ±0.03
120 4.52 2.08 ± 0.05 23.6 = 0.3

140 4.45 4.45 ± 0.05 24.5 0.6 = 0.4

160 4.23 7.37 ±0.06 24.3 1.0 +0.4

180 4.11 10.7 ± 0.05 23.3 3.2 0.4

200 3.77 14.7 ±- 0.08 22.0 5.7 - 0.4

225 19.9 9.9 - 0.4

250 18.1 13.6 -0.4

275 17.5 17.5 - 0.8

300 16.4 21.1 -0.7

325 16.0 25.0 - 0.7

350 15.6 29.4 = 0.7

375 15.0 35.0 0.9

400 13.6 40.4 -- 0.9

This is the uncertainty in each of the coefficients.

La *u

S UIlMOZUWA et al (196) £ e P• EWt MEASUREM(
1. L1AKSOHIARASI11111A at .117)A NAIDU and PRASAD (197) CF
0 A IMAASIMA at1 (197'3) 9 SOWINMK and PANOV (1 1) A
. WDgU ad PRuASAD (19M) x /411 A
7 ORTNIK and PAJ4OV (1rn) a 0ZI1 and GOODYEAR (1968)

.a 8 0O11 and GOODYEAR (19()m66 )

" CFN C

m N // N 3 5 A
oa 0 ?A1 and PRASAD (197)

g a. SR 1O2UILA et &I (196) DOIKadPA4V(9)0
0 LAKeMImARASim A at I (1h7) 3 + atnach.

*LAKSHIIARASIMNA ot &1 (1973) 6 0OI n GOYA 1M
WDVJ~t and PRASAD (1172)4

a * e 3 2a n R .d N and PAsoa ( o$ AID n, .n
O 301 and GOODYEAR as GR

O CF
- ,

At La 7T

0* AAn

E1?4 (10Or V cm 2 ) 0 o o401)

FIG 5 Present measurements of the diffusion -modified electron attach. E/N ((Q0-V V Cm)
ment coefficient iy/. and diffusion-modified ionization coefficient arliX% FIG. 6. Present measuremntls of the diffusion-moditied electronl attach-

Asa function of E. V for CF, in comparison with the measurements of Shi. meiit coefficient , ;.% and the diffusion-modified ionization coefficient
mozumea , Ref 30). Lakshminarasimha eta. (Refs. Sand 29), Naidu tz1 . V asa function ofE N% for CF, in comparison %%;th therneasurement,
and Prasad (Ref 32). Dorinik and Panov (Ref. 31 . and Bo~zin and of Naidu and Prasad iRef. 32). Bortnik and Pano% Ret .,I ). and Boznn
Goodyear ,Ref' 5 and Goodyear (Ref. 5 S
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698 Hunter, Carter, and Chnstoplorou: Electron attachment in CF,

between the present and the previous electron attachment the drift gap was fixed. We have used the aT/N values of
measurements may be due to the neglect of this secondary Naidu and Prasad" for C3F, and n-C4 Fo (which we assume
electron production process in the analysis of the current are independent of gas pressure) as initial estimates to fit to
growth curves in previous SST measurements of the electron the experimental voltage ratios. The ar/N measurements of
attachment and ionization processes in these gases. The time Naidu and Prasad3" for CF, and C2F, are in good agreement
resolution afforded by the present PT method enabled us to with our present measurements (Figs. 5 and 6). The electron
clearly identify and account for the primary positive and attachment and ionization coefficient measurements are not
negative ion and secondary electron production mecha- as unique as for CF4 and C2F6 using this procedure, although
nisms. a certain degree of confidence can be obtained for the mea-

surements by noting that at high gas pressures, the experi-

B. CFs and n-C4Flo mental waveforms are nearly those for the dominant process

In contrast to CF, and C2F, the electron attachment as mentioned above [i.e., for 7//N below (E/N)1,. and for

coefficients for C3Fa and n-C 4Fto depend on gas pressure, ar/N above (E/N)m ]. This can be shown from Eq. (2)

particularly for n-C 4 F1 0 (Figs. 7 and 8). We have previously assuming longitudinal diffusion is negligible; when 77/

shown that electron attachment to CF4 and CF 6 is dissocia- N> a/N, then at large values of Nd, R, - i7d. Conversely.

tive in nature (and, consequently, independent of gas pres- when a/N > 71/N, then as Nd- o, R , - ad. At low gas pres-

sure) ,34,36.37 whereas at room temperature electron attach- sures the attachment measurements are very sensitive to the

ment to C 3F s and n-C 4 Fo is largely due to nondissociative assumed E/N dependence of the electron ionization coeffi-

parent anion formation.6 -3
8.3 The autodetachment lifetimes cient near the onset. The E/:V dependence of the electron

of the parent anions are sufficiently short (10-" to attachment coefficient can be established at high Nd values

10- 8 S)36-38 that the rate of stabilization of the parent anion where R, =77d, and the electron ionization coefficient can be

is dependent on the gas pressure over the pressure range of adjusted to give the correct E /N dependence to 77/.V at low

the present measurements (0.05%P<20 kPa). Under these gas pressures.

conditions we are unable to obtain unique values for atr/N The diffusion correction to a r/N using the literature
and 7,/N above the ionization threshold (below this values of Dr/l for C 3Fg and n-C4Flo 32 is the largest at the

threshold, the t7r/N measurements for C3F and n-C 4Fto highest E /N values (i.e.,E/N= 400X 10-1 V cm:). being

are as accurate as those obtained for CF. and CF 6 ) because + 2% for both molecules at all gas pressures studied. The

the present measurements were made in a chamber where

42 P .. . p rEASURMA 

36 GAS WU and PRASAD (17M)

PRESET WZSURMENTSPESR (kPa)' RAAC and

a I)DU and PUA.AD (IM7) a /Z . (

* oRMm and CRAGGS (19M) 4

,. ... . - -.0
2.5 AI SBn-C 4 F1 0

b 0

ft . .... " X " ".
2.0 * /46

00S

Las

@0 05

o (t0 V 
0miA 

5/N 
"O

-', C3F8

EINt (z10 '

FIG. 7. Present measurements of the diffusion-modified electron attach- FIG 8 Present measurements of the diffusion-modtfied electron attach.
ment coefficient ,lr/.V and the diffusion-modified ionization coefficient ment coefficient Pr, N and the diffusion-modified ionizaton coefficient

O r/.V asa function of E/.v and gas pressure for C,F, in companson with ar,V asa function ofE /.'and gas pressure for n.CF in comparison th
the measurements of Naidu and Prasad (Ref. 32) and Moruzz and Craggs the measurements of Natdu and Prasad ,Ref 3:) and Razzak and
f Ref. 3). The dashed line is the resultant attachment coefficient when the Goodyear IRet. t) The dashed line is the resultant attachment cefflcient
present measurements are extrapolated to infinite gas pressure using the when the present measurements are extrapolated to tinre p.s prresure
method of analysis given in the text. using the method of analysts given in the text.
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correction is considerably smaller than this value at lower
E/N values (E/N< 360X 10- 17 V cm2 ) above (E/N)h..
At E/N values below (E/N),., assuming that '-. (,/M)3
Dr = D,//, the largest correction to ilr/N at the highest ..
gas pressure used is -2% for C3F at E/N= 140 x 10- 17  Y .e-G-6-G-V.t.-- (17/N)d

V cml and - 4% for n-C 4F,atE/IN = 120 x 10O'7V cm 2. o
The actual correction to 7T/N for these molecules will be
smaller than these values for the same reasons outlined
above.

