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To aid the many and diverse applications for which perfluoropropagls) @& suited,
we critically evaluate and synthesize existing knowledge on electron scattering and elec-
tron energy-loss processes for theg=gmolecule, and provide recommendations for the
most reliable data. We also draw attention to electron-interaction data that are not pres-
ently available, but are needed for modeling the behavior ;@ practical uses,
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1. Introduction

Perfluoropropane ({5) is a plasma processing g4s. It
is a replacement for chlorofluorocarbons because it is not
harmful to stratospheric ozone. However, like other similar
compoundge.g., Ch, and GF) it is a global warming gas.
Its global warming potential over a 100-year period is 7000
compared to that of COtaken equal to one and its lifetime
in the stratosphere is 2600 yedr8y comparison, the re-
spective global warming potentials of €&nd GFg are 6500
and 9200, and the respective lifetimes 50 000 and 10 000
years™® (see Roehlet al!? for infrared band intensities of
CsFg and other perfluorinated compounds in relation to their
global warming potentia)s Besides plasma processing, per-
fluoropropane is suitable for other applications. It has good
thermal and chemical stability, low toxicity, relatively high
vapor pressure, and is transparent to light from the infrared
region down to about 1300 A. The magnitude and enéogy
E/N, density-reduced electric fieldiependence of its elec-
tron attachment rate constant and electron drift velocity
make it suitable for possible use in externally sustained dif-
fuse discharge switchés;® especially as the electronega-
tive component in mixtures with buffer gases such as Ar and
CH,.'" Because of its high dielectric strength, it may find
uses as a high voltage insulating §&s®
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TaBLE 1. Definition of symbols

Symbol Definition Common scale and units
aa\) Photoabsorption cross section Hm?

) Total electron scattering cross section 10 % cn?; 1002 m?

om(e) Momentum transfer cross sectidelastio 10 % cn?; 10020 m?

Tei(€) Differential elastic electron scattering cross section 10 ¥ cmPsrd; 1020 m2sr?
Tein€) Integral elastic electron scattering cross section 10" % cm?;, 10020 m?
Tyibiit(€) Differential vibrational excitation cross section 10 ¥ cmPsrt 10020 m2sr?
Tibinel{€) Total vibrational inelastic electron scattering cross section 10 ¥ cn?; 10020 m?

i parl(€) Partial ionization cross section 10 ¥ cn?; 10020 m?

ai(e) Total ionization cross section 10 ¥ cn?;, 10020 m?

Tgiss (€) Total dissociation cross section 107 cn?; 1072 m?

oad€) Total electron attachment cross section 10Y cn?; 107 % m?

OgalE) Total dissociative attachment cross section 10 Y en?; 1002 m?

alN Density-reduced ionization coefficient 1% n?

(@—n)IN Effective ionization coefficient 1072 m2

(E/N)jim Limiting value of E/N 10721 v m?

7IN Density-reduced electron attachment coefficient ~&on?

Kat Total electron attachment rate constant oo st

(Kadth Thermal total electron attachment rate constant “ems?

w Electron drift velocity 16cmst?

Dilu Transverse electron diffusion coefficient to electron mobility ratio \

W Average energy to produce an electron—ion pair eV

To aid the many and diverse applications for whicfF£  ensure that each selected data set is equally weighted in the
is suited, in this paper we review and critically evaluate ex-final fit regardless of the number of points in the original
isting knowledge on electron scattering and electron energydata. The recommended data set is then derived by a com-
loss processes for this molecule and draw attention to datiined WLS fit to all of the data, and is presented in tabular
that are not presently available, but are needed for modelingnd graphical format. When the above criteria are not satis-
the behavior of gy in practical uses, especially plasma pro- fied, we either make no recommendation or “suggest” cer-
cessing. tain data in the absence of recommended values.

As in the previous review papers in this sef&s2*a num- The cross sections and rate coefficients that are discussed
ber of collision cross sections, coefficients, and rate constania this paper are based on independently evaluated data.
are used in this work to quantify various processes whiciThey are not model dependent. They are useful as known
result from the collisions of low-energy electrons with the inputs to modeling codes, but they do not necessarily consti-
C5Fg molecule. These are defined in Table 1 along with thetute a “complete set” for such computations.
corresponding symbols and units.

When possible, “recommended” cross sections and trans- .
port coefficients are given using the same criteria and proce- 2. Electronic and Molecular Structure
dure discussed in Christophoret al?* As in the previous
four papers of this seriés;2*the recommended values are  The GFs molecule is nonpolar. Beran and Kevame-
derived from fits to the most reliable data that are available aported the values of 732610 25 94.0<10 2° and 64.7
the time of preparation of the article and are not necessarily 10~ 2° cn® for the static polarizability of gFg depending
“final.” The reliability of each set of data is determined by on the method of calculation they used. The absence of
the following criteria:(i) data are published in peer reviewed electron—electric dipole scattering has a rather profound ef-
literature; (i) no evidence of unaddressed errofifi;)) data fect on the electron scattering cross section at low energies
are absolute determination@gy) multiple data sets are con- (<1 eV) in comparison to polar gases, as can be seen from
sistent with one another over ranges of overlap within comthe data on the total electron scattering cross section pre-
bined stated uncertainties; afg in regions where both ex- sented later in the paper.
perimentally and theoretically derived data exist, the A rather limited number of photoelectron and photoab-
experimental data are preferred. In instances where only sorption studies have been made for this molecule. In a mass
single set of reliable data for a given cross section or coeffispectrometric study of the photoionization of ;Rg,
cient satisfies the above-mentioned criteria, that set is desidNoutary’® found no parent positive £ ions. He deter-
nated as recommended and is tabulated as originally pubmined photoionization thresholds for the production of
lished. In cases where two or more data sets satisfy th€F;, C,F2 , and CE which are listed in Table 2. Rokih
selection criteria, each selected data set is analyzed by reported an overall value of the photoionization onset equal
weighted-least-square@VLS) fit, with the resulting data to 13.70 eV based on photoelectron spectra. From studies on
having an equal spacing of points. This is done in order tdhe photoelectron spectra of the perfluoroalkane molecules,

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



892 L. G. CHRISTOPHOROU AND J. K. OLTHOFF

TABLE 2. lonization threshold energies fokRg (10.42 eVj. The value of the absorption cross section at this
— wavelength is~6.6x 1022 . _
threshold(eV) lon Method Ref. Absolute oscillator strength spectra fogFg in the C 1s
(280-340 eV and F 1s (680-740 eV regions have been
13.38 Photoelectron spectroscopy 29 determined by Ishiet al3! from inner-shell electron energy-
ig:z?l?tro.oz CFte Photoionization 2276 loss spectra using 2.5 keV energy electrons and scattering
13.32+0.02 CF: Photoionization 26 angles less than 2°. These investigators also measured the
13.22+0.02 CF; Photoionization 26  electron transmission spectrum ofFg and found negative
13.3+0.1 Electron impact 33 ion resonances at 3.34 and 6.00 eV. They attributed these to
23.5 F Electron impact 49 &* molecular orbitals, since the molecule is saturated and
gé:g gg gg the resonances are located well below the region in which the
13.4+0.1° CF; Electron impact 79  lowest Feshbach resonances are expected. The values they
14.65 49 measured are in reasonable agreement with those determined
14.4 30 from electron attachment, electron scattering, and vibrational
14.70 77 excitation cross section experimer{f&able 3; also, Sec. 6
gi o CF! Electron impact 339 later in the paper The energy positions of the neg_ative ion _
14.4 35 resonances as determined from electron scattering experi-
13.9+0.1° CF: Electron impact 79 ments should lie at somewhat higher energy than the energy
15.25 49 positions determined from dissociative electron attachment
15.3 30 studies due to the effects of autodetachment on the competi-
ig'io " - Electron impact 3?9 tion between dissociation and autodetachment. From the data
165 s 49 in Table 3, it can be concluded that there are at least three
17.6 77 negative ion states for thesk; molecule at about 3.5, 6.4,
17.° 30 and 9.0 eV(these values are the averages of the electron
155 35  scattering and electron transmission data in TableTBeir
“Reaction identified as £+ hy— CF7 +F+e. effects are prominently shown in the cross sections for elec-
PUse was made of the retarding potential differe@@®D) method to im-  tron scattering from the {5 molecule at energies below
prove the electron beam energy resolution. about 10 eV(Sec. 3.

°No RPD was used; inferior electron beam energy resolution.

4possibly high due to poor electron beam energy resolution, Perfluoropropane is an electron attaching gas. It forms dis-

sociative attachment fragment anions via a number of reso-

nances lying mostly in the energy range 2—7 eV, and, in

addition, it forms parent negative ions via a low lying nega-
he concluded that the uppermost molecular orbisl®s) in  tive jon state which is attractive and which although short-
these systems are C-&-MOs and that for gFg the transi-  Jived (lifetime <107 1°s) can be stabilized via collisions in
tions from these MOs tos3orbitals(B band$ can be seen as high-pressure experimentéThe most abundant dissociative
weak excitations at 9.51 eV. The absorption spectrum of thgttachment fragment negative ion is.Anteresting tempera-
C4Fg molecule has been measured byiddgeret al”®inthe  tyre dependencies have been obsel&ivhich show that
gas phase for pressures varying from 13.3 to 66.7 Pa. This ise production of parent anions decred$esd the produc-
reprOduced in Flg 1. It is structureless and peaks at 1190 :ﬁon of fragment anions increa§é§3 with increasing gas
temperature.

