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Absolute differential cross sections (DCSs) for electron interaction with BF; molecules have been
measured in the impact energy range of 1.5-200 eV and recorded over a scattering angle range of
15°-150°. These angular distributions have been normalized by reference to the elastic DCSs of the
He atom and integrated by employing a modified phase shift analysis procedure to generate integral
cross sections (ICSs) and momentum transfer cross sections (MTCSs). The calculations of DCSs
and ICSs have been carried out using an independent atom model under the screening corrected
additivity rule TAM-SCAR). The present elastic DCSs have been found to agree well with the results
of IAM-SCAR calculation above 20 eV, and also with a recent Schwinger multichannel calculation
below 30 eV. Furthermore, in the comparison with the XF; (X = B, C, N, and CH) molecules, the
elastic DCSs reveal a similar angular distribution which are approximately equal in magnitude from
30 to 200 eV. This feature suggests that the elastic scattering is dominated virtually by the 3-outer
fluorine atoms surrounding the XF; molecules. The vibrational DCSs have also been obtained in
the energy range of 1.5-15 eV and vibrational analysis based on the angular correlation theory has
been carried out to explain the nature of the shape resonances. Limited experiments on vibrational
inelastic scattering confirmed the existence of a shape resonance with a peak at 3.8 eV, which is
also observed in the vibrational ICS. Finally, the estimated elastic ICSs, MTCSs, as well as total
cross sections are compared with the previous cross section data available. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4926539]

. INTRODUCTION

Halogen-containing compounds such as gaseous BF3
have been widely used in the plasma-assisted fabrication of
large integrated circuits, semiconductor fabrication, surface
hardening, and other technological applications. Recently,
BF; has been suggested as a replacement molecule for di-
borane, BoHg used as a p-type dopant of amorphous silicon
films in solar cells.! In order to perform plasma discharge
simulations as accurately as possible, reliable low-energy
electron collision cross sectional data are needed. Recently,
calculations on the collisional cross sections for scattering of
F*, B*, BF*, and BF," ions from BF; have been reported.” A
consistent set of low-energy electron collision cross sections
has also been derived from the measured electron transport
coefficients for a pure BF; molecule using an electron
swarm study and a two-term approximation of the Boltzmann
equation for energy.'

To our knowledge, the previous work on electron interac-
tions with BF; includes ionization cross sections,>™ disso-
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ciative electron attachments,®8 grand total cross section
(TCS) measured by Szmytkowski et al.,’ and calculated
ionization and TCS with an independent atom model by
Vinodkumar et al.'® Angular differential-vibrational exci-
tation of BF; for symmetry stretching v; and degenerate
stretching v3 modes were reported as a function of the
electron energy with a crossed-beam method by Tronc et al.!!
As far as elastic differential cross sections (DCSs) and
integral cross sections (ICSs) are concerned, we note a few
theoretical studies on multi-scattering Xo.-calculation of the
unoccupied a’’», a’;, and e’ molecular orbitals of BF3 and
BCl; by Tossel et al.'> which are compared with electron
transmission spectroscopy (ETS) measurements as well as
R-matrix calculations by Radmilovié-Radjenovi¢'? on the
elastic scattering and electronic excitation of BF3; by low
energy electrons. More recently, the Schwinger multichannel
(SMC) method was employed in the static-exchange (SE)
and the static-exchange-polarization (SEP) approximations
in the energy range from 0.1 to 10 eV.'*!S However, no
systematic measurement of the DCS has been reported in
a wider electron energy region from low- to intermediate-
energy range. The present study, therefore, represents a
new and original experimental contribution of the DCS data

©2015 AIP Publishing LLC
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for BF; in the energy range of 1.5-200 eV, which have
been compared with similar 3-fluorine atom compounds on
elastic-scattering from NF3,'%!8 CHF3,' and CF3-radical %!
These results are also compared with the optical potential
calculations assuming an independent atom model under the
screening corrected additivity rule (IAM-SCAR) but including
screening corrections in order to account for the molecular
geometries.?>?3