IV. ANALYSIS AND DISCUSSION Z

A. Electron attachment reaction mechanisms - opM s-Ms CF6

The pressure dependent electron attachment coefficient ci.osM sYmos --C41rto
measurements for CFs and n-C 4 Fo given in Figs. 7 and 8,
respectively, can be explained by a reaction scheme where an
electron can either be captured into an attractive negative
ion state (with a positive electron affinity) which can lead to
the formation of parent negative ions or into one or more _ __, ___ ___

repulsive negative ion states which can lead to the formation 0 E/- (
- v e2) 4

of fragment anions. The pressure independent electron at-
tachment measurements for CF, and CF, (Figs. 1 and 2, FIG. 9. The dissociative electron attachment coefficient (/.A"), and the

respectively) are solely the result of dissociative electron at- nondissociative electron attachment coefficient (r/.V), for CF and

tachment processes leading to fragment anion formation. If n.C,F as a function of EI/ obtained using the analysis given in the text.

the bound and unbound negative ion states of the perfluor-
oalkane molecules do not internally convert, then the mea-
sured electron attachment coefficient (ti/N)_, can be ex- however, that the magnitude of the dissociative and nondis-

pressed as38  sociative electron attachment components were approxi-
mately equal at high mean electron energies ((e0 > 3 eV),

+ (5) whereas in the present study (i7/N)d is considerably larger
NN [(f6I)+ I than (it/N), at high E/N values [e.g., at E/

where (7/N)d is the dissociative electron attachment corn- N= 400X 10- V cm, ( 1/.N)(1 7/N). =3]. The diffe--
ponent, (tj/N). is the nondissociative electron attachment ences in the relative dissociative to nondissociative negative
component which is dependent on N, and f = v.. lk 3.. The ion production ratios observed for these two types of experi-
ratio v 2./k3. is called the critical number density N ,,36 ment are due to differences in the pressure ranges over which
where the rate of autodetachment of the excited negative ion the present and previous measurements have oeen per-
is equal to the rate of collisional stabilization. From Eq. (5), formed.4 36 ,31 In the extreme case of single collision negative
when N-O, (i7/N)., - (77/N)d (i.e., only dissociative elec- ion production cross section measurements where very low
tron attachment processes are observed). Conversely, when gas pressures are employed (P < 0.1 Pa), only dissociative
N- a, (7/N), -( 7/N)d + (77/N), (i.e., all parent and electron attachment fragment anions and long-lived (r> I
fragment anions are observed assuming that collisional de- us) parent anions are observable.3" The lifetimes of the par-
tachment of PFA-* is negligible). ent anions of C:F, are very much smaller than this (-, < 10-'

A nonlinear least squares fitting routine' has been ap- 5 6'"), and, consequently. no parent anions from CF are
plied to the electron attachment measurements as a function detected in this type of experiment.3 " In contrast, the elec-
of N for C3F, and n-C 4 Fo to determine the linear coeffi- tron attachment rate constant measurements were per-
cients (717/N)d and (71/N). and the nonlinear parameter 0 formed in a high pressure buffer gas (P< 1.3 MPa). and
in Eq. (5). The dissociative and nondissociative electron at- nearly all the short-lived parent anions from C,F, are stabi-
tachment coefficients calculated for C3F, and n-C4F,o using lized in collisions with the buffer gas at these gas pres-
this method are shown in Fig. 9, and the total electron at- sures.' 3

' The present measurements are performed over a
tachment coefficients (i.e., ( 71/N), + ( 7 /N), ] for C3 F, pressure range intermediate between these two extremes
and n-C.Fo are given by the dashed curves in Figs. 7 and 8. (0.05<P<20 kPa), and only a small fraction (which be-
respectively, comes smaller the higher the E /N value since the autode-

For C3Fs at low E/N values (E/N< l00x 10 - 17 tachment lifetime decreases with increasing electron ener-
V cm-) [and hence low mean electron energies ( < 2 eV ) ] gy) of the transient parent anions were stabilized.
parent anion formation is the predominant negative ion pro- Electron attachment to n-CoF, is predominantly by
duction mechanism, but it is rapidly eclipsed at higher E /N parent anion formation over the entire E /.V range of the
values by the dissociative electron attachment component. present measurements. These observations have also been
This observation is in agreement with our recent electron verified in recent electron attachment rate constant mea-
attachment rate constant measurements in C3 F, as a func- surements in n-CF,,, where the rate constant for parent an-
tion of gas temperature.'" These measurements indicated, ion formation was observed to be approximately ten times

J. Chem. Phys., Vol. 86,. No. 2.15 January 1987

~~ . . . V . . . .K.



700 Hunter, Cater, and Chnstophorou: Electron attachnt in CF.

greater than that for nondissociative electron attachment at
room temperature.' The parent anion production rate con-
stant has also been found to decrease, and the dissociative 0
electron attachment rate constant has been found to increase f
with increasing gas temperature Tabove T=400 K." Simi-
lar variations in the ratio of dissociative to nondissociative .f

electron attachment with gas temperature were also ob-
served in CjFa.

36

ZF

B. Electron attachment rate constants

The dissociative electron attachment rate constants 1-

k. (ii/N),w [obtained from the present electron attach- 0 n-C4 F10 P --

ment coefficient measurements (given in Figs. 5and 6) and v io --- 0

using recent electron drift velocity measurements in these a

gases"' ] are plotted in Fig. 10 for CF4 and C2F6 along with "
the total electron attachment rate constant measurements
(k. when N- oo) for C3F$ and n-C,Fo. The magnitude of
the peak in k. for CF. is in good agreement with that ob- Z
tained in the previous high pressure electron attachment rate
constant study,36 but that of the peaks in k. of the larger
PFA molecules fall significantly below those obtained in the
previous study.-' In addition to the problem mentioned 1
above of the low stabilizing efficiency for the transient par- 102
ent anions at the low gas pressures of the present experi- E/N (V cm )
ments for C3 F, and n-CF o (which is the reason why the k. FIG. 10. The electron attachment rate constant k, for CF,, C.F.. C F.. and
values for C3Fa are equal to or smaller than those for C2F6 in n-C.F,o plotted as a function of E/.V. obtained from the present electron
contrast to the high pressure rate constant measure- attachment coefficient measurements and the electron drift velocity values

ments3 ), recent studies have shown that when the electron given in Ref. 47. The k. values for CF. and n-C,F,o have been obtained

attachment process in a gas or gas mixture is large, then the from the attachment coefficient measurements extrapolated to infinite gas
pressure using the procedure outlined in the text.