There is evidence for direct vibrational excitation at low
energies €1 eV) and strong indirect vibrational excitation
via resonances in the energy range of about 2—10 eV. Similar
6r 1 to the case of CJand GFg, excitation of GFg to any elec-

I tronic or ionic state results in fragmentatithand conse-

€ 5 i guently, the measured dissociation cross section {6 &
q ab ] the sum of the cross sections for all these processes. The
2 most abundant fragment positive ion is TF°
2 9 1
£ Ll 1 3. Electron Scattering
1 L In this section information is presented and discussed on
) S S ] the following cross sections: total electron scattering cross
115 120 125 130 135 sectionog (€), momentum transfer cross secti¢elastio
A (nm) om(e), differential elastic electron scattering cross section
oedir(€), integral elastic electron scattering cross section
Fic. 1. Photoabsorption spectrum offg (from Bdangeret al, Ref. 39. oeinf€), differential vibrational excitation cross section

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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TasLE 3. Energies of negative ion states offg

Energy position(eV) Type of study Reference
3.9 Total electron scattering 36
6.6
9.0

~3 Maximum in calculatedr(s) 40
3.2 Peaks in the differential 37
6.5 vibrational electron scattering
9.0 cross section

22

~45 Broad peak in the calculated 240

vibrational inelastic scattering
cross section

3.34 Electron transmission 31
6.00
14 Sk scavenger technigtie 41
~2.0
~4.0
2.8 Maximum in total dissociative 33
electron attachment cross
section
3.3 Maximum in total dissociative 77
electron attachment cross
section
2.95 Position of dissociative 32
attachment maximufh
3.15+0.1(for F) Dissociative attachment 78
3.65+0.1(for CF;)
2.9+0.1(forF) Dissociative attachment 71
3.2+0.1 (for GF3)

3.3£0.1(for C,F3)
3.4+0.1(for CF;)
3.75+0.1 (for GF;)

aAttributed by the authors to shape resonances.

bThe peak in the calculated vibrational inelastic electron scattering cross sectidheV could be attributed

to direct vibrational excitation.

This is, in essence, a threshold electron excitation techr(gpe Ref. 42 The peaks at 1.4 and at 2.0 eV are

in conflict with the rest of the data listed in the table and may reflect the fact that some of the scattered
electrons which were picked up by gt form the SE detected might have been due to direct electron
scattering via vibrational excitation rather than scattering from resonances.

“The figure given in the table is for 300 K. The position of the resonance decreases with increasing temperature
(see Ref. 32 and Sec. 6.6

ovibqif(€), and vibrational inelastic electron scattering cross
sectiono i, inel(€). The data for all these cross sections are e ———
meager, mostly single-set measurements or calculations. The 401 1
calculated data are especially uncertain. g (e) the ]
cross section data of Sanalginal*® are recommended. The
cross section data of Shinoharat al®"3® for o (e),
oedif(€), andogj{e) are suggested.

A recent set of cross sections obtained by Jeon and
Nakamurd® based upon multi-term Boltzmann code calcula- :
tions compared with measurements they made of the electron ¢ 20

30 7

(@) (102 m?)

swarm drift velocities and the product of gas number density ~ © I
and longitudinal electron diffusion coefficient inskg—Ar [ ]
mixtures are preliminary and are not presented in this paper. 10F .
3.1. Total Electron Scattering Cross Section, 0.01 0.1 1 10
O (€) Electron Energy (eV)

In Fig. 2 are shown the total electron scattering cross seGs . Total electron scatterin

i s of S gl 36 g cross section, (), for C3Fg (Mmeasure-
10N Measurements or sana@aal.

To our knowledge this  ments of Sanabiat al, Ref. 36.

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



894 L. G. CHRISTOPHOROU AND J. K. OLTHOFF

set of measurements is the only one available to date. N&?BLE 4. Recommended total electron scattering cross seafigr{), for
calculated values of this quantity have been reported. Th&"s

cross section has a shoulder at about 0.8 eV, and three gqqq, sels) Energy sels)
maxima at about 3.9, 6.6, and 9.0 eV. These maxima are due (ev) (1002 m?) (eVv) (1002 m?)
to indirect electron scattering via the negative ion states of
CsFg at these energies, as has also been indicated by other 0025 243 0-90 223
3rg gies, as has . _ y 0.030 9.98 1.0 22.4
studies(Table 3. Theo (&) in Fig. 2 declines for energies 0.035 10.4 15 23.1
below about 0.8 eV as the electron energy approaches zero 0.040 10.9 2.0 24.5
due probably to the presence of a Ramsauer—Townsend 0.050 116 2.5 27.6
minimum at these low energies. The calculations of Pirgov 8'838 122 2(5) 3411';
and Stefanot? indicate such a minimum in the momentum 4 4g9 13.3 4.0 35.4
transfer cross section () at about 0.07 eMSec. 3.2. 0.090 13.7 5.0 34.0
The existence of a Ramsauer—Townsend minimum would be 0.10 14.2 6.0 36.0
consistent with the behavior ofy. () for CF, and GFs and 0.15 16.1 7.0 37.0
would imply thatog.{€) for CsFg should increase as the g'gg i;? 3'8 z;'g
electron energy approaches 0 eV. 030 195 100 378
The region between 0.2 and 2 eV shows an enhancement 0.35 20.1 12.5 33.3
in the scattering cross section which may be due to direct 0.40 205 15.0 33.0
vibrational excitation. This would be consistent with the  0-20 21.2 20.0 35.9
: o . . 0.60 21.6 25.0 37.5
peak around 0.7 eV in the vibrational inelastic electron scat- 0.70 219 30.0 38.2

tering cross section calculated by Pirgov and Stef&hov 0.80 221 32.0 38,5
(Sec. 3.6. It would also be consistent with the broad fea-
tures of the threshold-electron excitation spectrum gffgC
reported by Lifshitz and Grajowét. In this threshold elec-
tron excitation techniqu& SF; is mixed with GFg and the
SF; current is monitored as a function of the electron en-
ergy. The Sk ions are presumed to be formed by capture of
thermal(or near thermal energyelectrons generated in col-  There has been one unpublished, experimental determina-
lisions of fast electrons with £ which have lost “all” of  tion of the momentum transfer cross sectian,(¢), for
their energy to excitation of the molecule. The yield o;SF C,F, based on differential elastic electron scattering cross
versus electron energy then should exhibit maxima at enekection measurements for this molectié®*® Shinohara
gies corresponding to the positions of the negative ion statest al3’ determined their momentum transfer cross sections
of C4Fs, since electrons having kinetic energies equal to thérom the differential elastic electron scattering cross sections
resonance energies can lose all of their energy in a singlthey measuredsee Fig. 4 in Sec. 3.8after extrapolation to
collision and be slowed down to “zero” energy where they the full angle range by modified phase-shift fitting. Their
are captured efficiently by @Fforming SF . The Sk data(provided by Professor Tanakaare plotted in Fig. 3.
threshold electron excitation spectrum reported by Lifshitz This experimentally based cross section is compared with
and Grajowef showed a “narrow resonance” at 1.4 eV and the momentum transfer cross section for théOnolecule
a broad peak with maximum intensity at2 eV (it also in-  calculated by Pirgov and Stefan®VThe calculations are
dicated a weak enhancement-a# eV). It would seem that Boltzmann type and are based on measured values of the
since no other technique showed a resonance at 1.4 eV, tldectron drift velocity,w, and transverse electron diffusion
observation of Lifshitz and Grajower may reflect the fact thatcoefficient to mobility ratioD/u as a function ofE/N in
some of the scattered electrons which were picked up Ry SFure GFg and in mixtures of GFg with argon. Pirgov and
might have been due to direct electron scattering due to viStefanov used thev and D+/x of Naidu and Praséd for
brational excitation rather than indirect scattering from resopure GFg in the range 27810 21-600x 102 V m?, and
nances. This would be consistent with the results of Sanabitne data of Hunteet al!® for pure GFg in the range 0.1
et al3® which indicate direct vibrational excitation below 2 X 10 2*-200x 10 2*V m2 They also used thev data of
eV, and with the low-lying maximum in the calculaf@d Hunter et al!® for mixtures of GFg with Ar or CH, and
ovibinel(€) (Sec. 3.6. This, in turn, may indicate that experi- dissociative electron attachment cross section gz CFor
ments which rely on threshold-electron detection for the lothe elastic momentum transfer cross section of argon they
cation of negative ion states of molecules may be in erroused the data of Miloyet al#® and Spencer and Phelfys.
when the negative ion states are located in an energy randgesides the distinct minimum in the momentum transfer
where thermal electrons are also produced efficiently by ineross section at about 0.07 eV, thg,(e) values of Pirgov
elastic scattering via nonresonant processes. and Stefanov show a maximum at about 3 eV due to negative
The cross sections of Sanatsinal *° are listed in Table 4 ion resonances. The position of the maximum at 3 eV com-
as our recommended data for the total scattering cross separes well with other data on electron scattering and electron
tion of CsFs. attachmentsee Table B

3Measurements of Sanabé al, Ref. 36.

3.2. Momentum Transfer Cross Section
(Elastic ), o, (€)
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Fic. 3. Momentum transfer cross sectit@lastio, o,,(g), for CsFg (O) Refs. 37 and 38(0) Ref. 48;(---) Ref. 40. The solid lind—) is the total electron
scattering cross sectiong. (&), from Fig. 2, plotted here for comparison purposes.