In a recent work on the elastic scattering from the
halomethane-molecules, CH;F, CH;Cl, CH;3Br, and CH5I,%*
we have shown for the first time atomic-like behavior of these
scattering systems by comparing the elastic DCSs of these
molecules with those for the corresponding noble gases, Ne,
Ar, Kr, and Xe, respectively. Such behavior was soon after
shown for other molecular systems as CCly,? SiF4,20 GeF,,”
COS and CS,,”® and C4Fg isomers? scattering systems by
comparison of the elastic DCSs for corresponding atomic
chlorine, fluorine, and sulphur atoms in the intermediate
impact energy region, respectively. Here, we also verify,
for the first time, such atomic-like behavior in the elec-
tron scattering processes from XF3 (X = B, C, N, and CH)
molecules.

In Sec. II, we provide details on the experimental
apparatus and procedures that have been used in the present
work. In Sec. III, we present a brief description on the
calculation and extrapolation methods for the DCSs and in
Sec. IV, the experimental data are presented together with
a discussion and comparison with other experimental and
theoretical results. Finally, some conclusions that can be drawn
from this study are given in Sec. V.

O———————T

Elastic
40

30

Intensity (arb. units)

20

10

*>o

0 |
-0.10 -0.05 0.00 0.05
Energy loss (eV)

020 0.25

J. Chem. Phys. 143, 024313 (2015)

Il. EXPERIMENTAL DETAILS

The two electron spectrometers used in the present work
have been described thoroughly in previous publications
(e.g., Tanaka et al.’*>" and Kato et al.,>* respectively). Gener-
ally speaking, both spectrometers employed are identical
apparatus except for the following arrangements. In the latter
setup, scattering angles are covered from —20° to 150°, with the
electron monochromator differentially pumped. The overall
energy resolution is set to approximately 35 meV and 100
meV (FWHM), for electron impact energies of 1.5-30 eV
in the former and for 50-200 eV in the latter experimental
setup, respectively. However, lower vibrational modes of
BF3,? v4 (59 meV), v, (86 meV), v; (110 meV), and v;
(180 meV) are excited together with rotational excitation
contributions to the elastic peak. Within the present resolution,
these can be observed as the two distinctive groups of
bands attributable to the composed (v4 + v» + v;) modes and
degenerate stretching (v3) mode as shown in Fig. 1. In general,
vibrational excitation contributes to about a few percent at
higher impact energies (above 30 eV), with little influence on
the shape of the elastic peak. However, around the Ramsauer-
Townsend (R-T) minimum expected at 1.5 eV,'> a symmetric
stretching vibration (v3) is normally expected to exceed the
elastic cross section. Moreover, both elastic and vibrational
excitations are normally enhanced around the shape resonance
at 3.8 eV.

The energy scale was also calibrated by reference to
He 2S Feshbach-resonance at 19.37 eV and the first peak
of v =0 — 1 excitation in the 2Hg shape resonance in N
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FIG. 1. Typical energy loss spectra of scattered electrons from BF3 at an impact energy of 1.5 eV and 4 eV, and at a scattering angle of 20°. The elastic peak
and low-lying vibrational-modes, vj (0.110 eV), v (0.086 eV), v3 (0.180 eV), and v4 (0.059 eV),32 are shown by bar plots.
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at an incident energy of 1.97 eV.>* In both setups, the angular
scale and their resolution within +1.5° were determined from
the symmetry in the intensity profile of the He 2'P inelastic
transition measured by changing the scattering angle of +6
against the nominal-scattering angle at 0°. The molecular beam
was produced effusively from a nozzle with the length of 5-mm
and diameter of 0.3-mm, kept at slightly elevated temperatures
(50-70°C) throughout the measurements to avoid nozzle
surface contamination by BF;.

The observed counts of the scattered electrons were
converted into absolute cross sections by re-measurements
of the well-known DCSs of He** using the well-established
relative flow technique.*~* That calibration requires constant
Knudsen numbers for BF3; and He to generate equal two gas
densities in the collision volume, for which the head pressures
behind the nozzle were about 0.5 Torr for BF; (4.90 A) and
2.5 Torr for He (2.18 A). Those were estimated based on the
hard sphere model.