electron energy distribution function f(e.E/N) can be sig-
nificantly altered by the loss of electrons due to the electron
attaching process.'' Physically, f (eE IN) can be deplet-
ed over a given energy range when the electron attachment gas pressure at which the measurements were performed.
collision frequency v. is comparable in magnitude to the The electron attachment collision frequency for CF, is sig-
electron energy transfer collision frequency y, ." In the high nificantly smaller than for the other PFA molecules, and as a
pressure electron attachment rate constant measurements,3 6  result, the k. values measured by the two techniques are very
the concentration of the attaching gas in the buffer gas is so similar. However, for C'F, v is large in comparison with
low ( :5 1 part in 100) such that v. < v, for all the PFA mole- v,, and the k, values near the peak in the present measure-
cules, and f(e,E/N) is unperturbed by the addition of the ments (i.e.. at E/N200\ 10 V cm ) are z 6Wc lower
attaching gas. Under these circumstances, the f(E.E/.V) than those obtained in the high pressure swarm expert-
functions for the gas mixture can be calculated using a Boltz- ments 36

.
' at mean electron energies near the peak in the k-.

mann equation analysis enabling the mean electron energy values (i.e.. (E) 3.5 eV). For the pure electron attaching
(e) to be obtained as a function of E/N from the known molecules studied in the present work. the f 1e.E . func-
elastic and inelastic scattering cross sections of the buffer tions are unknown, but the electron attachment and toniza-
gas. By applying a swarm unfolding procedure. the total tion coefficients measured in these experiments, in conjunc-
electron attachment cross section can be uniquely obtained tion with the electron attachment and electron ionization
for the attaching gas using the known f(e,E/.V) functions cross sections determined from the high pressure electron
of the buffer gas. 3" " attachment rate constant measurements and single collision

In contrast, the present electron attachment measure- electron ionization studies, can be used to determine the elas-
ments were performed with pure gas and for the larger PFA tic and inelastic loss processes in these molecules. In this
molecules, v. can become significant with respect to v,. sense, the electron attachment measurements made in the
Large reductions in f(E,E/N) can occur over the energy pure gas and in the high pressure rate constant expenments
range where the electron attachment cross sections o,, (e) are complementary by allowing further insights into the
are large under these circumstances." This will then lead to electron scattenIng processes in these gases than could be
significant reductions in the k, values in the pure gas in com- obtained from either experiment separatel.
parison with those obtained in a high pressure buffer gas. The thermal electron attachment rate constants ,
This effect can be clearly seen in the k. measurements for (at gas temperature T = 300 K) ha% e been estimated trom
CF, andC.F, where electron attachment to these molecules the present measurements and are g; .n in Table II in corn-
is purel) dissociative and, consequently, unaffected by the parison with pre%ious %alues.''' Fo - CF, and C.F,. the
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TA.'LE Il. Thermal electron attachment rate constants and limiting electric field strengh for the perfiuoroalkanes CF. F CF. CF,, and s-CF,,

Thermal attachment Lmutun electnc
rate constant (T- 300K) Ied strength

(k.),. (cm's - ' )  (E/N),. (lO-"V cm:)

Peiuoroslkane Present Previous Present Previous
molecule values values values values

CF4  <0-'" < 0- " 140 137.' 138.' 149,
d 143' 140'

<10- 1" 141,' 151'
<3 x 0-'

C2F6 < 10-6 < 10- 'Is 275 277.' 277.' 277'
< 10- '"' 275.' 285'
< .6X 10-"'

CF, S3X 10-13 LIX to- " 295-330' 302-313.' 308'
< 10- Is@ 360.6 353, 320-346'
< 1.2x t0- "' 331-353'

n-C.F,o 4X 10-" 4x 10- " 265-380 327-332.' 346-393*
9.6x 10-'" 472.' 392-4670

* Reference 36.
'Reference 32. Obtained from low pressure electron attachment and ionization coelicient measurements.
'Reference 5. Obtained from low pressure electron attachment and ionization coefficient measurements.
'Reference 31. Obtained from low pressure electron attachment and ionization coefficent measurements.
I References 21 and 29. Obtained from low pressure electron attachment and ionization coeMcient measurements.
rReference 30. Obtained from low pressure electron attachment and ionization coefficient measurements.
' Reference S2.
'Reference 7. High voltage breakdown measurements. P - 66.6 kPa.
'Reference S. High voltage breakdown measurements. P - 150 kPa.
' Reference 53.
'These were the values obtained over the limited pressure range (0.05 c P< 2 k-Pa) of the present measurements. If it were possible to measure a N and

rlr/N at higher gas pressures, then the present (E/N),. values would have overlapped the experimental high voltage breakdown measurements
'Reference 3. Obtained from low pressure electron attachment and ionization coefficient measurements.
'Reference 10. High voltage breakdown measurements, P - 10-210 kPs.
"Reference 13. High voltage breakdown measurements. P - 27-285 kPt
° Reference 6. Obtained from low pressure electron attachment and ionization coefficient measurements
PReference 13. High voltage breakdown measurements. P - 3-160 kPs.

(k,), values are negligibly small, and only upper limits of effective ionization coefficient (3/.V = a/N - i /N) for the
< 10 - 6 cm 3 s-  can be placed on these coefficients using PFA molecules over the E /.V range above and below the E /
the present technique. These limits are consistent with our V value when Z/.V=0. and these values are plotted in Fig.
previous high pressure rate constant upper limits,36 and with 11. The limiting E /.N value of an electronegative gas
the previous literature values.. 2'. 3 The true (k. ),h values for (E /.V),. is defined as the E/.Vvalue when N/ = 0, and in
CF, and n-C,Fo are very difficult to measure accurately the absence of significant secondary electron loss or gain
due to the likely presence of thermal electron attaching im- processes (e.g., secondary ionization processes. collisional
purities in these gases. An upper limit of (k. ),h : 3 x 10-"I detachment. etc.). (E .V), can also be equated with the
cm 3 S- 'for CF, has been obtained in the present measure- uniform field high voltage breakdown field strength of the
ments, which is significantly lower than our previous value 6  gas.
as we have used a "cleaner" gas sample for the present mea- The ./N values where E'. = 0 for CF, and C.F, are
surements. The present and previous 6 (k, )t, values for given in Table II and are in excellent agreement with pre-
n-CFo are in excellent agreement [ (k. ),, = 4x 10 -"I vious (E/.V),,_ values obtained from ionization and attach-
cm] s-'], but our present values of (k.),h for CF and ment coefficient measurements -' : and high %oltage
n-C.F, are significantly larger than a previous estimate of breakdown field strength measurements." "' The electron
these coefficients." It is possible that even after careful puri- attachment coefficients and, hence. (E .') ,, %alues for
fying and impurity analysis of these gases, our samples still CF, and n-CF,, are dependent on gas pressure orer the
contained traces of a strongly thermal electron attaching im- pressure range of the present measurements and cannot be
purity. The possible presence of such impurities does not directly compared with the high voltage breakdown mea-
affect the electron attachment measurements at higher elec- surements which are usually obtained at atmosphenc gas
tron energies. pressures. The present (E/.N),,, measurements for CF.