There has also been an independent model calculation @foss sectiong gif(e), of the GFg molecule as measured
om(e) within the Born approximation by Rilegt al*® The by Shinoharat al="*for incident electron energies ranging
results of this calculation cover the energy range from 1 to §om 2 to 100 eV and for scattering angles between 30° and
keV. As seen from Fig. 3, these calculated high-energy val130°. They determined the absolute values of the elastic dif-
ues ofoy(e) are consistent with the measurements of Shierential electron scattering cross sections by reference to
noharaet al*" and help establish the high energy asymptoticinose of helium. Figure 4 also shows similar unpublished

values oforp,. _ _ data of Merz and Linde® These were made at lower values
‘The to?:[gl_l electron scattering cross sectio{s) of Sana- ot the incident electron enerd®.4—8.2 eV. A final analysis
bia et al™ is also shown in Fig. 3 for comparison purposes. ¢ ihese data to calculate valuesaf(e) ando, in{e), as in
The difference betweea; () ando,(e) below 3 eV may o cases of GFand GF,, has not yet been bompleted by
reflect the effect of the vibrational excitation cross section.,vIerZ and Lindef® However, the overall agreement between

. . . 37 .
We list in Table 5 the data of Shinohagtal>’ from Fig. 3 these two measurements of, gx(2) is reasonable for the
as our suggested values for thg(e) of CsFg. overlapping energies :

3.3. Differential Elastic Electron Scattering Cross
Section, o i (€)

Figure 4 shows the differential elastic electron scattering . .
3.4. Integral Elastic Electron Scattering Cross

Section, o (&)
TaBLE 5. Momentum transfefelastig cross sectiong (), for CiFg @

Shinoharaet al2"® extrapolated the differential elastic

Energy om(e) Energy om(e) electron scattering cross sections they measured in the scat-
(ev) (1002 m?) (ev) (1002 m?) . o o o ° ;
tering angle range 20° and 130° to 0° and 180°. By modi-
15 18.2 10.0 41.0 fied phase-shift fitting and by proper integration they deter-
2.0 17.5 12.0 38.3 mined the integral elastic electron scattering cross sections
3.0 21.9 150 358 plotted in Fig. 5. These data fot, ;,(c) are listed in Table 6
4.0 26.7 20.0 31.8 '
5.0 33.0 250 270 as our_suggested values. _
6.5 35.2 30.0 23.6 In Fig. 5 are also shown the high ener@y-8 keV) cal-
8.0 38.7 60.0 16.7 culated values of . j,(€). These are independent model cal-
9.0 41.3 100.0 10.5 culation result® within the Born approximation. They pro-
Data of Shinoharat al, Refs. 37 and 38. vide high-energy asymptotic limit values for j ().
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Fic. 4. Differential elastic electron scattering cross sectiogyir(e), for CsFg: () Experimental data of Shinohara and co-workers, Refs. 37 an¢@88;
Experimental data of Merz and Linder, Ref. 48r phase-shift analysis fits to such data, see Ref. 44

3.5. Differential Vibrational Excitation Cross and a peak at about 0.7 eV. The former feature is consistent
Section, oy gifr (£) with the data in Fig. 5 and the shift to higher energy of the
) ) _inelastic cross section compared to the peak in the momen-
Figure 6 shows the energy dependence of the differentia},,, transfer cross section. As noted in Sec. 3.1. the latter
vibrational excitation cross sectiom, ii(e) for the unre- oo re(the peak at 0.7 eMnight be due to direct vibrational
solved composite modes at 0'1603733\é for a 60° scattering,itation since no resonance states have been predicted or
angle as measured by Shinohateal.”"*"The cross section  ,pserved in this low-energy range. It could explain certain

shows peaks at 3.2, 6.5, 9.0, and 22 eV, which the authorg a4y res in the threshold electron excitation spectrumy6; C
attributed to shape resonances. The positions of the first threg)sened earliefSec. 3.1).

resonances agree well with those determined by other meth-
ods(Table 3.

3.6. Total Vibrational Inglastlc Electron Scattering 4. Electron-Impact lonization
Cross Section, oy jnert (£)

_ ) 4.1. Partial lonization Cross Sections, & 4 (€)
No experimental data are available. A Boltzmann code
calculatiorf® of the total inelastic vibrational excitation cross  Poll and MeichsnéP measured the partial ionization cross
section as a function of electron energy is shown in Fig. 7sections for CF, CF;, CF;, CF;, C,F+ , and GF, pro-

As with all Boltzmann-derived cross section sets, these datduced by electron impact ornyEg by electrons having kinetic
are model dependent and must be considered with cautioenergies in the range of 12.8 to about 130 eV. Thg @

for use individually. Nonetheless, they show the large vibra-has the largest cross section of all six fragment positive ions.

tional excitation peak at about 4 eV due to indirect scatteringNVe digitized the data of Poll and Meichsner from the graphs

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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Fic. 5. Integral elastic electron scattering cross seciqi,(e), for C3Fg: () Refs. 37 and 38(0O) Ref. 48. The solid ling—) is the total electron scattering
cross sectiong. ( €), from Fig. 2, plotted here for comparison purposes.

presented in their pap&rin order to obtain the values listed for only three values of incident electron energy. These re-
in Table 7 as our presently suggested values. They are plosults are shown in Fig. 9 by the’s. As we have noted in our
ted in Fig. 8. earlier papers in this series, the data of Beran and K&van
The only other measurement of the partial ionization cros$or a number of small species are generally higher than those
sections for GFg is that of Bibby and Carté? for only one  of Rapp and Englander-Gold&nwhich are generally ac-
value of the incident electron energy, 35 eV. At this energycepted to be more accurate. The second set of values are
Bibby and Carter measured the cross section for the produ¢hose obtained by summation of the partial ionization cross
tion of CFj , C,F2 , and GF5 , to be, respectively, equal to sections measured by Poll and MeichShéTable 7. These
1.26x10 %% 0.125< 10 %%, and 0.16< 10 2° m?. These val- are shown in Fig. 9 by the dashed line. The third measure-
ues are, respectively, a factor of 0.35, 0.41, and 0.25 lowement was made by Chantry and CRA&m the energy range
than those of Poll and Meichsner. of 13.5 and 80 eV. These workers calibrated their cross sec-
tion measurements using Xe as the calibrant gas and the total

4.2. Total lonization Cross Section,  o;(€)

There have been five measurements of the total ionization 020 T T ]
cross sectiorr(e) of the GFg molecule, all of which are AE = 0.16 eV
shown in Fig. 9. The first was made by Beran and Ké%n +_ I 60°

& 0415
E L
o
TaBLE 6. Integral elastic electron scattering cross sectiogy,(¢), for No L
CiFg 2 T 0.10
= L
Energy (re’igﬁs) Energy U’eyigﬁa)z £
eVv) (1072° ) ev) (1002 m?) é 005
15 19.6 9.0 45.0 ©
2.0 20.7 10.0 44.4
3.0 27.4 12.0 42.4 0.00"
4.0 354 15.0 39.1
5.0 375 20.0 37.6
6.5 429 30.0 323 Electron Energy (eV)
7.0 44.4 60.0 18.7 ) ) . ) o .
8.0 44.6 100.0 12.9 Fic. 6. Differential vibrational exc_ltatl(_)n cross sectiodn, gir(€), from
Ref. 37 for the unresolved composite vibrational modes $#%@t 160 meV
#Data of Shinoharat al, Refs. 37 and 38. at 60° scattering angle.
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Fic. 7. Total vibrational inelastic electron scattering cross section

o 'Fic. 8. Partial ionization cross sectiong,,(¢), for CiFg (data of Poll and
oyibinei(€), for CoFg (calculated data from Ref. 40 Meichsner, Ref. 35

ionization cross section for Xe measured by Rapp and
Englander-Golder! They reported a total ionization cross the other measurements in Fig. 9, and interestingly their val-
section threshold of 13:80.1 eV (see ionization threshold ues for this cross section exceed the measured cross section
values in Table 2 The measurements of Chantry and Chenvalues for total dissociationrss {(€), discussed next in Sec.
diverge considerably from other measurementegfc) for ~ 4.3., for energies greater than 50 eV.
CsFg, especially at the higher energies they investigated. A fifth measurement, as mentioned in the preceding sec-
A fourth measurement of the absolute determination otion, is an early repof? of a measurement of the ionization
oi(e) for CsFg was recently made by Nishimuret al®  cross section for the production of the LFC,FZ, and
These researchers employed a method similar to that of Ragp;F; ions from GFg at one value of the electron energy,
and Englander-Goldett, and claim lower uncertainties namely 35 eV. At this electron energy the sum of the cross
(~7%) than the other measurements presented (ret®%). sections of Bibby and Cart&rfor the three ions is equal to
The data of Nishimurat al. are observed to be higher than 1.55< 10 2° m?. It is shown in Fig. 9 by the asterisk and is

TaBLE 7. Partial ionization cross sections,,q(¢) (in units of 1072 m?) for C5Fg @

o'i,parl(s) (107 0 m2)

Energy(eV) CF* CF) CF; CFi CFe CiFy
14 — — — — 0.01 —
15 — — 0.09 0.01 0.02 —
16 — — 0.19 0.02 0.04 —
17 — — 0.29 0.03 0.05 0.03
18 — — 0.40 0.04 0.06 0.05
19 — — 0.53 0.05 0.07 0.08
20 — — 0.67 0.06 0.09 0.11
22 — — 1.01 0.08 0.11 0.17
24 — — 1.42 0.10 0.14 0.24
26 — — 1.80 0.12 0.18 0.31
28 0.01 — 2.19 0.13 0.21 0.38
30 0.04 0.01 2.64 0.15 0.24 0.45
35 0.15 0.03 3.61 0.20 0.31 0.63
40 0.27 0.06 4.45 0.24 0.37 0.78
45 0.41 0.09 5.17 0.28 0.42 0.92
50 0.57 0.14 5.78 0.31 0.47 1.03
60 0.80 0.21 6.59 0.34 0.52 1.19
70 0.96 0.24 7.04 0.35 0.54 1.27
80 1.01 0.26 7.22 0.36 0.55 1.30
90 1.05 0.27 7.29 0.36 0.55 1.31

100 1.07 0.27 7.29 0.36 0.54 1.31
110 1.08 0.28 7.27 0.35 0.53 1.30
120 1.08 0.28 7.23 0.35 0.51 1.29

@Data of Poll and Meichsner from Fig(Q of Ref. 35.
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Bibby (1963)
Beran (1969)
Poll (1987) ]
Chantry (1989)

Nishimura (1998)
Kim (1998) -
Recommended

Electron Energy (eV)

Fic. 9. Total ionization cross sectiom;(¢), for CiFg: (*) Ref. 49;(X) Ref. 50;(--) Ref. 35;(®) Ref. 33;(0) Ref. 52;(—-—) Ref. 52(calculation); (—)
Suggested cross section.

obviously well below the other experimental data.

