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We report the results of measurements and calculations of differential and integral cross sections for elastic
electron scattering from the CF, molecular radical. The energy range of the present investigation was 2-20 eV,
while the angular distributions were measured at specific angles within the scattered electron range 20° —135°.
The calculations employed the Schwinger multichannel method and were carried out both in the static-
exchange and static-exchange plus polarization (SEP) approximations, with generally quite good agreement
found between the data and the SEP level results. This was particularly true at lower energies, illustrating the
importance of correctly accounting for the polarization in these collisions.
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I. INTRODUCTION

The important role that molecular radicals play in a range
of electron-driven processes, including radiation damage in
tissue, gas discharges, low-temperature plasma etch environ-
ments, and deposition technologies, is now well established
[1]. In particular fluorocarbon feedstock gases are regularly
employed as etching gases in a range of applications, ulti-
mately leading through electron-impact dissociation to the
production of CFy (X=1,2,3) radicals which are responsible
for several important chemical and physical processes on
substrates. Modeling of the processes in these plasma reac-
tors relies on a range of data inputs including absolute elec-
tron collision rates and cross sections for the relevant plasma
species [2].

In this paper we extend our earlier work [3], which treated
elastic electron scattering from CF, in the energy range
30-50 eV, to lower energies. Apart from this previous report
from our group, absolute cross-section measurements for
¢™-CF, scattering are limited to partial [4] and total [5] ion-
ization cross sections, measured using a fast-neutral-beam
technique. Total CF, ionization cross sections have been es-
timated using a modified binary-encounter-dipole method [4]
and total scattering and ionization cross sections by a com-
plex scaling potential technique [6]. Integral elastic and ex-
citation cross sections for e™-CF, scattering have been com-
puted using an R-matrix approach [7], as have differential
cross sections (DCSs) for elastic scattering [8], while differ-
ential and integral cross sections for elastic scattering have
also been calculated using the iterative Schwinger variational
method (ISVM) combined with the distorted-wave (DW) ap-
proximation [9]. Finally, we note our original Schwinger
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multichannel (SMC) [3] calculations. Those results, when
compared against our measured differential and integral
cross-section data between 30 and 50 eV, gave good agree-
ment at the static-exchange (SE) level. It is nonetheless clear
that available experimental and theoretical studies for elec-
tron scattering from the CF, radical remain limited, with a
desire to somewhat improve this situation as one of the mo-
tivations behind this study.

The structure for the remainder of this paper is as follows.
In Sec. II we briefly describe our experimental apparatus and
measurement techniques, while in Sec. III details of our
computations are provided. Thereafter our results and a dis-
cussion of those results are presented. Where possible, com-
parison to cross sections calculated using other theoretical
models will be made. Finally, some conclusions from the
present work will be drawn.

II. EXPERIMENTAL APPARATUS AND METHODOLOGY

The apparatus and procedures used to perform the CF,
cross-section measurements have been comprehensively de-
scribed in some recent publications [10,11], and we do not
need to repeat those details again here. Briefly, the experi-
ment is a crossed-beam electron-scattering experiment com-
prising four differentially pumped chambers. The first cham-
ber contains a solenoid valve, a pyrolytic nozzle, and a
skimmer and is pumped on by a 10” diffusion pump. The
second chamber, separated from the first by a skimmer,
houses ten fixed-angle electron detectors, spanning an angu-
lar range —45°—135°, and is pumped on by a 156 1/s turbo-
molecular pump. The third chamber contains the electron
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FIG. 1. (Color online) A schematic of the present experimental configuration.

monochromator and is differentially pumped by a 50 1/s tur-
bomolecular pump. The fourth and final chamber, separated
from the second by a 30 mm aperture, houses a time-of-flight
mass spectrometer (TOFMS), which monitors the molecular-
beam composition in conjunction with 118 nm radiation used
to single-photon ionize species, and is evacuated by a 6”
diffusion pump. A schematic for this experimental layout is
shown in Fig. 1.