and n-C F,, are in good agreement with the previous ioniza-
tion and attachment coefficient determinations of

C. Effective Ionization coefficients and high voltage (E'.N),,,. where these measurements have been performed
breakdown field strengths over a similar gas pressure range "'" The 'alues of

The electron attachment and ionization coefficient mea- (E/.V),,,,, obtained from the high voltage breakdon field
surements given in Figs. 5 to 8 have been used to obtain the strength measurements at the lower gas pressure also over-
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Variation of the electron attachment to n-C4F1 o with temperature
P. G. Datskos" and L G. Christophoroue
Atomc. Moleur. and High Voltage Physis Group. Health and Safety Resarch Divusol Oak Ridge
Natdowg LaboratorM Oak Ridge, Tennessee 37831

(Received 19 September 1986; accepted 10 November 1986)

The total electron attachment rate constant k. ((e)) for n-C4F, has been measured using an
electron swarm technique in the mean electron energy. (e), range 0.76 to 4.81 eV and over the
temperature, T, range 300 to 750 K. The measured k. ((e),T) and the total electron
attachment cross section o (eT) determined from these by unfolding are reported. The
k. ((e)) first decrease slowly with Tbetween 300 and 400 K. then decrease precipitously
between 400 and - 500 K, and subsequently increase for T> 500 K. The overall variation of
k. with T depends on (e). From the measured dependence of k. ((e)) on the total gas number
density and T we determined the contribution of dissociative and nondissociative attachment
to k. as a function of (e); the contribution of nondissociative attachment decreases with T and
the contribution of dissociative attachment increases with T. The ratio R,,, of the dissociative
to the total electron attachment is small at low (E and T, but it increases with both (E) and T
and reaches unity for T> 500 K and (e) > 1.7 eV. These results are discussed in relation to
similar earlier work on C2F6 and C3F..

I. INTRODUCTION capture by the hot molecule is accompanied by geometrical

The study of electron attachment to hot (vibrationally/ changes.
rotationally excited) molecules is of practical, as well as ba- In this paper we report the results of a high pressure

sic, significance. ' Vibrational and (to a lesser extent) rota- electron swarm study on the variation of the dissociative and

tional excitation affects the magnitude and the energy de- the nondiiciative electron attachment to n-C, with

pendence of the cross section for electron attachment (see, temperature. The normal perfluoroalkanes with three or

for example. Refs. 2-10). As a rule" for molecules, AX, for more carbon atoms have been found earlier ' ""' -t 3 to attach

which only dissociative attachment processes occur, the ef- electrons both dissociatively and nondissociatively, with

fect of Ton the cross section q, = o, p of the reaction both processes extending over a wide range, and with the
latter process decreasing as E increases. Electron beam stud-
ies"' 2 have shown that the parent anion of n-C.,F, ise+AX "-AX-0 -A+X- (1)

-A A A) formed at low energies (it has an onset at -0.0 eV and a

is an increase in Ga.; in reaction (1) o, r" - , and p' are, peak at -0.6 eV) and is long lived (the "apparent" mean

respectively, the capture cross section to produce AX - *, the autodetachment lifetime at the peak of the resonance was

rate of autodetachment of AX -*, and the probability of found to be -21 /s)." 2 Fragment anions (C.,F;, CF?-.

AX to decay into A + X -. The increase in a,. with T C2F., CFT, and F-) were detected whose relative cross

results mainly from an increase in p' with T which itself sections exhibited maxima around 3.0 eV and thresholds

results from a decrease with increasing T of the separation ranging from - 1 to 2.2 eV; the predominant fragment anion

time of A and X-. For molecules AX with purely nondisso- was F- with a cross section maximum at 2.65 eV and an
onset at 1.6 eV. 12 On the other hand, electron swarm stud-

ciative attachment, the effect of Tis a decrease of G., ies" have shown that both dissociative and nondissociative
increasing electron attachment processes are present and that the lat-

e + AX (2) ter-while predominant at low energies ( < 1 eV)---extends
- A to () > 5.0 eV. The parent anion contribution was found to

which results from a decrease in p and/or o, as T increases be much larger than indicated by the electron beam studies.

In those cases where dissociative and nondissociative elec- This is understood because in the swarm study transient an-
tron attachment processes take place concurrently over a ions with lifetimes in the range 106 to 10- " s are stabilized

given energy range a, the mode of electron attachment (dis- and detected, while in the time-of-flight mass spectrometric
sociative or nondissociative) itself varies with both c and T study' " transient anions with lifetimes shorter than 10- ' s

(see Refs. 7 and 8 and this work). It appears' that for both go undetected.
dissociative and nondissociative attachment the effect of T Based on the above studies, therefore, n-CF,o has a

bound low-lying negative ion state whose potential energy% ~~~~on o,, or o,, is small. except in those cases where electron cuvhaamimmbeotatftenurl.aetcl

attachment energy of - 0.6 eV. and rises rather steeply in the

Also. Department of Physics. The University of Tennessee. Knoxville. Franck-Condon region. In addition. n-CF,o possesses one
Tennessee 37996. or more repulsive negative ion states at higher energies

i- ''.;'"/,:7 ;'/""'-" "- .. ':' ',... , .;.;.". , .- ,./ .''.;'.".'..-,":".;....'..'.. .'..%':'."..-......-.....--..--.'
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which can lead to fragment anions. Both dissociative and 30 n-C 4 FI0 IN Ar
nondissociative electron attachment processes occur over a (a) Na- 0
common and wide energy range. 25 T=300 K

The present study demonstrates that the mode-disso- k .
ciative or nondissociative--of electron attachment to
n-C 4 F,o is a function of T and e. It also demonstrates-by
comparing the results of the present study with those of simi- E
lar earlier work on C2F6 and CF,-that this dependence is a .

strong function of the molecular size for this series of com- 2 -3)

pounds. 4 to

II. EXPERIMENTAL 5 80s
S 066

The experimental procedure and apparatus employed in z
the present study have been previously described." The ex- 0 o
periments were performed using Ar as the buffer gas which C 3
was of Matheson ultrahigh purity (99.999%). Before use,
the Ar gas was cooled to liquid nitrogen temperatures to - (b) T400 K
freeze out condensible impurities. The vapor from this cold Z

gas was extracted at temperatures just above the Ar boiling :
point. The n-C.F,o sample used was obtained from PCR/ U 20 kt