In a single hemispherical analyzer without real slits
(virtual slits), some electrons with energies higher than passing
energy, Ey of the analyzer are reflected from the walls,*
leading to the long tail on the energy-loss side of the elastic
peak (about 3% or less of the elastic peak). With the present
energy resolution, the v4-vibrational mode (59 meV) cannot
be resolved completely from the elastic peak which can
be represented rather well by the sum of a Gaussian peak
(height ~3%) plus a very broad Lorentz function. However,
the vibrational peaks in the energy loss spectra were estimated
through a Gaussian fitting procedure to distinguish them from
the background signal. Experimental errors are estimated as
10%—-15% for elastic DCSs, ~25% for inelastic vibrational
DCSs, and 30%—-33% for ICSs and momentum transfer cross
sections (MTCSs).

lll. THEORETICAL APPROACH, FITTING,
AND INTEGRATION METHOD

Details of the application of the IAM-SCAR?*?? method
to electron interactions have been provided in a number of
previous papers (see, e.g., Refs. 25-29). Briefly, each atomic
target (B, F) is represented by an interacting complex potential
(the so-called optical potential). The real part accounts for the
elastic scattering of the incident electrons, and the imaginary
part represents the inelastic processes, which are considered as
“absorption” from the incident beam. For the elastic part, the
potential is represented by the sum of three terms: (a) a static
term derived from a Hartree-Fock calculation of the atomic
charge density distribution, (b) an exchange term to account
for the indistinguishability of the incident and target electrons,
and (c) a polarization term for the long-range interactions
which depends on the target polarizability. The inelastic
scattering, on the other hand, is treated as electron-electron
collisions. Further improvements to the original formulation
in the description of the electron’s indistinguishability and the
inclusion of screening effects led to a model which provides a
good approximation for electron-atom scattering over a broad
energy range. To calculate the cross sections for electron
collisions with BF3, the additivity rule (AR) is then applied
to the optical model results for each constituent atom. In this

J. Chem. Phys. 143, 024313 (2015)

approach, the molecular scattering amplitude stems from the
coherent sum of all the relevant atomic amplitudes, which
gives the DCSs for the molecule of interest. ICSs can then
be determined by integrating those DCSs. The geometry of
the molecule (atomic positions and bond lengths) is taken into
account by using some screening coefficients and this enables
the range of validity of the technique to be extended down to
impact energies of ~30 eV (or lower) for electron scattering.

In order to obtain the experimental ICSs and MTCSs,
the integrations were carried out as follows. The measured
elastic DCSs were extrapolated (6 < 15° and 6 > 150°) with a
modified phase shift analysis (MPSA), including polarization
and the Born approximation for the higher phase shifts,*!
or the corresponding shapes of our JAM-SCAR calculation
as a guide (see, e.g., Refs. 25-29 and references therein for
details on the calculation procedure). The DCS, g—g =|F(0),
is defined in terms of the scattering amplitude as

L
fO)=5k

[S; (k)—1](2I+1) P;(cos 6)+CL(k,a,0)] ,
with
0

11
Cyr (k,a,0) = 2inak® {5 -3 sin 3

L
- Z Pi(cos 0)/(21 +3)(21 — 1)} ,
=1

where k is the incident electron wave number, S;(k) is
the scattering matrix, and N, depends on the least square
fitting procedure employed. In addition, Cy (k,@,0) is the
Thompson’s form of the Born approximation for higher
phases,”> and o =3.31 A> (Ref. 43) is the polarizability
of BFs. Finally, the parameterized DCSs were numerically
integrated by using

Tdo .
Or = 275/0 0 sin 8d6
for ICSs and
™ d
Om = 27:/0 é [1 - cos 8] sin 6d6

for MTCS, respectively.