Following pyrolysis of the parent C,F, molecules, the
heated products in the beam undergo cooling through super-
sonic expansion. A skimmer, placed downstream from the
pyrolytic nozzle, serves to collimate the radical beam for
passage through to the scattering chamber. For flash pyroly-
sis of pure C,F, at 1188 °C the resultant supersonic expan-
sion consists almost exclusively (>99%) of CF, radicals [3].
With the pyrolysis tube at room temperature, a strong C,F,
peak was observed in the TOFMS. When the pyrolysis tem-
perature was now raised to 855 °C the C,F, TOFMS peak
began to decline, indicating the onset of pyrolysis, a result
consistent with the previous work [12]. As the pyrolysis tem-
perature was further increased, the C,F, signal further dimin-
ished until it vanished at 1188 °C. This temperature repre-
sents that at which C,F, is fully pyrolized, and it is also
where all our measurements were conducted. Note that the
temperature of the pyrolysis nozzle was measured with an

optical pyrometer. A previous study [12] also measured the
full pyrolysis of C,F, at this temperature and found CF, to
be the predominant (>99%) product.

The electron monochromator incorporates a thoriated
tungsten filament, in a Pierce configuration element, which
emits electrons through thermionic emission. Those electrons
are focused into a hemispherical selector by two three-
element aperture-type lenses and then guided into the scat-
tering region by two cylindrical lens stages. Collimating
apertures and electrostatic deflectors are incorporated
throughout the monochromator to ensure optimum perfor-
mance. The electron monochromator therefore produces a
well-collimated well-focused monoenergetic electron beam
which is scattered from the molecular beam. In the present
work cross sections were measured at 13 electron energies
(2,3,4,5,6, 8, 10, 12, 14, 15, 16, 18, and 20 eV). Such a
fine energy grid is unusual in most scattering experiments
but was undertaken here both to provide a comprehensive
test for the computations and to search for resonances pre-
dicted in the elastic channel by those calculations [3,8,9].

Electrons scattered from the molecular target beam are
detected by an array of rectangular section channeltrons
(Sjuts KBL210), each preceded by a retarding potential
analyzer (RPA), consisting of ten lens elements and a deflec-
tor, to filter out electrons not scattered elastically. Each
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channeltron-RPA detector is shielded from the scattering re-
gion in a grounded, wedge-shaped housing with each detec-
tor opening originally subtending a solid angle of 0.003 sr
with respect to the scattering center. There were ten fixed-
angle positions employed for the detectors in this study of
—45°, =30°, 20°, 40°, 60°, 75°, 90°, 105°, 120°, and 135°,
with this configuration being adopted because it effectively
enabled a DCS to be simultaneously measured at each en-
ergy.

The absolute cross-section scale is set by a relatively new
procedure [10] known as the pressure-rise skimmed super-
sonic relative density (p-SSRDM) method. Here the elastic
DCS (o) of the unknown (U) species is given in terms of that
of a reference (R) species by [10]

APS Qu..N,
(TU=0'R< ".”) (A - ) , (1)
Qu.N,/ g\ APdS, )

where AP} is the corrected measured pressure-rise reading,
Q is the total ionization cross section for the species of in-
terest at 150 eV (see, e.g., [4]), v., is the terminal velocity of
the ideal-gas molecules in a skimmed supersonic expansion,

S, are the pumping speeds, and Ne is the measured elastic
count rate. The reference species chosen to normalize the
CF, cross sections was CF, because this molecule does not
undergo flash pyrolysis at 1188 °C and also because an ex-
tensive set of accurate and reliable elastic DCS already exists
for it in the literature [13]. Note that to check the validity of
the earlier CF, data, which were taken at room temperature,
a series of elastic DCS measurements for electron scattering
from “hot” CF, were also made with the present apparatus.
The level of agreement between those measurements and the
room-temperature data was excellent, so that we have confi-
dence in using the room-temperature CF, cross sections [13]
as our reference. As CF, has a tendency to adhere to chamber
walls, pumping speeds for CF, and CF, were explicitly mea-
sured rather than calculated in terms of the molecular mass.
The chamber pressure P is related to the pumping speed S,
and elapsed time ¢ by

P(t)=Pe™"", (2)

where V is the chamber volume and P; is the initial pressure
when the pulsed nozzle was shut off. The chamber pressure
was logged as a function of time immediately after shut off
and then the ratio of the pumping speeds determined via Eq.
(2) as input to the p-SSRDM normalization.