SCM Specialty Chemicals with a stated purity of 99%. This
gas was subjected to several vacuum distillation cycles prior .3 1.
to the measurements to remove air from the sample. The 4
total gas number density, N,, was in the range 2.25 to 0
12.88 X 10 cm and the N. of the attaching gas was var-
ied, depending on the temperature, from 4.25 to 13.52 X 10'
cm - at 300 K, where the magnitude of the attachment rate
constant was the highest and from 4.69 to 98.12 X 10" cm -'
at 500 K, where the magnitude of k. was the lowest. The 0
ratio N IN, of the attaching gas number density to the total 0-5 10 1,5 2.0 2.5 10 3.5 4.0 5 5

MEAN ELECTRON ENERGY. (c (eV)

FIG. 2. Total electron attachment rate constant k. (for N - 0) for m-
3' C.Flo as a function of the mean electron energy (e) and total gas number

9 I19-3 desityN, at (a) T - 300 X and (b) T - 400 K. The broken curve sho-s
E n-C 4 FI0 N Ar N -  the rate constant k, for N, -0.

T =350 K (Cx.v)

gas number density varied from 0.33 to 12.47 x 10- ' At
z .. L37 * * *-each T, measurements were made over a wtde range of E.v

~ (density- reduced electric field) corresponding to a mean
0 . . electron energy (c), in the range 0.63 to 4.81 eV. The mea-... ..... sured electron attachment rate constants k. ( ( , ) and the

S ....... "..buffer gas electron energy distribution functions f(e. (e)
"-0 were used to calculate" the total electron attachment cross

section or. (f.T). The f(e,(e)) and the electron drift veloc-

ity w(E/N) for Ar at T above room temperature were as-
90 - .- 0.o'e suined to be those at room temperature since for the E,.N
9 range employed, the pr-eponderance of the electrons ha'.e

energies far in excess of thermal.
(The possible sources of error in the measurement of the

0 7 "-- .k. ((E)) have been discussed in Ref. 13 The total uncertain-
0 ty in the measurement ofk. ((e)) at 300 K was estimated"

raz _ _ ,__,_,_, _,to be 5% to 7%. At higher temperatures it is somewhat larg-
.. o 1 2 3 er ( -6% to 8%)' due to the uncertainty in determining the

RATIO Na/Nt(10 - ) temperature. [Chromel-alumel-type KX thermocoupleswere used' which were accurate wtthin 2.2 "C ( ± 0.75% ,( .1

FIG. I. Total electron attachment rate constant k. for n-C.F,, as a function Tee use' i n w r acc r). w t s 2.2 *n t =

o(the ratio of the atachingga number deaity.V, to the total gas number The uncertainty in k. ((0). however, is larger in the T

density N, for several values of the meart electron energy (E) T - 350 K range where the k. (()) decreases precipitously with T (see
and N, - 966 x O' cm') results in Sec. II).
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Ill. RESULTS findings (see later this section) reflect the fact that as T in-

A. Electron attachment rate constants k. (<a>, T) as a creases the measured k. (( )) is increasingly dominated by

function of <e> and T the contribution of the dissociative attachment processes
which is N, independent. However, in the T region where

The total electron attachment rate constant, k. (E IN) there is a large contribution from the nondissociative attach-

or k. ((W)), for n-C.F,o has been measured at 300, 350, 400, ment process, the effect ofN, on k. ((c)) is large; it is larger

450, 500, 600,675, and 750 K. Although the number density the higher the (e) and T because the lifetimes of the tran-

N, of n.C 4 Fo is - 106 times smaller than the total gas num- sient anions decrease with both () and T (see Refs. 6, 9, 13,
ber density N,, it was felt that even this small a quantity of n- and Sec. IV). This is clearly seen from the data in Fig. 2. At
C.F,o in Ar could change the f (4, (e)) for the mixture com- low (e), the k. (() ) is almost independent of N, because

pared with those for the pure buffer gas. For this reason, at the lower the (e), the longer lived the parent negative ions
each value of Tand (e), the k. was measured at a fixed N, as are; at 0.6eV the parent anions were found to have an appar-
a function of N.. From a plot of k. ((c),T) vs N./N, the ent mean autodetachment lifetime of -21 ps.'" Thus, the
values ofko ((c),T) forN. - 0 were determined by extrapo- absence of a density dependence of k. is not suggestive of an
lation. These are considered to be the rates that would be absence of parent anions but rather that the anions produced
measured had f (e, (E)) been characteristic of pure Ar and are longer lived so that for the N, used they are completely
are the values used in subsequent discussions and analyses. stabilized.
A typical set of k. vs N./N, plots is shown in Fig. I for From sets of data such as in Fig. 2, the value k,((e)) of

T = 350 K, N, = 9.66X 10" cm - , and (e) in the range k. (()) for N, - oo were determined at each T. These val-
0.876 to 1.67 eV; the lower the (c) (the closer the electron ues are shown in Fig. 2 by the broken curves and are listed in

energies are to the Ramsauer-Townsend minimum of Ar), Table I. They are also plotted in Fig. 3 (a) for T = 300, 350,
the larger the effect. 400, 450, and 500 K. In Fig. 3 (b) the k, (()) for T = 600,

As a previous room temperature study has shown,' 3 the 675, and 750 K are plotted, but since al these temperatures
k. ((f)) for n-C.Fo increases with N,. In the present study the attachment is entirely dissociative, these rate constants
we found that k. ((E)) increases with N, for T5 450 K. At are equal to the measured k. ((e)) at any N,. The broken

500 K, the k. ((c)) was found to increase with N, only for curves in Fig. 3(b) for 300, 400, and 500 K are only the
() S 1.5 eV and to be independent of N, at higher values of dissociative attachment component of the rate constant at
(c). For T> 500 K, k. ((W)) was independent ofN,. These these temperatures. Clearly, the total attachment rate con-

TABLE I. Total electron attachment rate constants k, for n-CF,,Ft in Ar.

k,( 0-' cm
' s-)