IV. RESULTS AND DISCUSSION

Figure 2 shows the absolute elastic DCSs of BF; at
electron impact energies from 1.5 to 200 eV for scattering
angles from 15° to 150° with the MPSA fittings (red chain
curves from 1.5 to 20 eV) for the full angular range, i.e., from
0° to 180°. The calculated results from the present IAM-
SCAR, recent SMC-SE, !4 and SMC-SEP!° methods are also
plotted from 1.5 to 200 eV in Fig. 2. In order to make a clear
comparison between experiment and the theoretical methods,
the angular behavior is illustrated separately in Figs. 3 and 4
for the DCSs of XF; (X = B, C, N, and CH) at intermediate-
and high-electron impact energies. The typical electron energy
loss (EEL) spectra at 1.5 eV, 20° and 4.0 eV, 20° of BF; in
the vibrational excitation were recorded with an apparatus
resolution of 30—40 meV as shown in Fig. 1 and the angular
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FIG. 2. Elastic differential cross sections (1071 cm? sr~1) for BF; at impact energies between 1.5 and 200 eV, together with present IAM-SCAR and previous
theoretical calculations.'*!3 (®): present measurements, red dashed-dotted and black solid lines: present MPSA fitting and IAM-SCAR calculations, respectively.
Blue dashed and green dotted lines: the SMC-SE and -SEP calculations, ' respectively (see in text).

distributions of vibrational inelastic DCSs in Fig. 5 at the
incident energies 1.5, 4.0, and 15 eV. Vibrational DCSs of
resolved fundamental modes at 4.0 eV are also shown together
with the fitting lines by a vibrational analysis in Fig. 6. Angular
integrated cross sections for elastic and inelastic scatterings are
presented together with total cross section available from the
literature in Fig. 7.

All DCSs and their ICSs as well as MTCSs are tabulated
as numerical data in Table I. Errors are estimated as follows:
the He reference data are accurate to about 10%, the elastic
DCS introduces another 10% statistical and systematic errors,

giving a total of about 15%. Some physical properties of BF;
are summarized in Table II.

A. Elastic DCS at 1.5-10 eV

The current elastic DCSs for BF; are shown in Fig. 2
together with the corresponding results from MPSA fitting
in the impact energy range of 1.5-20 eV. The present [AM-
SCAR calculations and recent SMC calculations'*!> are also
plotted. As shown in Fig. 2, we can distinguish three different
electron energy regions. At low and intermediate energies,
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FIG. 3. Comparison of the present DCSs for BF3 with the XF3 (X = C,2%2! N,'0 and CH'®) molecules at (a) 4.0 eV, (b) 7.0 eV, (c) 30 eV, and (d) 60 eV (see

legend for details).

ie., 1.5-15 eV, the present DCSs can be compared with the
recent SMC-SE and SMC-SEP calculations of da Costa et al.'*
and Pastega et al.,"” respectively. From the latter study, a better
agreement with the present experimental DCS in the electron
energy range below 10 eV is obtained except for scattering
angles smaller than 40°. Below 10 eV, the DCS decreases in
magnitude as the scattering angle becomes smaller. However,
forward scattering begins to slightly increase at 3.5 eV, where
the angular distribution shows a relatively isotropic behavior.
We note that a shape resonance has been reported at ~3.5 eV
with B, symmetry of the C,, group, corresponding to the

A} symmetry of the D3, group as pointed out by Pastega
et al.’> Such behavior of the angular distribution has also
been observed in the case of T,; symmetry molecules such as
CCl,> and CF4* at electron impact energies near or above the
energy position of the shape resonances. The R-T minimum
at 0.7 eV in the A, state!’ is outside of the present impact
energy region, but the effect can still be clearly observed in
the isotropic behavior of the DCS below 3.5 eV, except for
smaller scattering angles, i.e., below 40°. Such is reminiscent
of s-wave (I =0) scattering which dominates in the R-T
minimum.
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FIG. 4. Comparison of the present DCSs for BF3 with the XF3 (X = N'® and
CH') molecules and the DCS calculated for atomic-fluorine at an impact
energy of 100 eV, which is multiplied by factor of 3 in order to demonstrate
the effect of three atomic-F in the target molecule.