In view of the fact that the data of Chantry and Cfidfall

method where the contribution i@ ,(e) from multiple ion-
ization was not included. Kim’'s values forskg agree well

outside of the combined uncertainties when compared withyith the measurements of Nishimuea al >2

the data of Poll and Meichsn&rand of Nishimuraet al,>

we have chosen the average of only the latter two sets as our

recommended data fer;(¢). However, we have only aver-

4.3. Total Dissociative Cross Section, — o jss (£)

aged these data for electron energies up to 100 eV due to the pg o)y available measurement of the total dissociation

inpreasing dilscrepancy between the two measureme_nts e:toss section is that by Winters and InokiftiThis cross
higher energies. The average of these two cross sections &ction (Fig. 10, Table 9 represents the sum of the cross

shown in Fig. 9 as a solid line and is tabulated in Table 8.
Figure 9 also shows the recently calculated values o

oi(e) of the GFg molecule by Kim and co-worker¥.

Kim’s method***combines binary encounter theory and the

section for dissociative ionization and the cross section for
Electron impact dissociation into neutral fragments and has a
reported uncertainty oft20%. The measured values of
ogiss(&) are compared in Fig. 10 with the recommended

Bethe theory of electron impact ionization. The data ShOWQ:ross section for total ionizatiofTable 9. Above 70 eV, the

include estimates of multiple ionization, in contrast to earlier
calculations on Cland GFg (see Refs. 21 and 24y this

TasLE 8. Recommended total ionization cross sectiof(e), for C3Fg

Energy aiy(e) Energy oi(e)
(ev) (1002 m?) (eV) (1002 m?
13.0 0.00 30.0 3.81
14.0 0.01 35.0 5.13
15.0 0.06 40.0 6.35
16.0 0.18 45.0 7.46
17.0 0.35 50.0 8.63
18.0 0.56 60.0 10.02
19.0 0.77 70.0 10.85
20.0 1.02 80.0 11.3
25.0 2.42 100.0 11.8

recommended values af;(e) exceed those obgss(€),
which is physically impossible but is the result of the relative
uncertainties of the measurements.

There are no direct measurements of the cross section for
dissociation of the g5 molecule into neutral fragments. An
estimate ol (£) May be obtained by subtracting the total
ionization cross sectiom;(¢), which is exclusively due to
dissociative ionization, from the total dissociation cross sec-
tion of Winters and Inokuti. This difference is shown in Fig.
10 by the short dashed curve. These values must be consid-
ered a gross estimate due to the previously discussed uncer-
tainties in the values suggested to1(s) and the relatively
large stated uncertainty @fyss(£). The effect of these un-
certainties becomes most apparent at energies above 70 eV,
where the recommended values ®f(s) exceed the mea-
sured values ob yiss (€).
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Fic. 10. Total dissociation cross sectiarys (), for C3Fg (data of Winters
and Inokuti, Ref. 3% For comparison the total ionization cross section Fic. 11. Density-reduced electron impact ionization coefficientN, for
oi() (solid curve in Fig. 9is shown(—--) along with the difference---) CsFg: (O) Ref. 59;(A) Ref. 45;(®) Ref. 60;(—) Recommended value.
o4iss{€) — oi(€), which is a gross estimate of the cross section for disso-
ciation into neutral fragments. Also shown are the recent measurements of
Motlagh and MoorgRef. 55 on the production of neutral GFC,F5 radi-
| lectron im n 0).
cals by electron Impact ongFs (0 4.4. lonization Coefficients

Recently, Motlagh and Moore measured the cross sec-

tion for the production of CEplus GFs radicals by electron 4.4.1. Density-Reduced lonization Coefficient, — a/N
impact on GFg. Their method detects these radicals mass
spectrometrically as organotellurides generated upon colli- There have been three measurenfents®®of the density-
sion with the surface of a telluride mirror. Their results, reduced ionization coefficients/N, as a function o£/N for
which reflect the production of these radicals by both dissoC,F,. These are compared in Fig. 11. Moruzzi and Cré‘t};gs
ciative ionization and by dissociation into neutrals, are alsqnade measurements &t=273 K and in theE/N range of
shown in Fig. 10. 273x10 2'-910x10°2* V m% Their data have an esti-
The state of excitation of the dissociation fragments is als@nated uncertainty of- 20% %! They show some dependence
of considerable interest because it affects the rates of thén gas pressuréot evident in Fig. 11which is not exhib-
subsequent reactions of these products and because it piiged by the other two sets of measurements. Naidu and
duces light which may induce other processes or may berasa8® made their measurements Bt 293 K, gas pres-
used for diagnostic purposes. Emission bands qfr@fiicals  sures in the range of 0.08—0.27 kPa, &idll values ranging
produced by pulsed electron bedmitial energy 0.6 MeV  from 273<10 %! to 63710 2V m? Their a/N values
excitation have been studied by Hermafimnd the forma- were found to be pressure independent. They reported an
tion of excited fragments in collisions of;E; with electrons  overall uncertainty in their measurements-010% atE/N
having initial energies in the range 0.4—6 keV has been studsalues less thang/N);, (see Table 1jland about-20% at
ied by Danilevskiiet al>” Optical emission spectra of pure the highestE/N values at which they made measurements.
CsFg and of GFg—0O, plasmas have been studied by ChenHunteret al®° measuredr/N at 298 K in theE/N range 5
and Lee’® The fluorine emission lines were observed andx 10-21—400x 10~ 2L V m?2 using a pulsed Townsend tech-
also emissions from GHadicals. For GFg—O, plasmas, the nique. The reported uncertainty in their measurements is less
relative emission intensity of the fluorine atom and the, CF than + 10% except when one of the coefficierflectron
and CHk radicals depended on the percentage ¢fiDthe  attachment or ionizatigris much smaller than the other. The
mixture (see Ref. 58 values ofa/N were found to be independent of pressure in
the pressure range 0.05 and 20 kPa they investigated. The
overall agreement between the three sets of measurements is

TaBLE 9. Total dissociation cross sectiomg; , for CFg @ - . .
aiss{2), for GoFg within the combined uncertainties, although the data of

Energy(eV) Tgiss (&) (1072 M) Moruzzi and Craggs are consistently higher than the other
” 739 two sets o.f measurements. In view of the higher uncertamty_
79 11.0 of the earlier measurements, we performed a least squares fit
100 116 to only the data of Naidu and Pradadénd Hunteret al,®°
125 11.8 which is represented in Fig. 11 by the solid line. Values
ggg ié-é taken off this curve are listed in Table 10 as our recom-

mended set of data for the electron-impact ionization coeffi-
3Data of Winters and Inokuti, Ref. 34. cient, @/N, of CiFs.
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sure range investigated by Hunttral %% and thus the effec-

CaFg tive ionization coefficient should decrease with increasing
E/N /N E/N /N gas pressure, as is indeed shown by the measurements of
(10°21 v m?) (10°2 m?) (1021 v m?) (10°2 m?) Hunter et al. (Fig. 12 and the earlier measurements of
. 5 prs pa Moruzzi and Cragg_§9. One therefore needs to exercise cau-
160 0.99 420 30.7 tion when comparisons are made of data from various
180 2.02 440 33.9 sources which might have been taken at different pressures.
200 3.34 460 37.7 It should also be noted that since the attachment coefficient
220 5.02 480 41.7 for C5Fg is also a function of temperatur&ec. 6.6, one
240 6.88 500 45.4 needs to specify the temperature of the system. The measure-
228 1?‘_?[4 24218 gg:g ments of Hunteret al. were made at 298 K and those of
300 13.4 560 573 Naidu and Prasad and Moruzzi and Craggs at 293 K. For
320 16.2 580 62.0 comparison, we have plotted in Fig. 12 the-{ »)/N mea-
340 18.9 600 66.6 surements of Moruzzi and Craggsind Naidu and Pras&t
360 22.1 620 7.3 made at pressures less than 0.133 kPa. There is good agree-
380 249 ment between the measurements of Hueteal ®° and Naidu
and Prasa#® but the measurements of Moruzzi and Craggs
are higher. The data of Huntet al. and Naidu and Prasad
4.4.2. Effective lonization Coefficient (a—#)/N are preferred.

Hunteret al®® used their data on electron attachment and
ionization coefficients to obtain the effective ionization co-

efficient, ;/NZ(a— n)/N, over anE/N range above and
below the breakdown limit,E/N);,, (inset of Fig. 12. Al-

4.4.3. (EIN)jm

The limiting E/N value of an electronegative gas,
(E/N)jim , is defined as th&/N at which (@— #)/N=0. In

though the electron impact ionization coefficient is indepenthe absence of significant secondary electron loss or gain
dent of gas pressuréSec. 4.4.1, the electron attachment processes, E/N);, can also be equated with the uniform
coefficient increases with increasing pressure over the pregield high voltage breakdown strength of the gas. As dis-
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Fic. 12. Effective ionization coefﬁcienE/N:(af 7)IN, for C5Fg: (O) Ref. 60(P=1.0 kPa;T=298 K); (®) Ref. 60(P=0.05 kPa;T=298 K); (A) Ref.
45 (P<0.13 kPa;T= 293 K); (1) Ref. 59(P<0.13 kPa;T=293 K). Inset graph: Data of Huntet al. (Ref. 60 for 1.0 and 0.05 kPa, on an expanded scale.
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TasLE 11. Values of E/N);, for CsFg T T LR N T T
360 a) ) T
(E/N)jim (10721 V m?) Reference R I
] " L4 .
295-330 60 £ 8501 T Tteeens L]
302-318 45 5 i . 1
308 59 o 340 17 7
317-358 62 Z 1 1
331-359 63 £ a0l * 4L 4
353 64 Z T = 293K N=17x10"cm?
352 19 o .
3201 . 1T ) 7
@These values are for the limited pressure ra(@85-2 kPaemployed in . " Biasiutt (1952) ¢ Christophorou (1987) |
Hunteret al, Ref. 60. If it were possible to measure ionization and attach- gyl ) ) . L
ment coefficients at higher pressure, thg vaIuesEiNo!im that wquld be 0 1 2 3 4 5 250 1350 450 550 650
measured would most likely overlap with the experimental high voltage 19
measurements listed in the table. N (10" cm™) T(K)
PData obtained from low pressure measurements of electron attachment and
ionization coefficients. Fic. 13. Observed variation of theE(N);;,, of C3Fg with (8) gas number

°Breakdown measurements at pressures ranging from 10 to 210 kPa.  density (data of Biasiutti, Ref. 6Rand (b) temperature(data of Christo-
YBreakdown measurements at pressures ranging from 27 to 285 kPa. phorouet al, Ref. 19.