(e) w T(K)
E /N T - 300 K T- 300 K

(t 10' V cm) (ev) (1Ocm s
-
') 300 350 400 450 500 600 675 750

0.621 0.634 1.44 3.50 3.60 4.55 0.30
0.777 0.702 1.53 4.60 4.70 5.61 1.40 046
0.932 0.764 1.61 6.00 6.09 6.60 1.95 0.62
1,09 0.822 1.68 7.50 7.58 7.80 2.35 0.74 0.90 1.57 2.75
1.24 0.876 1.75 9.05 9.14 9.11 2.90 0.88 1.10 200 3 60
1.55 0.976 1.87 12.10 12.30 11.70 3.92 1.22 L75 3.05 5.20
186 1.068 1.95 15.00 15.10 13.80 4.97 1.54 2.40 390 6.50
2.17 1.15 2.03 17.65 17.60 15.50 5.85 1 89 2.95 4 85 1 80
2.49 1.23 2.10 19.60 19.60 17.60 6.71 2.29 350 560 8.60
3.11 137 2.22 22.30 22.30 19.70 8.01 2.82 430 675 (000
373 1.50 2.33 23.72 23.50 21.00 901 3.41 5.10 7 59 II 00
466 1,67 2.46 2475 24.40 21 81 982 397 590 830 I1 ?0
5.28 1,77 2.54 2480 2445 2188 1001 420 6.2

_  
860 11 Q5

621 1 92 2.64 24.30 23.9 2151 9Q8 440 665 8.85 1205
7, 77 2.14 2.79 2300 -2.55 20.25 925 4 6.4 680 890 11 85

932 233 292 2175 2125 1903 8.57 456 675 8'! 11 50
1097 252 104 20.55 20.19 1800 796 4 3 655 840 1100
12.4 269 314 1946 1908 1695 '48 444 631 807 105
155 300 333 1750 1721 15.25 6.61 420 590 '45 0so
186 329 349 1595 1555 1370 598 394 55 0 695 Q 08
21 7 355 363 1480 1431 I. 51 545 3 1 5.20 6 k .A50
249 380 376 1369 1330 1141 501 349 400 610 8 0
27. 403 388 1288 1248 30 475 333 465 5s0
311 4126 399 1200 1165 1001 451 3(6 445 550

34. 443 418 1152 (1 16 960 435 3D- 430 30

373 458 438 igI 10'1 30 425 299 4-0 , 18
404 471 462 1083 105A2 OM 415 294 4(2 -10
435 481 490 'I 1038 888 410 292 408



P G. Datskos and L. G. Christophorou: Electron attachment to n-CF,. 1985

30 - I0I

(a) n-C 4 F1 0 IN Ar :(0-150 ev n-C4 F10 IN Ar :'c)-214 cv

25300K

to(a) (b0 400 K_____

'o0 .O l0 ______
z

E 2 10" (a) (b)

00-

7--0K ,tO 600 6002 00 400 600 800
z

to TEMPERATURE. T(K)

6,75 K FIG. 4. Total electron attachment rate constant k, (for No - 0. N, -

/for i,-C.F,o, as s function of temperature Tand the mean electron energies
. 00K (e). 1.50. 2.14 2.52. and 2.69eV

I-.'

'ii.*..*tive attachment, show that the linearly rising portion of

W 2 &-... (c).. (d)

W 300 - " log 20 0or T > 500 K is due to dissociative attachment pro-

0 .. ________________ cesses. The data on log k ( (e)) for T> 500 K in plots such
0 O .5 0 s 3 540 45 as in Fig. 4 were fitted to a straight line and extrapolated to

MEAN ELECTRON ENERGY, ( ) (eV) 300 K. In this way the dissociative (kc ) and the nondisso-

ciative (ko ),,, (shaded areas in Fig. 4), components of k, at
FIG. 3. The total electron attachment rate constant k, (for N. - , each (E) and T were determined [see Sec. IV for another

, - ®) forn-CFoasa functonofmeanelectronenergif (e) at (a) 300, way to determine (ko) and (k ,ad which gave results con-
350. 400, 450, Wnd 500 K and (b) 600, 675. and 750 K. The 300,400, and
5003K curves .b) are the dissociative attachment components (kr)o of
the total rate constant k4 at these temperatures.

n-C 4 F05 N Ar 30 3V

stant initially decreases with Tabore ambient temperatures Fi. 4,0 V

and then increases. As was found earlier9 for Cnt F (see dis- each (e T e

cussion in Sec. IV), the decrease ofk( (e)) with T is due to t d (k , a

the decrease with T of the nondissociative part of the attach- '.
met, and the increase with T is due to the increase with Tof /
the dissociative attachment component; the contribution of s' b

the latter process increases with increasing Tand dominat 2
for T 500K. As a result of the delicate temperature depen- ev .c380 tV

dencies of the dissoiative and nondissociative contributions
to the total attachment rate onstant, the position of the 7maximum of k ((e)) changs little with increases in T as e

long as the nondissociative contribution is large, and it shifts

to lower energy with increasing T when the dissociative at- ,o . 1-."'

tachment contribution predominates (see Fig. 3).
These delicate effects of Tton k, ((e)) and the relative ) ()

contribution to k1 ( ()) of the dissociative and the nondisso- c r t ,

ciative processes are further illustrated by the data in Fig. 4, Tth)

where k1 is plotted as a function of T for four values of (e).At high T ( ( 500 K) the logarithm of ki((e) increases FIG. S. The electron attachment rate constn (k*) and (k.). of
wNd-CF, due, respectively, to dssociatilve and nondsscaatse electron at.linearly .tachment as a fuction of the temperature Tat the mean electron enedgtes

pled with earlier knowledge 2ec on the effect of Ton dissocia- (). I 50, 2.14, 2.69. and 38 0 eV

I Chem. Phys.. vol. 86, No 4, 15 Feonjary 1987
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' (.i 300 K
30 S K

n-C4rlO IN Ar 1400 K

25 4
450K

I 00

4i.00KK3

o5 3 , . . ..

A(b) EN K
zI

09 /675 K
zU 2 X600 K

,500 K

z (j400 K

0 450K K a50. /300 K

t 0.5 LO 1.5 ZOtS 30 3.54.0 4A 50 0 _ __ __J_ _

MEAN ELECTRON ENERGY, (c) (eV) 0 2 4 a
ELECTRON ENERGY. c (eV) a

FIG. 6. Electron attachment rate constant (k. ),, for n-C.F,, due to non-
dissocitive attachment as a function of the mean electron energy at 300, FIG. 7. The swarm unfolded total electron attachment cross sections a. WE
350. 400, and 450 K. for x-C.F% obtained using the ki((e)) in At shown in Fig. 3 at (a) 300.

350. 400,450. and 500 K and (b) 600,.675. and 750 K. The 300. 350, 400.
and 500 K curves (b) are the dissociative attachment cross sections
(t., (e) at these temperatures. In Fig. 7(b) is plotted also the total rela-

sistent with the extrapolation method]. Ezamples of the tive cros section measured in an electron beam experiment (Ref. 12)
variation of(k. ), and (k. ).d with T determined in this way (curve B) which has been normalized to the peak ofthe (4. ) at 3 50 K
are shown in Fig. 5 for four values of (e). In Fig. 6, the (seethetext).

(k. ), is shown for 300,350,400, and 450 K. The dramatic
decrease of (k. ).d ((e)) with T is but apparent.