A complete description of the uncertainties associated
with our p-SSRDM measurements was given by Hargreaves
et al. [10]. Briefly, uncertainties are taken as the quadrature
sum of the statistical errors (2%-10%), uncertainty in the
pressure rise (5% each), uncertainty in the calibrated pump-
ing speeds (10%), uncertainty in the ionization cross sections
(2%-25%), and the uncertainty in the CE, DCS (~20%).
The total uncertainty in the present CF, DCSs is therefore
typically in the range 30%—60%.

III. CALCULATIONS

The SMC method and its implementation for parallel
computers have been described elsewhere [14-17], so we
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give here only the details specific to the present calculations.
We assumed C,, point-group symmetry for the CF, molecule
and optimized the nuclear geometry at the level of second-
order Moller-Plesset perturbation theory in the 6-31G(d)
basis set as contained in the electronic structure package
GAMESS [18], leading to a C-F bond distance of 1.3145 A
and an F-C-F bond angle of 104.196°. Electron-scattering
calculations were carried out using the SMC method both in
the SE approximation, i.e., with polarization neglected, and
in the static-exchange plus polarization (SEP) approxima-
tion. Both the SE and SEP calculations were carried out in
the 6-311G basis set as contained in GAMESS together with a
1s1p3d set of supplementary functions, for which the default
exponents and splitting factors of GAMESS were used. The
x?+y%+7? linear combinations of the Cartesian d orbitals
were omitted. In the SE calculations, the variational space
included only doublet configuration state functions (CSFs)
formed by antisymmetrizing the Hartree-Fock ground state
with each empty (virtual) molecular orbital. The SEP calcu-
lation included, in addition, a closed-channel space compris-
ing doublet CSFs with a single vacancy in one of the occu-
pied valence orbitals and two electrons in virtual orbitals. To
obtain a compact description of the closed-channel space
[19], the virtual orbitals were transformed to modified virtual
orbitals (MVOs) [20] using a 6" cationic Fock operator, and
we included all singlet-coupled excitations from the nine va-
lence orbitals into the 30 lowest-energy MVOs. Such singlet-
coupled virtual excitations capture the relaxation of the target
charge density that corresponds to the classical idea of po-
larization. However, in molecules that possess low-lying trip-
let excited states, it is also important to include virtual (or
real) excitations to those triplet states in the scattering calcu-
lation. The 3B, state of CF, lies only 2.3 eV above the 1A,
ground state [21], and we have accordingly included the
triplet-coupled excitation from the highest occupied orbital
(6a,) of the ground state into the lowest MVO (2b,) in form-
ing our closed-channel space. The resulting configuration
space contained 5014 CSFs in *A; symmetry, 4459 in “A,,
4490 in ’B,, and 4969 in *B, symmetry.

IV. RESULTS AND DISCUSSION

In Table I we present our experimental absolute elastic
differential cross sections for electron scattering from the
CF, molecular radical. Also included in this table are the
absolute errors on our measured data and, for energies 30 eV
and above, the earlier results from Maddern et al. [3] and a
25 eV result by Maddern et al. [11]. A representative selec-
tion of these data are plotted in Figs. 2(a)-2(d), along with
the results from our Schwinger multichannel calculations at
the SE and SEP levels and, where possible, results from ear-
lier R-matrix [8] and ISVM-DW [9] computations. In our
original study of the e”+CF, system [3], we concluded that
our SMC calculations at the SE level provided a good de-
scription of this scattering system for incident electron ener-
gies between 30 and 50 eV. In this investigation we find that
this observation (see Fig. 2) continues to hold true down to
energies around 10 eV. Below 10 eV the importance of ap-
propriately accounting for polarization becomes increasingly
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TABLE I. Experimental elastic differential cross sections of CF, for electron-impact energies from 2 to 50 eV in units of 1071 cm? sr™!.
Untabulated previously published [3,11] data are also included here for completeness.