“Breakdown measurements at a pressure of 150 kPa.

'Breakdown measurements at a pressure of 69.3 kPa.

reflecting the high ionization threshold energies for these
cussed earlier in this sectidaee also Sec. 6) the electron ~ Perfluorocarbon molecules and the considerable amount of

attachment coefficient of &, and hence &/N);,, are de-  €nergy going into translational and/or internal energy of the
pendent on gas pressure. The latter, therefore, cannot be dfagments that accompany the processes of dissociative ion-
rectly compared with the high voltage breakdown measurelzation in these molecules. _
ments which are usually obtained at atmosphésichighe) The W values of binary mixtures of g with Ar and
pressures. The data of Huntet al® on (E/N);, are in CoHzand the ternary mixture £5—Ar—CH, have also been
good agreement with previous measurements BMN),, measured by Reinkingt al® Figure 15 shows th@ values
based on ionization and attachment coefficients when the¥f the binary mixtures ¢Fg—Ar and GFg—CH,. Interest-
measurements were performed over similar pressurBdly, as noted by Nakanistet al’® and Reinkinget al,%
range&>®® (Table 11. The values of E/N);,,, obtained the perfluorocarbon-containing gas mixtures show no “Jesse
from the high voltage breakdown field strength effect,” (i.e., an abrupt decrease in tiiéof the gas mixture
measuremenf&® overlap with the values Hunteetal. —@s small amounts of i, are added to &) although a
measured at the highest gas pressures they empldpdde number of excited electronic states of thgFgomolecule ex-
11). At higher pressures, however, the breakdown field mealSt above the ionization onset of,&,. This has been
surements give considerably higheE/N);, value$§?-%4
(Table 13. It has been showiA=®" that the pressure depen-
dence that has been observed B/N);, and in the high 400 ——r——t+———t——t1
voltage breakdown field measurements is due to the pressur: ]
dependence of the electron attachment coefficient in this gas
and represents a genuine violation of Paschen’s®favhe o
variation of E/N);,, with the GFg gas density is shown in S
Fig. 13a). ?
o
e

(E/N)yy,, = 359 x 102! Vm? in pure CoFy ———

3007 —e— cgfincH,
{ —o— G FginAr

Since, moreover, the electron attachment coefficient is a
function of the gas temperature, the value &fN);,, will
vary with gas temperature. Indeed, this has been observed tc £
be so by Christophoroat al1*®[Fig. 13b)]. Finally, mea- =
surements have been made of tH&N),, of mixtures of i
CsFg with CH, or Ar.® Figure 14 shows these measure-
ments.

(E/N)ypm = 96.6 x 102" Ym? in pure CH, -

=7.8x10?" vm? in pure Ar

i, ENg,
4.4.4. Average Energy to Produce an Electron-lon Pair, w OF— 7 L

0 20 40 60 80 100
The average energy to produce an electron—ion psjr,

for a particles(initial energy~5.1 MeV) has been measured Percentage of C5Fg in Aror CH,

by Reinkinget al®® for pure GFg and found to be 34.4 eV Fo. 14, €N netion of th oG in Ar () or CH,
. ; . - . . . _Fie. 14. im @s a function of the percentage in Ar or
per ion pair. This value is almost identical with those mea (@). The total pressure was 109 kPa and the temperature 298 K. The

sured by Reinkinget al. for CF, and GFs. They are large  (g/n),,, values for pure Ar, Chi and GFg are shown in the figurédata of
compared to th&V values of other polyatomic molecul&s, Hunteret al, Ref. 1.
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35 — T — 30 ol ' '
34r 1
331
. 32 C\IE L
> 31r Q
2 =) 10kPa [
2 301 s Z-05kPa
L = NG
297 —e— CFinCH, = \g::):::a :
o8 —o0— GyFginAr 4 [
27 7
26 L ] | 1 L . I
0 20 40 60 80 100 '

. 0 100 200 300 400 500
Percentage of C;Fg in Aror C,H,

E/N (102" Vm?)
Fic. 15. Average energy needed to produce an electron-ion pair in mixtures ) o
of CsFg in Ar or C,H, for a particles(data of Reinkinggt al, Ref. 69. FiG. 16. Density-reduced electron attachment coefficighl, for C;Fg as a
function of E/N at various pressured €298 K) (data of Hunteet al., Ref.
60). The broken line refers to the values fN at infinite gas pressure.
attributed®’? to the fast dissociation of the electronically

excited GF; molecules.
GFs between*10% atE/N<(E/N);,, and about+20% at the

highestE/N values at which they made measurements. The

uncertainty in the measurements of Moruzzi and Crajgs

probably =20% ®! The fact that then/N for C;Fg varies

with pressure, makes it difficult to compare its values as
No data are available on this process, other than what cameasured by various groups. However, the measurements of

be derived from comparisons ofjss (¢) andoi(e), as dis-  Naidu and Prasd@at 0.22 kPaat 293 K) can be compared

5. Electron Impact Dissociation
Producing Neutrals

cussed in Sec. 4.3. with those of Hunteret al®® at 0.20 kPa(298 K). This is
done in Fig. 17. The data are in agreement within the stated
6. Electron Attachment uncertainties.

6.1. Density-Reduced Electron Attachment
Coefficient, /N 6.2. Total Electron Attachment Rate Constant,  k,;

In contrast to CFand GF, the electron attachment coef- The den;ity—reduced electron attachment coefficient,
ficient (and hence the electron attachment rate constant ar N(E/N), is related to the total electron attachment rate
cross sectionof C4F depends on gas pressure. Electron at-constant, Ka (E/N), by ka {E/N)=7/N(E/N) X w(E/N),
tachment to Clrand GF is entirely due to dissociative elec- wherew(E/N) is the electron drift velocity of the unitary gas
tron attachment and thus the attachment coefficient for these
gases is independent of gas pressaréln contrast, at room
temperature electron attachment tgFgis partly due to non-
dissociative electron attachment producing parent negative ]
ions and partly due to dissociative electron attachment pro- 2010 o ]
ducing fragment negative iorf$/? The former are normally

25 T T T T T

AN
collision-stabilized species since the autodetachment life- NE 15F ]
times of the transient parent anionfg* are believed to be P 1
in the range 10%*-10"8 53272 z - ]
The pressure dependencesgiN for CsFg is evident in the z: 10 °

early »/N measuremerit3®® (not shown hergand is clearly
seen in the more recent and detailed results 78N of S
Hunteret al,®® reproduced in Fig. 16. The broken curve des-

—=e— Hunter (1987) - 0.2 kPa
o Naidu (1972) - 0.22 kPa 7

ignated byP—« refers to the value ofy/N at “infinite” 0 S— SRS
pressure, that is, when all parent anions are stabilized. The 0 100 200 800 400
data cover the range of pressure from 0.05 to 10.0 kPa and E/N (102" Vm?)

were taken at 298 K. They have a quoted uncertainty of

. Fic. 17. Comparison of the measurements of Hueteal,, Ref. 60(T=298

+100 -
about=10% except W,her,] O_ne of t,he coefﬂmerﬁter elec K) with those of Naidu and Prasg&ef. 45 (T=293 K) for the /N of
tron attachment or ionizatigns considerably larger than the ¢, taken at about the same pressur@®) 0.20 kPa(Ref. 60; (O) 0.22

other. The data of Naidu and Pragafiave an uncertainty kPa(Ref. 45.
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102-"|"'|"'|"'|

X Wang (1985)
—e—  Hunter (1984) ]
—O—  Spyrou (1985) ]

[ R | ]

k, y(cm®s™)

100 1000 5000

10713

E/N (102! Vm?)

Fic. 18. k,(E/N) measured at room temperature in purgFC(data of
Hunteret al, Ref. 60, extrapolated to infinite total pressure

kg (10779 cm® )

(or gas mixture when measurements are madenhi,,
whereN, is the number density of the electron attaching gas 0
in the mixturg. Sincek,(E/N) depends on gas pressure, 5
care must be taken to specify the number density and the
nature of the medium in which the measurement is made, 4
unless the data are extrapolated in some fashion to infinite -
number density. Measurements have been madg (E/N) 3r 7
2
1
0

in both pure GFg and in binary mixtures of g5 with the
buffer gases N Ar, and CH,. These measurements are pre-
sented and discussed below.

6.2.1. k,(E/N) Measured in Pure C 3Fg L X ] MR R B

The only set of measurementslqf{ E/N) in pure GFg is 0 10 20 30 40

that of Hunteret al®® which is reproduced in Fig. 18. The 21 2
data shown are the values of the attachment rate constan E/N (10 Vm )

extrapolated to infinite pressuf®They represent the sum of 19. @ k (E/N) of CF. dat . wre in mixt .

: G. 19. (@ kq, of C4Fg measured at room temperature in mixtures o
the rate constants for both fragm_ent and parent anions. T F. with Ar buffer: (@) Ref. 72: (O) Ref. 32:(x) Ref. 73. The data of
data cannot be plotted as a fUthI'On (?f mean .electron ENEIGYefs. 72 and 32 were corrected for both the effect of tifey Partial and the
because the electron energy distribution functions at the varietal gas pressure on the measured rate constants. The data of Wang and Lee

ousE/N values employed are not known for purgFg (Ref. 73 were corrected only for the formetb) k,(E/N) measured at
room temperature in mixtures ok with N, buffer: (@) Ref. 72;(X) Ref.