B. Swarm unfolded cross sections

The total electron attachment rate constants k,((e)) in n-C 4 F10 IN Ar

Fig. 3(a) (300<T<500 K) were unfolded, and the total
electron attachment cross sections o* (E,T) obtained are
shown in Fig. 7(a). They decrease in magnitude with in- 3 0--3 T 30

creasing Tbecause in this temperature range, o (eT) con- SU
tains a large contribution (which decreases as T increases) >

from a nondissociative attachment process. Very interest- .0

ingly, however, the a. (t,T) peaks at progressively higher :.. -'0

(e) in this temperature range reflecting the depletion of the ' ,, eW , FWHM E

parent and the preponderance of the fragment anions as T z
increases. -

The total k,((e)) for 600, 675, and 750 K in Fig. 3(b) .@

were similarly unfolded, and the resultant cross sections are
shown in Fig. 7(b). Clearly, at these temperatures the at- a (a)' d(Cmax)
tachment cross section increases with Tand-as is indicated
by the data in Fig. 4-it is entirely due to dissociative attach-
ment. Also shown in Fig. 7(b) are the dissociative attach- 0 3ee s01 ae0
ment cross sections (a. ), (e) for 300,400, and 500 K which TEMPERATURE T(K)
were obtained by unfolding only the (k. ), ((e)) component FIG. S. Variation of the peak energy ,_, full width at half-maximum.
ofk,((e)). The behavior of (o.), (Li,T) for n-C.F,o is con- FWHM. and peak value , ofthe toial dissociative electron at.

sistent with that of the (a. )d (e T) of other molecules with tachment cross vection of n-C,F,. with temperature
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TABLE I. Valum ofFWHM.E,,..ad (a.), (e-,.) for the (0.),(M) of (e, ), and the magnitude of (a.), (f,T') at 4E.. on tem-
.CoF,. perature.

r FWHM IThe curve B in Fig. 7(b) is the total (for all fragment

M F ) Ic,. (Y),C-), .. anions) (o ) (e) for n.CFo as measured in a single colli-

sion beam experiment 2 normalized to the swarm unfolded

300 1.20 2.85 6.00 (a. ),() at T= 350 K.
350 1.23 2.76 6.50
400 1.26 2.72 9.44
450 1.30 2.60 9.70
50 1.36 2.55 11.65 IV. DISCUSSION
600 1.50 2.40 15.20
675 1.55 2.30 20.32 A. Variation of the dissociative and nondissoclattve
750 1.60 2.20 2&.00 electron attachment processes In n-C.F 19 with electron

energy and temperature

As discussed in Sec. 1, earlier electron swarm and elec-
purely dissociative attachment processes- 7: its magnitude tron beam studies indicated that low-energy electron attach-
and width increase and its peak energy position e.,. and ment to n-C.F,o can be described by electron attachment to
onset shift to lower energies with increasing T. In Fig. 8 (see an attractive negative ion state leading to parent anions and

also Table II) are shown the observed dependencies of the to repulsive higher-lying negative ion states leading to frag-

full width at half-maximum, the peak energy position ment anions, viz.,

V,2 .1 n-CF1 0 + e' , (3a)

n3  CF;+ C,.,Fo-,, (3b)

n-CF,0 + e
k-F~ + , n-C,F, + e' (3c)

n-C,F~o

k n-CFI + energy. (3d)

The n-CFe" produced by electron capture into disso- attachment processes increases, and l/k. vs I/N, is no long-

ciativenegativeion state(s) (NISs) with a rate constant k, er linear. As expected, this latter type of behavior becomes

decays by autodetachment [process (3a) 1 with a rate con- more pronounced the higher the value of T [ compare data in

stant vi or dissociates with a rate constant v, to form nega- Figs. 9 (a) and 9(b) 1, since the dissociative attachment con-

tive ion and neutral fragments. The n-CF " produced by tnbution increases with T. If at a given value of T the rate

electron capture into the nondissociative (bound) NIS with constant (k, ), due to the dissociative attachment is sub-

a rate constant, k 1,,, either decays by autodetachment with tracted from the measured total attachment rate constant k.

a rate constant, v.m (average lifetime, r. ) or is stabilized by and the inverse of the resultant nondissociative rate constant

collision with another species (in the present experiment in (k. ,). is plotted as a function of I/N,, a linear relationship

collision with an Ar atom) with a rate constant. kN,, to is indeed obtained. This is clearly seen from Fig. 10, where

form a stable parent anion, n-C.F- (process (3d) 1. If the the (k.)-' values for 450 K [determined from the respec-

bound and unbound NISs do not internally convert to each tive I/k, data in Fig 9 (b) I are plotted as a function of I /N,.

other, the measured total k. ((e)) can be expressed---on the It should be pointed out that the (k, ), and (k, ),

basis of processes (3a) to (3d)--by components of k, can be obtained-as in an earlier study'-

kNk by applying a nonlinear least squares fit to Eq. (4) (see Fig.
k. -,,-k,+kid k (4) ll.curvefor450K). Furthermore, whenV, - (i.e., when

v 2 , + V, v,, + kN, all parent and fragment anions are detected), Eq. (4) leads

If the contribution to k. from dissociative attachment is neg- to
ligible, I/k, [ 1 /(k, ).d I would vary linearly with I/N,,
viz., V 3  + kr nk, (6)

I Vv + Vu,-t (5)
(k ).d k. k 1 k) N, and when N, - 0 (i.e., when only the dissociative attach-

This relationship is indeed obeyed (Fig. 9(a) for ment fragment anions are detected), it leads to
T- 300 K and (e) S 1.50 eV (i.e., under conditions for
which nondissociative electron attachment predominates). k. - k , ) - (k, )( 7)
However, as (e) increases, the contribution of dissociative V, + vU

J Ch*- PhyS. Vol, 6. No 4.15 FeOruary 1907
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n- C4F10 IN Ar (a) n-CgF1o IN Ar
U Na --- w0 (C) evt 5W0K.

329

3.00

123.

L.37

2 400 K
a _ _ _ __ _ _ _ __ _ _0 350 K

T-45 K (b) (C) eV

24 0 1 a 3 5 £

3.00 MEAN ELECTRON ENERGY. (C) (eV)

2.69
a 252 FIG. 11. The ratio A4 , of the dissociative to the total electron attachment

2.33 rate consant for is-C,,Fjo as a function of the mean electron energy (e) at
2.14 300. 350 4M045M and 500 K. The data poinsx for the 450K are the
1.92 valuso(Rt,,((e)) calculated by a nonlinear least squares At to Eq. (4).