Energy Scattering angle

(eV) 20° 30° 40° 45° 60° 75° 90° 105° 120° 135°

2.00 0.28+0.27 0.14%0.17

3.00 1.35+£0.45 0.93+0.31 0.77x£0.25 0.62+0.20 0.54*0.18

4.00 1.26 2041 1.12+0.37 0.80+0.26 0.46*+0.15 0.58*=0.19 0.88+0.29

5.00 2.04%0.81 1.19+0.39 0.98+0.32 0.63+£0.21 042x0.14 0.51%x0.17 0.33£0.11

6.00 1.56+0.41 1.03+0.22 0.75%0.16 0.42*+0.08 0.43*=0.09 0.36*=0.11

8.00 1.47+0.41 0.58*+0.17 040%0.15 0.22+0.08 0.29*0.12 0.35*0.16

10.00 1.79+0.48 1.66+0.44 0.84+0.33 0.53+£0.20 046*0.14 0.40*0.13 0.34*0.11 0.45=*0.15
12.00 3.19+0.88 1.86*+0.50 0.67+0.29 0.66+0.24 049*0.15 046*0.15 0.31*0.11 0.51*0.16
14.00 2.08+0.92 2.00*0.59 0.53+0.19 0.57%+0.27 0.38+0.16 0.46*0.21
15.00 1.79£0.99 0.93+0.34 0.438+0.13 0.63*£0.32 0.44=*0.22

16.00 2.59+0.76 1.72+0.46 0.74+0.33 0.68*0.26 0.54*0.16 0.58*+0.19 0.52+0.18 0.68£0.23
18.00 1.07+0.29 0.77%£0.30 0.29+0.11 0.29x0.09 0.31x0.10 0.21*=0.07 0.36*0.12
20.00 0.73+0.24 0.34+0.11 0.30%£0.10 0.22+0.07 0.19%0.06 0.24+0.08 0.48*0.16
25.00 0.75*0.26 0.39x0.15 0.20x£0.08 0.16x0.06 0.15*+0.07 0.20*0.10 0.54%0.21
30.00 4.27*+1.73 0.66=0.22 0.35x0.13 0.23%£0.09 0.11x0.04 0.08=0.04 0.20x0.09 0.38*0.14
40.00 4.87x1.46 0.60*=0.18 0.38x0.11 0.28%£0.08 0.12x0.04 0.08=0.03 0.15*0.05 0.38*0.12
50.00 3.70x1.01 0.34%+0.09 0.22+0.06 0.13%£0.03 0.06x0.02 0.06%0.02 0.11*0.03 0.46*0.14

apparent, as can be seen explicitly in Figs. 2(a) and 2(b) at 3
and 6 eV incident electron energy, respectively. This is per-
haps not surprising given that CF, has a significant dipole
polarizability (12.4a; [22]) compared with water, another
small triatomic having C,, symmetry (9.67a; [23]), and
given also that the permanent dipole moment of CF, is quite
modest (0.469 D [24] vs 1.854 D for water [25]). In general
we would characterize the overall level of agreement, over
the common scattered electron angular range, between our
SMC calculations and our measurements as very good.
Agreement between the present data and earlier calculations
[8,9] is less satisfactory but nonetheless fair. As seen in Fig.
2, the earlier calculations produce larger DCSs at forward
angles than seen in the present measurements or SEP calcu-
lations. The Born correction included in the R-matrix and
ISVM-DW results only becomes significant at angles below
about 10° and thus cannot account for the discrepancy.
Rather, we believe it indicates that the previous calculations
do not sufficiently account for polarization effects. Note that,
in Fig. 2, both the R-matrix and the ISVM-DW results are
closer to our SE results than to our SEP results at forward
angles. This conclusion is also consistent with the integral
cross section (ICS) [see Fig. 3], as we discuss later.