73. The data of Hunter and Christophordref. 72 were corrected for both
the effect of the partial and total pressure on the measured rate constants.
The data of Wang and Le®ef. 73 were corrected only for the forme(c)

273 ka{E/N) measured at room temperature in mixtures aFLwith CH,
There have been thr&>"*room temperature measure- buffer (x) (data of Wang and Lee, Ref. 73

ments of the total electron attachment rate constant,6§ C

in argon buffer gas as a function &/N. These are com-

pared in Fig. 16a). The measurements of Hunter and the electron energy distribution function of pure argon. Al-
Christophorot? and Spyrou and Christophorfiwere made  though Wang and L&& mention in their paper that they
over a largeE/N range and at a number of buffer gas pres-followed a similar procedure, the large discrepancy between
sures, in contrast with the data of Wang and Beghich  their data and the rest of the measurements in Figa)19
were taken over a limite@&/N range and for only one total would indicate that the procedure they followed did not en-
gas pressurés0.66 kPa The data sets of Christophorou and tirely compensate for the effect of the attaching gas pressure
coworker$?’? plotted in the figure are the values of on the electron energy distribution function in pure argon.
Ka{E/N) which were extrapolated to infinite gas pressure.While their lower values for the rate constants could be
Christophorou and co-workefs'? measuredk, (E/N) as a  partly due to the fact that their measurements were made at
function of the ratio,R, of the attaching gas to buffer gas only one buffer gas pressutand not extrapolated to infinite
pressure, and used the value lof (E/N) extrapolated to buffer gas pressuygethe difference in thee/N dependence
R=0 so as to correct for the effect of the attaching gas orbetween the Wang and Lee data and those of Christophorou

6.2.2. k,(E/N) Measured in Binary Mixtures of C  3Fg
with Buffer Gases

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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T L A R N T T 9 T T 7
1L T=300K i [ Total Gas Number AT
10 F E 8 Density (10" cm®) Y T
v o a2 N
- v T s am 7]
. flanny O 644 ~
m"’ ' 6F v 9ss T T
(= g % a 129
£ 10°F E §
[&] F o 5 L e 161 |
o [] Spyrou (1985) - argon e v 193
- . Hunter (1984} - argon ‘o & 258
(=] a Hunter (1982) - argon - 4 o 322 7
= v Wang (1985) - argon \:_, -
hat AL —o— Hunter (1984) - nitrogen - « 3r T
x‘“ 10 F —=—  Hunter (1982) - nitrogen 3 x
F v Wang (1985) - nitrogen 2K T
Recommended
= 4
1 L1 N BN BN | ] o
102 0 N — ‘ ‘
0 1 2 3 4 5 6 0 1 2 3 4 5
Mean Electron Energy (eV) Mean Electron Energy (eV)

Fic. 20. k,((&)) for CsFg (T=298 K). Data from mixtures in Ar(H) Ref.
32; (@) Ref. 72;(A) Ref. 65;(¥) Ref. 73. Data from mixtures in ; (O) FiG. 21. Total electron attachment rate constatfor C;Fg measured as a

Ref. 72:(A) Ref. 65;(V) Ref. 73; Recommended daa-). function of mean electron enerdy) and total gas r_lumbgr dens_ity in a
buffer gas of argon. The values kf are those for infinitely dilute mixtures.

The broken curve designatdd are the values ok, at “infinite” argon

o pressure, i.e., under conditions for which all transiegfsC ions can be
and co-workers indicates that the Wang and Lee data ar@abilized by collisionfrom Ref. 72)

affected by both the disturbance of the electron energy dis-

tribution of pure argon by the attaching gas and by the in-

complete stabilization of the anions for the total pressureéextrapolated to “infinitely” large buffer gas density. Figure
they used. Both of these effects will be less pronounced adl shows an example of the dependencé&gf(e)) on the
the buffer gas becomes more complex, as is indeed seégon gas number density,,. The values ok, ((e)) for
from the comparison of the two sets of measurements,in NNa— are shown in Fig. 21 by the curve designaked
buffer gas shown in Fig. 1B). The data of Christophorou In Table 12 are listed the average values of the data in Fig.
and co-workers are preferred over those of Wang and Lee fo?0 excluding the measurements of Wang and ’¢hese
both of these buffer gases, because they have lower unceiepresent our recommended values for thg((s)) (T
tainties, were corrected for the effect of total pressure, and=300 K) of CFg.

cover a much larger range &/N. For the more complex

buffer gas CH, these effects are expected to be significantly 6.2.4. Thermal Value, (ka9 , of the Total Electron

reduced, and the Wang and Lee data shown in Fi(c) e Attachment Rate Constant

expected to be least affected by the factors just discussed.
Overall, the uncertainty in the measurements of Wang and The thermal value,Kz )1, Of the total electron attachment

Lee is about+20% and that of Christophorou and co- rate constant of the éEE? molecule is difficult to detgrmmg_
. accurately due to the likely presence of traces of impurities
workers is less thart 10%.

which attach thermal electrons more efficiently thagLC

6.2.3. kay(())
TaBLE 12. Recommended total electron attachment rate contgfs))
The measurements &f; made as a function d&/N using  (T=300 K) for GFg

Ar and N, as buffer gases can be plotted as a function of thé

mean electron energi¢). This is possible because the elec- Meae?]:r'g;tron (o)) Meaerr‘]s:g;tron (o))
tron energy distribution functions for these buffer gases are (g (10—1% cPsY) ) (10—% cPsY)
known at each value d&/N at which measurements &f,,

were made and because the experimental conditions were 8'8? 8'82 ;'gg g'ig
such that the electron—energy distributions were characteris- (1, 0.02 295 8.65
tic of the buffer gas alone. The latter condition was certainly 0.20 0.02 2.50 8.50
met in the studies by Hunter and Christophdfaand Spyrou 0.30 0.02 275 8.20
and Christophorot? as was indicated in Secs. 6.2.2. and 0.40 0.03 3.00 7.84
6.2.3. Figure 20 shows the results kp((e)) plotted this 8'28 8'% ggg ;'ig
way. The data for the buffer gases &hd Ar agree well. The 0.70 0.28 375 6.80
data of Wang and Lee are lower, probably because they were ¢.80 0.50 4.00 6.44
not extrapolated to infinite total gas pressure. The data of  0.90 0.85 4.25 6.10
Christophorou and co-workers plotted in Fig. 20 are the val-  1.00 1.54 4.50 5.74
ues of the total electron attachment rate constenmt"infi- 1;2 g?g .4.'.75 .‘?45

nitely” dilute mixtures of GFg in Ar or N, buffer gases
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TasLE 13. Measured thermall(=300 K) values, k, ), Of the total elec-

tron attachment rate constant fogHg

L. G. CHRISTOPHOROU AND J. K. OLTHOFF

20F

(a)
(Kapm (cm®s™?) Reference &~ I
<1078 74 S 15 i _
<3x10 1 60 by . i
<1.2x1071? 75 o ——— Hunter (1984)
1'8>< 107 12 72 -— - e SperLl (1 985)
— 10T Average —
& I

The possible presence of such impurities does not, however
affect the electron attachment measurements at higher ener
gies because the magnitudelgf; for CsFg is much larger at L —

higher energies than at thermal energies. The 0.0 EF——————— I‘T rTTTT_"
reported®’2*"> measured values ofkg)y, are listed in i

Table 13. They show that theék{), of CsFg is small, less [ I\ (b)
than about 1.8 10 2 cm®s™1., 15F Il

Ca

05|

——— Chantry (1989) - 330K ]
‘‘‘‘‘‘‘‘ Spyrou (1985) - 300 K |

6.3. Total Electron Attachment Cross Section, A
verage

o,(£) and Total Dissociative Electron Attachment

Oga, t (€) (102! m?)

Cross Section, o y,(£) 1or
Since electron attachment to thgRg molecule is pressure [
dependent, care must be exercised to distinguish between th S o5 .

total electron attachment cross sectiegy(e) which is pres-
sure dependent and the toth$sociativeelectron attachment
Cross sectionoy, (&) which is pressure independent. The
former can be deduced from the total electron attachment 0.0
rate constant measurements made in swarm experiment:
(Sec. 6.2, and the latter normally from electron beam stud-
ies.

In Fig. 22a) are shown two sets of values of the total Fic: 22. (8 Total electron attachment cross section,(¢), for CsFg (T
electron attachment cross sectiags) unfolded by Chris- 200 K unfolded from swarm data: ) Ref. 72;(~-) Ref. 32;(—)

72 4 . average.(b) Total dissociative electron attachment cross sectigge),

tophorou and collaboratots’ from their room temperature ¢, CFs (——) swarm data of Spyrou and ChristophoréRef. 32 at
Ka{(€)) data. The uncertainty of these cross sections is over=300 K; (--) beam data of Chantry and ChéRef. 33 at T=330 K; (—)
+10%. The average of the two independent determinationgverage of the two sets of measurements.
of o, () is represented in Fig. 28 by the solid line. Val-
ues taken off this curve are given in Table 14 as our recom-

able. The older of these measurements is by Bibby and
mended values for the room temperaturg(s) of the GFg 9 )
molecule. Carter?® These workers reported observation of, FCF;

! . . . n F: ions with cr ion maxim r ivel
In Fig. 22b) is shown the total dissociative attachmenta d GFs ions with cross sectio axima at, respectively,

) . 3.0, 3.4, and 3.2 eV and peak cross section values, respec-
Cross sectiorry, {€), deduced from swarm experiments by tively, equal to 3.6%10°% 023102 and 0.27
Spyrou and Christophorétiat T=300 K and the electron % 10-20 . The sum of these is 4. 35102 m2. This value
beam measurements of Chantry and Chert a somewhat ' ' '

higher temperaturé330 K). Chantry and Chéfl obtained is about 26 times larger than the peak cross section value of

their oy, {€) cross section by normalization to the cross sec-

tion data for the production of Ofrom N,O of Rapp and TasLe 14. Recommended total electron attachment cross seatigfs)
Briglia.”® The o4, (£) of Chantry and Chen has a value of (T=300K) for GF,

1.75< 10" Y7 cn? at 2.8 eV. The agreement between the elec-

~ -
(S T TP T o A R

1 2 3 45 6 7 8 9 10
Electron Energy (eV)

. . Energy oafe) Energy (&)

tron swarm and the electron beam data is reasonable consid- (ey) (1021 ) (eV) (1021 m?)