B. Elastic DCS at 15-200 eV

Above 15 eV, we observe a very good agreement between
the measured DCSs for BF3 and the IAM-SCAR calculations
with two minima discernible. One is a clear minimum at ~100°,
which slightly shifts to larger scattering angles and becomes
shallower at 200 eV, whereas the other is a less pronounced
minimum close to 40°-50°at 15 eV, which progressively shifts
to smaller scattering angles with increasing electron impact
energies. Since BF; has no permanent dipole moment, we
consider that the strong increase in the magnitude of the DCSs
at forward scattering angles by long-range interaction (more
noticeable at higher impact energies) is dictated by the rela-
tively large value of BF; dipole polarizability (3.31 A3).43

C. Comparison in angular distribution with XF3
and atomic-F DCSs

In Figs. 3(a)-3(d), we compare our elastic DCSs of BF3
with those of XF; (X = C,22! N,'¢ and CH') molecules
together with the IAM-SCAR and the SMC calculations for
BF;at4.0,7.0,30, and 60 eV. At 4.0 eV, close to the resonance
energy in the B, symmetry of C,, group, the DCS for BF; has
a minimum around 100° attributed to p-wave-like scattering
as pointed out by Pastega et al.'’ It is interesting to note
that NF5 DCS shows a similar behavior as BF3, whereas for
CHF; it decreases monotonically with increasing scattering
angle. At 7.0 eV and above 40°scattering angle, BF3, NF;,
and CHF; show identical angular distributions. However, CF;
radical DCS reported recently by Brunton et al.>*?! appears

J. Chem. Phys. 143, 024313 (2015)
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FIG. 5. Vibrational differential cross sections (1071¢ cm? sr™!) for BF; at
energies of 1.5, 4.0, and 15 eV, corresponding to off-resonant and on-resonant
energies, respectively. () and solid lines: present DCSs and fitting lines for
the v3-degenerate stretching based on the vibrational analysis.>>** (0) and
dashed-lines: for the (v + v2 + v4) composed modes. Dotted-dashed line: Born
approximation for v3 mode.

one order of magnitude higher than BF;, NF3, and CHF;
molecules albeit with similar DCS shape and local minimum
at ~90°. The SMC calculations by Diniz et al.*> have shown
the similarity between the elastic DCSs of the CF; radical
and CHF; molecules. Moreover, it also has reproduced well
our previous experimental results'® in the energy range of 6.5
eV-30eV. This large discrepancy in the DCS magnitude at 7.0
eV (afactor of 10) cannot be explained neither from the worse
energy resolution (~420 meV in the experiment?') nor from
the enhancement due to a shape resonance even if emerged.
The present result supports rather the theoretical calculations
of CF; radical .23 At 30 and 60 eV, the angular distributions
of DCSs for XF; (X = B, N, and CH) molecules look like a
further overlapped feature, whereas DCSs of CF5; cannot be
simply compared because of the large error bars. As discussed
above, the IAM-SCAR calculations match perfectly well the
experimental DCSs for energies above 30 eV.

In Fig. 4, we compare in detail the present results for
BF; with previous measurements on NF; and CF;H molecules
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FIG. 6. Vibrational differential cross sections (10716 cm? sr™1) of resolved
vibrational modes, v, vy, v3, and v4 at an impact energy of 4.0 eV. (0),
(a), (m), and (¢): vibrational DCSs of vy, vy, v3, and vy, respectively. Solid
lines: fitting results by Legendre polynomials from the angular correlation
theory.”3->*