The current measured angular distributions were limited
to scattering angles of 20° and above, even though there is
provision for a channeltron-RPA detector at 15°. This detec-
tor, particularly at the lower energies, regularly “saturated”
due to a combination of the large field of view of our
channeltron-RPA detectors and the relatively uncollimated
nature of our molecular beam. While attempts were made to
reduce the field of view of those RPAs by inserting smaller
apertures into the forward-angle detectors, they were not en-
tirely successful. Further collimation of our molecular beam

was also considered, but was not pursued due to our concern
that we would consequently “lose signal” at the larger scat-
tering angles where the cross sections are smaller. This lack
of forward-angle data was unfortunate [see Figs. 2(a) and
2(b)], as some of the major differences between the various
theories occur at scattering angles less than 20°. In particular
both the R-matrix [8] and ISVM-DW [9] calculations include
an explicit Born-closure correction to account for the perma-
nent dipole moment of CF,, whereas the present SMC results
do not.

In Table I, for incident electron energies of 14 and 15 eV,
there is an unexpected omission in the measured DCS at
scattering angles between 40° and 75° (in each case). The
absence of CF, differential cross sections at these angles
were not caused by any lack of CF, elastic signal; rather,
these measurements coincided with a deep minimum in the
14 and 15 eV CF, elastic DCSs [13] so that in fact the
problem in this case was a lack of CF, elastic signal.

Our data in Table I were extrapolated at each energy using
a molecular phase-shift analysis (MPSA) procedure [26] to
0° and 180° before being integrated to derive ICS for e™-CF,
scattering. We note that, at each energy, the fit to the mea-
sured DCS using our MPSA was excellent, and in almost all
cases the extrapolations to 0° and 180° showed a strong re-
semblance to either our SMC-SE or SMC-SEP results. None-
theless, we do appreciate that using the MPSA to extrapolate
from ~20° to 0° and ~135° to 180° potentially does lead to
some errors in our experimental ICS. The present experimen-
tal ICSs are listed in Table II and plotted in Fig. 3 along with
our SMC results. We note that the uncertainties in our ex-
perimental ICS are typically ~45%, with this rather large
error being mainly due to the uncertainties on our DCS and
the uncertainties associated with the extrapolation of our

052705-4



DIFFERENTIAL AND INTEGRAL CROSS SECTIONS FOR...

(a)

FIL..
(2]
N
IS
(&}
©
o
Z
%)
O
&)
0.1 ‘
0 40 80 120 160
Scattering Angle (Degrees)
10
(c)
()
T i
o~
£
(DO
5 1
o
=
== [ ]
3 o
®
A [ ]
[}
0.1
0 40 80 120 160

Scattering Angle (Degrees)

PHYSICAL REVIEW A 79, 052705 (2009)

i (b)

DCS (10 "%cm?®sr™)
4

0.01
0 40 80 120 160

Scattering Angle (Degrees)

-

DCS (10"°cm?sr™)

0.1

0 40 80 120 160
Scattering Angle (Degrees)

FIG. 2. (Color online) Absolute differential cross sections (10716 c¢m? sr™!) for elastic electron scattering from the CF, radical at (a) 3,

(b) 6, (c) 12, and (d) 16 eV. The present data (@) and SEP (- - -) and SE (blue

) level calculations are compared against the earlier

computation results of Rozum and Tennyson [8] (purple — ——) and Lee et al. [9] (green — —).

DCS at each energy. Also plotted in Fig. 3 are ICS from
R-matrix computations [7] and the ISVM-DW [9] approach,
as well as our earlier experimental data from Maddern et al.
[3].