ering the difference in temperature and technique. The aver

age of the two sets of values faty, {¢) is shown in Fig. 0.8 0.04 3.0 1.51
L B . . 1.0 0.07 35 0.90
22(b) by the solid line. Data taken off this curve are listed in 15 0.35 4.0 0.49
Table 15 as our recommended values for ¢hg(e) of the 1.7 0.70 4.5 0.28
C5Fg molecule at about 300 K. 2.0 1.39 5.0 0.19
In addition to the data just discussed, there are three earlier 23 1.92 5.5 0.14
measurements afy, (&) which vary by large factors from ;? i'gg g'g 8'1(2)

the more recent measurements and are not considered reli-
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TasLE 15. Recommended total dissociative electron attachment cross sec- 10_' T T T T T T )
tion, o4a (&) (T=300 K), for C;Fg %
)
Energy Tgaf€) Energy Tdaf€) g L Fx1)
(E\/) (10::121 m2) (e\/) (107321 m2) g 8 ———- C,F; (x500) -
= iy o C4F," (x500) 1
1.4 0.02 40 0.29 @ 6 - gFé'}?f;) ]
1.8 0.15 45 0.10 & 275 X
2.0 0.31 5.0 0.05 £
2.3 0.78 5.5 0.05 5 47 ]
25 1.16 6.0 0.05 © —
2.7 1.49 6.5 0.04 2 Ll ]
3.0 1.51 7.0 0.03 8
35 0.77 7.5 0.02 o SRR
= 0 47 BT T

0 1 2 3 4 5 6 7
o4afe) in Fig. 22b). The second earlier measurement is that Electron Energy (eV)

of Kurepd’ who observed two maxima irga{€) at about  Fe. 23. Relative intensity of fragment negative ions produced by electron
3.3 and 6.5 eV, with respective cross section values equal timpact on GF,. (Data of Spyrotet al, Ref. 71; the data shown have been
2.38%x10°2° and 0.1X 10 2°m2 The peak cross section correc_ted by thgse workers for the finite width of the electron pulse using an
value at 3.3 eV is more than a factor of 10 higher than the"!ding technique.
maximum value obry, (&) in Fig. 22b). The third measure-
ment of oy, () is that of Harland and Frankifiwho found
the cross section maximum for Fand CF at, respectively,
(3.15+0.1) eV and (3.65%0.1) eV with cross section values

at these energies equal to 850 ?* m? and 0.05

CR;, GF;, CF; and GF; . Their energy onsets, energies
of peak intensity, and relative abundances are given in Table
16 and they are in general agreement with the results of the
X 10721 m?, respectively. The sum of these values (0_550ther studie;s. 'T'he resu'lts qf this study are shown in'Fig. 23.
X 10~ m?) is more than a factor of 3 lower than the value The most significant anion is Fproduced by the breaking of

of oa () at 3.2 eV in Fig. 22b). C-F bc_mds(productlon 9f F or GF;) and the co_mplemen—

’ tary anions Ck and GF5 produced by the breaking of C—C
bonds. The complementary ions Clnd GF; and the ion
C,F; have their resonance maxima at (3.3.2) eV. The
peak position of the predominant ion, Fand its weak

There have been a number of studies on the identificatiorgomplementary ion g, are shifted to lower and higher
energetics, relative abundance, and energy dependence of teergies, respectively, relative to the position of a common
fragment negative ions formed in collisions of low energyresonance at (3:30.2) eV. There is evidence for a second
electrons with the g5 molecule. The pertinent findings of resonance at energies5.5 eV.
these investigatiod$"®®are summarized in Table 16.  Finally, Harland and Thynr® identified the fragment an-
Bibby and Carté observed F, CF;, and GF; fragment ions produced when 70 eV electrons interacted wigfsC
anions using the electron impact method without improve-As expected, they observed more fragments than those pro-
ment in the electron energy resolution. The appearance omluced at low energy by resonance electron attachment pro-
sets of these fragment anions and the respective position oesses. Besides the ions listed in Table 16, they reported
their maximum intensity are in reasonable agreement wittobservation of a number of weakéy factors of <10 *
the values of other researchers. Lifshitz and Grajétuesed = compared to the intensity of F anions: C, C, , CF, C;,
the retarding potential difference meth@®PD) to improve F,, CGF, CF,, GF,, G5, and GFg .
the energy resolution of the electron beam and reported ob-
servation of F, F,, CF;, GF;, GFs and GF;. The g5 Effect of Temperature on k., ({e)) and o,(¢)
peak positions and the energy thresholds for these ions are ' '
listed in Table 16. They are generally lower than the rest of The temperature dependence of low-energy electron at-
the measurements. Harland and FrarlRlireported thresh- tachment processes i is rather complicated, but under-
olds and energies of maximum intensity for only Bnd  stood. As can be seen from Fig. 24, the total electron attach-
CF; . Their values are within the combined experimentalment rate constantk,{((e)), first decreases and then
uncertainties of the other data. increases with increasing temperature above ambient. This is

The most recent and most complete study of negative iobecause low-energy electron attachment tgFgCunder
formation by electron impact on & is that of Spyrou swarm conditions leads to the formation of both parent and
et al.”t who also employed the RPD method to improve thefragment negative ions. The rate constant for the former pro-
electron beam energy resolution. They also employed an urcesses normally decreases with increasing gas temperature
folding technique to correct the relative cross sections for thelue to increasing autodetachment from the transient anion,
width of the electron pulse. Spyrat al. observed five frag- and the rate constant for the latter processes normally in-
ment anions from low energy electron impact ogF§g F, creases with temperature due to increased autodissociation of

6.4. Dissociative Electron Attachment
Fragment Anions
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TaBLE 16. Fragment negative ions produced by electron impact g, Gheir energetics, and relative intensi-

ties
Energy Energy of Relative
Fragment threshold maximum abundance

anion Possible reaction (eVv) intensity (eV) (Refs)
= CiFgt+e—F +C5F2 1.7+0.2 2.9+0.1 100(Ref. 73
CiFgt+e—F +n-CiF 2.0+0.1 3.15+0.1 —(Ref. 78
CsFgte—F +CiF ~4.0x0.1 — (Ref. 78

—F +CR+CF,
—F +CR+C,F5
1.8+0.1 3.1+0.1 100(Ref. 80
4.1+0.1
1.35+0.1 ~2.4 — (Ref. 79
1.8 3.0 —(Ref. 49
CF; CsFg+e—CF; +CF2° 2.4+0.2 3.4x0.1 5.4(Ref. 79
>5.0 >55

2.55+0.2 3.65-0.1 — (Ref. 78
25+0.1 3.6:0.1 2.2(Ref. 80
>5.2+0.1 5.70.1 — (Ref. 80
2.0£0.1 ~29 —(Ref. 79
2.2 34 —(Ref. 49
CF; 1.1+0.1 3.3:0.1 ~0.2 (Ref. 7))
<0.01(Ref. 80
C,Fs CyFg+e—C,F5 +CF° 2.1+0.2 3.2+0.1 6.6(Ref. 70
2.4+0.1 3.4:0.1 1.9(Ref. 80
1.7+x0.1 ~29 — (Ref. 79
21 3.2 —(Ref. 49
CiF; 2.5+0.2 3.75-0.1 ~0.2 (Ref. 70
2.9+0.1 3.9:0.1 0.03(Ref. 80
2.4+0.1 ~3.2 —(Ref. 79

3 rom their measurements on the energetics of this reaction, Spyralu(Ref. 71 estimated the dissociation
energy D(F-GF;) to be <5.15+-0.2 eV. This value is in very good agreement with the value
D(F-GC;F;)<5.2+0.1 eV obtained earlier by Harland and Thyn(ifef. 80.

PFrom their measurements on the energetics of this reaction, Spymiu(Ref. 71) estimated the dissociation
energyD (CF;—C,Fs) to be equal to 3.20.2 eV.
‘From their measurements on the energetics of this reaction Harland and FréRé&fin78 estimated the
dissociation energy (CF;—C,Fs) to be 4.6:0.3 eV, and the electron affinity of the gFadical to be 2.05

+0.2 eV.

dUnresolved structure observed.
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the transient aniof-®2In light of the data in Fig. 24 the total
electron attachment cross section of thg=Cmolecule is
expected to first decrease and then increase with increasing
temperature above 300 K. This is indeed the case as can be
seen from the data in Fig. 25. In Fig. (@b are plotted the
data on the total electron attachment cross seetigfe) for
temperature$300—450 K for which the cross section has a
contribution from both parent and fragment anions. In Fig.
25(b) the cross sections plotted are only for dissociative at-
tachment. The data shown for 300 K are the dissociative
attachment part of the total electron attachment cross section
at this temperature. The data for temperatures between 500
and 700 K are for the total dissociative attachment cross
sectionogy, (€) since at these temperatures there is no con-
tribution to the cross section from the production of parent
negative ions?

Fic. 24. Total electron attachment rate constant as a function of the mean Consistent with the swarm results in Fig. 25, are the elec-
electron energyk, ({e)), for CsFg measured at temperatures ranging from ron hbeam measuremefton the formation of E by elec-

300 to 750 K(data of Ref. 32 The data plotted were taken in mixtures of
C;Fg with Ar and correspond to a very small pressure gff{n a very large

pressure of Ar, i.e., to thk; values shown in Fig. 21.
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tron impact on GFg as a function of temperature shown in
Fig. 26.
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Fic. 26. Cross section for the production of By electron impact on &g

at gas temperatures of 300, 370, 510, and 730 K as measured in an electron
beam experiment by Chantry and ChéRef. 33. For comparison the
o4af€) for T=750 K from Fig. 2%b) is also shown in the figure.

cesses in plasmas of ¢rand CHR has recently been
obtained®* (See also a recent review on negative ions in low
pressure discharges by Stoffelsal®®)

In view of the increasing use of laser photodetachment to
probe the negative ion concentrations in plasma reactors,
measurement is indicated of the photodetachment cross sec-
tions of fragment anions for this molecule and also for other
perfluorocarbon molecules of interest to plasma processing
such as Clrand GFg Especially useful will be measure-
ments of the photodetachment cross sections for the anions
F~, CF,, CR, CF5, and GF; . The electron affinity
Fic. 25. Total electron attachment cross sectiop(e), for CoFs unfolded  [EA(F)] of the F atom is known. Although reported values of
by Spyrou and Christophoro(Ref. 33 from their k, ((¢)) data shown in ~ EA(F) range from 2.81 to 4.1 e¥ the values of(3.398
_';ir?- %‘(‘J ;téa)dioov :00, 425t'hanfd 450 K, atﬁb) 3001 6_0?_, 675“' a?]d 75? K-t +0.002 eV® and (3.400+0.002 eV are considered the
theetotal elec?rgnsaggghﬁente c:’g:;esircetioneatItsrfigctlgr;\/;el?mzfa r:felr?]e?ar %OSI accurate. The electron afflnltl'es of the oth_er fragmems
32). are not well known. The values listed by Christodoulides
et al® vary considerably: 0.20-2.65 eV for GF1.36—2.60
eV for CF;, 2.1-3.3 eV for GFs5, and 2.2—-2.4 eV for ¢F.