14 The ratio of Eqs. (7) and (6) give the ratio Ad,', of the
2 ~dissociative to the total attachment rate constant. In Fig. I1I

R,,, is plotted as a function of (e) for 300,350,400,450, and
10 500 K; at low (e) and T the contribution of dissociative

0 1 2 3 4 3 6 attachment to the total is small, but it rapidly increases as
I/ Nt (10 2cm3 ) both (e) and T increase. This type of behavior is both a

result of the (e) dependencies of (k. ) and (k. ).d and of
FIG. 9. 1I1k. vs I/IN, for a-.F,* inArua (a) 300KXand Mb 430 K (sethe
text).

uO n-CJ10IN10

n-o n-C4 F IN Ar e
10 -C4 F1 0 2IN Ar(ae 300 K

'~ 8 -.. 2.9 _a 400 K
S T-450 K a .450 K2.52 A

702.33

2.14 ra * a * as0* e
0 LA A

50a ,

0 1 2 3 4 510 MEAN ELECTRON ENERGY, rN(eV)
0 1 a 3 4 5 a

/ -20 3 FIG. t2. Lower limits to the average apparent autodetschmeint liiieine
INt (10 cm )of 'i-C.F,;* in the lowest bound negative ion state as a function of the mean

FIG 10> Wik.). vs I/NV, for a-.*,. in Ar at 450 K (see the text) electron energy Or) in Ar at 300. 400. and 450 K,
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the opposite effect of Ton (k. )d (increasing with T) and T=300 K c2re T=400 K C2 6
(k. ), (decreasing with T). 10 . . ..

B. Estimates of the "autodetachment" lifetime of oa -~ 0 C31F8

n-C,F,'o In the lowest (bound) NIS -106 C3F8

The observed linear dependence of [ (k. ), ((e),T) ]' "

on N,- ' allows an estimate of the autodetachment lifetime 04

r. of n-C,Fi" produced via the lowest (bound) NIS as a o Co lo0 /
function of (e) and T. From Eq. (5) and linear plots such as (a) . (b)>

in Fig. 10 we obtained l/k, d and v 2./k,In k3 at various 00

values of (E) and T. T=450 K oc2F T=500 K •C21

As discussed earlier,"-. the ratio v2,./k 3 gives the gas 0
number density N, at which the rate of autodetachment of C3V8

n-C,F-* is equal to the rate of stabilization of n-CF '* by oa / C0

collision with Ar, i.e., o6 P ..

-2.d kA. ~(8) 04n 01

An estimate of kN, can be obtained from'''
5  /

02

U2,=' = 1.948 x 10' (c) (d)
_____ (M

2  l.48 00 11L

p 2irpto -kea/ N, o a 3 4 0 1 o 3 4 5
(9) MEAN ELECTRON ENERGY, Kr) (eV)

where r, is the stabilization time, a the static polarizability
ofAr( = 1.64x 10-"2cmI),t andp the probability ofstabi- FIG. 14. Comparison ofthe ratio R,,, ofthe dissociative to the total attach-
lization of n-C4 F "* in each collision with an Ar atom which ment rate constant for CF. CF,. and n-C.F,o as a function of the meanelectron energy (E). at 300, 400. 450. and 500 K.
is assumed to be independent of the capture electron's ener-

gy; Eq. (9) was derived on the assumption that the cross
section for the collision between C.F-* and Ar is given by
the classical Langevin expression.'t ment probability with increasing (e) (and 7). Since, how-

Using Eq. (9) and the slopes and intercepts we obtained ever, the values of rt (see Fig. 12) at -0.5eV are <l0-s
from a linear least squares fit to Eq. (5), we estimated lower while electron beam experiments indicated r values > 10- '

limits for -r at 300, 400, and 450 K. These are plotted in Fig. s at this energy,' 2 it seems that in the latter experiments only

12 as a function of (e). While the meaning of these "life- a small fraction of the parent anions formed is detected, per-
times" is unclear [at each value of (e) due to the broad haps only those formed at lower (near zero) energies whose

f (e, (e)) one probes parent anions with a wide range ofr'], r. is longer. Consistent with this is the fact that in the swarm

they, nonetheless, demonstrate the increase in autodetach- experiments at (e) < 1 eV the parent anion intensity far ex-
ceeds that of the fragments, while the opposite is true in the
electron beam study.

n-C,4110 IN A?
c2rs IN Ar C. Effect of temperature on the nondissoclative and

' - •c 2ra IN A, ~dissociative electron attachment to n-C4Fo

to' t o'[ . Both the nondissociative and the dissociative electron
- attachment to n-C.F,0 are affected by T. The rate constant

.... (k ),d decreases and the (k. ) increases with T. The de-

,O)-LS- (a (()Z4" 0v (b) crease of (k. )a with T observed in this study of n-CFo is
0 10 attributed to the increase with T of the autodetachment

U iO iOrate" constant, v2,,, as is indicated by the data in Fig. 12
and also to the decrease in a, with T as is indicated by the
decrease of k,,, (see Figs. 9 and 10) with increasing T. The

o ooincrease in (k. ) with T is attributed (as in earlier stud-
-l * [ Z-' '"ies 2 ), to mainly the increase in the rate constant v3 for

vibrationally excited n-CF,o molecules.
(')' 0 *V (c) I (eo)-',°0 . ,* , (d)

o'- 10 0( D. Effect of temperature on the electron attachment to
20 400 0 a000 O4 600 110 the perfluoroalkanes CF0, C0, and n-CFIO

TEMPERATURE. T(K)

FIG. 13. Comparnuo of the electron attachment rate constants k, (for The present measurements on k,(T) for n-CF,0 are
N.- O.N, - c) forCF.. CFF., and n-C.F,o0 a function ofthe tempera. compared in Fig. 13 with those for C:F, (Ref. 8) and CF,
ture Tat the mean electron energies (€), 1.50, 2.14. 2.52. and 300 eV (Ref. 9) for four values of (e). The delicate dependence ofk,

J. Chem. Phys.. Vol 86. No. 4,15 February 1987
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on both T and (e) depends on the size of the molecules, DE-AC05-840R21400 with Martin Marietta Energy Sys-
which apparently determines the relative contributions of tens, Inc.
the dissociative and nondissociative processes. Thus, for 'Seeforexample. LO.ChristophorouandS.&iR.Hunter, inElectron-Mol-
C2F6 for which only dissociative attachment occurs, the ecu Intemactions and Their Applications, edited by L. G. Christophorou
log k, increases monotonically (actually linearly) with Tat (Acaeic, New York, 1984). Vol. 2 Chap. 5.

'B. M. Smirnov, Negatie Ions (McGraw-HiUL New York. 1982).any (e). For C3Fi for which both dissociative and nondisso- 3H. S. W. Mosey. Negative low (Cambridge University, London. 1976).
ciative attachment processes occur, log[k I ((e))] first de- *T. F. O'Malley, Phys. Rev. 155, 59 (1967).

creases slowly and then precipitously with increasing Tup to 5J. N. Bardsley and . M. Wadenk,. Phys. Rev. 20, 1398 (2979); J. Chem.
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