It is clear in Fig. 3 that the calculations predict a signifi-
cant resonance enhancement of the elastic ICS at low ener-
gies, albeit with the energy of the resonance peak being dif-
ferent in each case. Specifically the current SMC-SEP
calculation predicts the resonance peak to occur at an energy
below ~0.1 eV (not shown), the SMC-SE calculation places
the peak at ~2 eV, the R-matrix result is at ~1 eV, while
that for the ISVM-DW method is at ~1.6 eV. Unfortunately,

our present measurements do not extend to low enough en-
ergies to clarify these results. However, we note that because
polarization is an attractive interaction, it shifts resonances to
lower energies. Thus the fact that the R-matrix [7] and
ISVM-DW [9] results put the main resonance peak at higher
energies than our SEP calculation is consistent with those
calculations including less polarization.

A stable CF, anion exists, with an adiabatic electron af-
finity of 0.1820.02 eV determined by Schwartz er al. [21]
using photodetachment spectroscopy. This anion has the
same 231 electronic configuration as the resonance under dis-
cussion. In other words, the resonance energy is the (nega-
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FIG. 3. (Color online) Absolute integral cross sections

(10719 cm?) for elastic electron scattering from the CF, radical. The
present data (@) and SEP (- - -) and SE (blue ) level calcu-
lations are compared against the earlier computation results of Ro-
zum et al. 7] (purple — —— —), Lee et al. [9] (green — -), and
our own earlier data [3] (A).

tive) vertical electron affinity of the ground-state ion. In set-
ting the resonance below 0.1 eV, our SEP calculation
indicates that the anion is either very nearly bound or actu-
ally bound at the vertical geometry; given our neglect of
vibrational motion, and given that errors of a few tenths of
an eV are typical for this sort of calculation, we cannot be
more definitive. On the other hand, the calculations that
place the resonance higher, at 1-2 eV, predict that the anion
energy rises quite a bit (from —0.18 to 1-2 eV) between the
anion equilibrium geometry and that of the neutral species.

A second, much weaker, resonance feature occurs near 15
eV in the ICS from our SMC-SE calculation and that ob-
tained in the ISVM-DW approach [9]. In our SE calculation,
this feature arises from overlapping broad resonances, one in
%A, at about 12 eV and one in 2B, at about 13.5 eV, while
Lee et al. [9] reported a 232 resonance at about 15 eV. There
does appear to be some experimental support for the exis-
tence of this structure, although the errors on our measured
ICS preclude us from being more definitive here. We would
characterize the level of agreement between the present mea-
sured ICS and our SMC calculation as being good, as might
be anticipated from our previous discussion of the DCS. In
particular we highlight that, at energies below 8 eV, only the
SMC-SEP result agrees with the experimental ICS, even
when the uncertainties on the current measurements are
taken into account.

V. CONCLUSIONS

We have reported measurements and SMC calculations
for elastic electron scattering from CF,. Both differential and

PHYSICAL REVIEW A 79, 052705 (2009)

TABLE II. Experimental elastic integral cross sections of CF,
for electron-impact energies from 3 to 50 eV. Untabulated previ-
ously published [3,11] data are also included here for completeness.

Energy ICS?
(eV) (1071° cm?)
3.00 10.20
4.00 10.60
5.00 10.33
6.00 9.69
8.00 8.70
10.00 6.64
12.00 9.45
14.00 12.66
15.00 10.91
16.00 12.84
18.00 9.85
20.00 11.40
25.00 14.00
30.00 11.80
40.00 10.30
50.00 8.30

#Uncertainties in ICS measurements are in the order of 45%.

integral cross sections were presented between 2 and 20 eV,
with generally good agreement found between our measure-
ments and calculations. Such data are important for our
quantitative understanding, through modeling [2], of how
plasma reactors, in which CF, is one of the active constitu-
ents, function at the nanoscale. One of the highlights of the
present study was the clear role played by polarization in the
lower energy scattering regime of this system. Further ex-
periments at energies less than 2 eV will be required to de-
finitively test whether the theoretically predicted resonance
exists and, if so, at what energy. Such experiments require a
modification to our electron monochromator, which is cur-
rently under consideration.
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