Electron Energy (eV)

6.6. Negative lons in C 3Fg Plasmas 7. Electron Transport

Measurement of negative ion densities in rf plasmas of
C;Fg have been made by Haverlag and co-work&tsising
laser photodetachment and subsequent detection of the pho-There have been two measurem&his of the electron
todetached electrons. Under their experimental conditiondrift velocity, w, in pure GFg. These measurements are
[13.56 MHz rf plasmas generated in a quasiparallel electrodshown in Fig. 27 and are not in agreement. Naidu and
system at pressures between 4B&amTor) and 16 P4120 Prasaf® made theirw measurements in the pressure range
mTorr and power densities up to 0.25 W/gnthey found  0.08 kPa(0.6 Torn—0.267 kPa2 Torn and atE/N values
the negative ion density to be more than a factor of 20 large270x 10" 21-630x 10 21V m? at T=293 K) relatively
than the electron density. Such copious quantities of negativiarger than those of Huntertal®® (0.4x102*-500
ions in the plasma may have origins other than the parenk 10 2! V m?). Naidu and Prasad reported no effect of gas
unexcited molecule. They most likely include fragment an-number density orw, with an overall uncertainty in their
ions from electron attachment to radicals or from larger mol-measurements of less tharb6%. Hunteret al® employed a
ecules formed by polymerization, or electron attachment tgulsed Townsend method and pressures in the range 0.5-3.0
“hot” or electronically excited molecules or radicals for kPa. The estimated total uncertainty in theirvalues when
which dissociative attachment is normally significantly en-electron attachment and ionization are negligibleti2%,
hanced compared to the unexcited spetiemdeed, evi- but it rises to a maximum aof 5% when either the ionization
dence for negative ion formation enhancement via these prar the attachment coefficient is large due mainly to an in-

7.1. Electron Drift Velocity, w

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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25T T T T T T T TaBLE 17. Suggested electron drift velocities, in C;Fg (T=298 K)?
E/N w E/N w
201 ] (10°# vV m?) (1 cms™) (1072 vV m?) (1 cms™)

A i ] 0.40 0.60 80 10.3
e 15[ ] 0.50 0.75 90 10.5
S 0.60 0.88 100 11.0
= i i 0.80 1.14 120 11.3
T 10 1.0 1.39 140 118
—o0— Naidu (1972) - 293K 15 1.98 160 12.1
5f —e—  Hunter (1988) - 298K ] 2.0 2.57 180 12.3
] 3.0 3.57 200 12.5
. 4.0 4.37 220 12.8
o1 L R EA ' 6.0 5.57 240 13.0
0 100 200 300 400 500 600 700 8.0 6.49 260 13.4
21 \ 2 10 7.14 280 13.6
E/N (107 Vm?) 12 7.92 300 13.9
Fic. 27. Electron drift velocityw, as a function oE/N in pure GFg: (@) 15 8.45 320 14.2
Ref. 89 (T=298 K), (O) Ref. 45 (T=293 K). 17 8.80 340 14.6
20 9.25 360 14.9
25 9.8 380 15.3
creased uncertainty in determining the electron transit time 30 10.1 400 15.7
from the break in the voltage wave form. The temperature of 35 10.3 420 15.9
their experiment was 298 K. Contrary to the conclusion of 40 10.3 440 16.4
Naidu and Prasad that is not a function of gas densit %0 101 460 16.7
b 9 Y 60 10.0 480 17.2
Hunteret al®™ found thatw depends on gas number density 70 10.1 500 175

at high E/N even after allowing for nonequilibrium and
boundary corrections to the measured electron swarm transi
time. The largest pressure dependencevodccurs atE/N
values near E/N);i,, (~290x10 21V m? at a gas pressure
of 0.05 kPa. The pressure dependence wfdecreases at w with pressure correlates with the magnitude of the change
lower E/N such that it becomes independent of gas pressurim the attachment coefficient with gas density for this mol-
at E/N<150x10 21V m2 Hunter et al. attributed these ecule.

changes irw with the GFg pressure to the effect of electron  Hunter et al®® attributed the differences between their
attachment on the electron energy distribution function remeasurements and those of Naidu and Pf&sadhe experi-
sulting from increases in the electron attachment coefficientnental uncertainties in the latter measurements. They
with increasing gas density. The magnitude of the change ipointed out that the determination wf made by Naidu and

ata of Hunteret al, Ref. 89.

12 T Cor T N RN | 12 R | MR | T
—=—  100%A -Ar Mi y i
L g O.Z%C;Fa CoFgrAr Mlxtures’a | C4Fg-CH, Mixture ;
—e— 05%CF, - J
| —a— 2%GyF } ; L ; Pg ¥¥
10 "4 — o é;&a FD Dgf"w.';cf 10 : }{ ¥ LA
=Dk 30% . - 91 | IF A\ © = &
| -—%—- 100%83'8:5 f'\Q Y E‘uudjf V ?/ 3(7 D,D‘de
/ 1 : / ’ )
- ; 8r ; AY &7
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[ 7§47
£ o /7 ]
< 6 f/ iy
z I /I
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[ j /
dd /v 01%CH,
0 Ml L
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Fic. 28. Electron drift velocity in@ CsFg—Ar mixtures andb) C;Fs—CH, mixtures(data from Ref. 15
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T T T T ' TABLE 18. Suggeste®/u values for GFg (T=293 K) @
451 T =293K 7] E/N Di/u E/N Dy/u
(1002 v m?) V) (1002 v m?) V)
270 2.93 460 4.19
S 401 ] 280 3.01 480 4.28
2 290 3.09 500 4.35
a 300 3.17 520 4.41
35F B 320 3.33 540 4.46
- 5.3 x 10'® molecules cm® 1 340 3.48 560 451
16 -3

—o0— 2x10"® molecules cm 360 3.62 580 4.56
i i 380 3.76 600 4.60
3.0 400 3.89 620 4.65
- . S — 420 3.99 640 4.68

200 300 400 500 600 700 440 4.10

-21 2
E/N (10" Vm®) aData of Naidu and Prasad, Ref. 45, for a gas density of 2.0

i % 10 molecules cm?.
Fic. 29. D¢/ as a function oE/N for C;Fg (T=293 K) (data from Ref.

45): (---) N=5.3x10' molecules cm® (-O-) N=2.0x10'® molecules

—3
em = of fast mixtures for use in gas pulse-power switct@sc. J.

A sample of these data taken from Hungeml 1® is shown in

Fig. 28. It is interesting to note the negative differential con-
Prasad was limited by the finite width of the pulsed light qyctivity exhibited by these mixtures for certdiiN regions
source they used and by high background ion currents. SinC&nich depend on mixture composition. Recently, measure-
compared to the Prasad and Naidu data, the measurementsgEnts ofw in a few GFg/Ar mixtures were mad@®for use
Hunter et al. have lower uncertainties, stretch over a_widerin multi-term Boltzmann analysis to determine electron col-
range ofE/N values, and are corrected for gas density andjsion cross section sets. The transport coefficients for the

other factors, they are preferred and are listed in Table 17 agixtures serve as a sensitive probe of the consistency of the
our suggested values for pure gFg. Interestingly, the mea- gjculated cross section sets.

surements show a region of negative differential conductivity

(decrease inw with increasingE/N) which is less pro-

nounced for GFg than for CR (Ref. 21) and GF4.%*
Measurements have also been made ofwhi@ mixtures

of C4Fg with various gases such as*At®and CH,.® These The only known measurements &f;/u for C;Fg are

measurements were partially motivated by the developmerthose of Naidu and Pras&dshown in Fig. 29. These mea-

7.2. Ratio of Transverse Electron Diffusion
Coefficient to Electron Mobility  Dy/pu
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Fic. 30. Summary of recommended and suggested cross sectiongRp(1G=298 K).
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surements were made at 293 K and have an overall reported Values of the recommended and suggested cross section
uncertainty of aboutt59%. Interestingly,Dt/u was ob- and transport data are available on the World Wide Web at
served to exhibit a small dependence on gas pressure. Thétp://eeel.nist.gov/811/refdata.

measurements of Naidu and PraSafbr the gas density 2

X 10'® molecules cm? are listed in Table 18. 9. Needed Data
Recently, measurements were made of the pro@yd
(D is the longitudinal electron diffusion coefficient aNds With the exception of the electron attachment cross sec-

the gas number densjtyas a function ofE/N for specific  tion, there is a need for further measurements on all other
mixtures of GFg in Ar (0.526%° and 5.05%>°) for use in  cross sections, especially for the cross sections for momen-
multi-term Boltzmann analysis to determine electron colli-tum transfer and integral elastic scatterioger an extended
sion cross section sets. These transport coefficients alonghergy range and vibrational excitation. There is also a
with w measurements for the same gas mixtures serve asreed for a direct measurement of the dissociation cross sec-
sensitive probe of the consistency of the calculated crosgon into neutrals. Measurements of the electron transport

section sets. coefficients are also indicated.
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