together with theoretical calculations for the fluorine atom
at an impact energy of 100 eV. Note that the DCSs for
atomic-F are multiplied by a factor of 3 in Figs. 3 and
4. The structure observed for BF; is well-reproduced in
the TAM-SCAR calculation. This is due to “interference
between single scattering centers” in multiple scattering with
a single molecule. A deep minimum is observed at around
90°. Given that the IAM-SCAR theoretical approach is built
upon scattering from atomic centers, from a qualitative point
of view, the agreement between experimental DCSs for XF;
molecules and calculated DCS for the F-atom is remarkably
good. This is strong evidence in support of the assertion
that atomic-like effects may remain prevalent in what are
fundamentally molecular systems. As so, at these energies,
the scattering process is dominated mainly by the outer atoms
in the molecule, i.e., the incoming electron mainly sees the
charge cloud distributions produced by the fluorine atoms
surrounding the central boron, nitrogen, and carbon atoms,
which mainly behave as spectators in the collision processes.
Similar behavior has been observed for the case of CCly,?
YF; (Y = C, Si, and Ge),>” COS and CS,,?® and recently in
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FIG. 7. The elastic (a) ICS, Qy, vibrational ICS, TCS and (b) MTCS, Q, for
BFj3 derived from the present DCSs and compared with other previous exper-
imental and theoretical results. (a) Elastic ICS—(®) and solid line (black):
present results and the IAM-SCAR calculation, dotted-dashed line (blue):
SMC-SE, *15 ghort-dashed line (green): SMC-SEP," dotted-line (purple):
Xa-calculation,'? short-dashed line (wine): R-matrix calculation.!? Inelastic
ICS—(a) (dark green) and (A) (black): present vibrational ICSs for (v;
+ vy +v4) composed mode and v3-degenerate stretching mode, respectively.
Chain double-dashed line (green): total inelastic ICS in present IAM-SCAR
calculation, (V) (black),? dotted-dashed line (dark blue),* and dotted-line
(orange):'” ionization cross sections. Dashed-dotted line (red): BEf-scaled
ICS for electronic excitation cross section to 7t* state.>! TCS—(m) and dashed
line (red): present results and IJAM-SCAR calculation. (O): experimental
TCS,° dashed-dotted line (black): IAM calculation in Ref. 10. (b) (®): present
results, dotted-dashed line (blue): SMC-SE,!*!> short-dashed line (green):
SMC-SEP,"® thin dashed-dotted line (black): MTCS derived from swarm
experiments.?

C,F¢ molecules (n =2, 3, 4, and 6).29 For these molecular
systems, the central atoms are lighter than the outer atomic
system. However, in the case of YH4 (Y = C,* Si,*® and
Ge*?) molecules, the structure in the angular distributions was
partly found in the corresponding noble gas species (Ne, Ar,
Kr, and Xe atom). Finally, a close inspection in Fig. 4 shows
that there are differences with respect to the magnitude of
the depths of the critical minimum, suggesting perhaps that
“molecular-like” effects are still playing a role here.

D. Vibrational excitations

Fig. 1 shows the EEL spectra of BF; in the vibrational
excitation region obtained at the impact energies and scattering
angles of 1.5 at 20° and 4.0 eV at 20° with an energy resolution
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TABLE L. Elastic differential (1071¢ cm%/sr), integral cross sections Q y and momentum transfer cross sections Q,, (10716 ¢m?) for BF3. Errors on the DCS are

typically 10%—15%, on the ICS and MTCS ~30%-33%.

Energy (eV)

Angle (deg) 1.5 2.0 3.0 35 4.0 5.0 7.0 10 15 20 30 60 100 200

15 1.317 1.934 3.143 7.281

20 0.729  0.491 0.893 1.709 1.864  1.239 1.609 2.105 2.754 5.728 . 4066 199  1.330
30 0.559  0.382 0.775 1.455 2.026 1404 2.103 1.855 1.765 3.235 3226 0934 0.806  0.642
40 0405  0.351 0.840 1.429 2.065 1479 2.234 1.694 1.170 1.853 1.391 0.674 0483 0.372
50 0.257 0356 0.863 1.441 1.774 1434 1.930 1.388 0.705 1.066 0.766 0493 0.264  0.267
60 0322 0.405 0.802 1.404 1.464  1.157 1.218 0.836 0.535 0.730 0.699 0275 0.204 0.118
70 0.338  0.436 0.879 1.143 1.136  0.742 0.777 0.604 0.548 0.643 0569 0.191 0.167  0.080
80 0.340  0.416 0.854 1.003 0.908  0.470 0.518 0.539 0.561 0.508 0422 0.134 0.114  0.073
90 0.385  0.456 0.901 0.893 0.743 0377 0.404 0.585 0.526 0.401 0.307 0.118 0.078  0.067
100 0412 0465 0.820 0.807 0.607  0.346 0.395 0.605 0.397 0.363 0269 0.111 0.076  0.072
110 0.398  0.447 0.803 0.809 0.632 0414 0.478 0.539 0.288 0.438 0304 0.142 0.105 0.070
120 0.430  0.501 0.728 0.826 0.793  0.531 0.554 0.507 0.297 0.606 0.444 0231 0.161 0.076
130 0.413  0.465 0.773 0.998 1.026  0.628 0.591 0.538 0.525 0.879 0.644 0299 0.197  0.083
140 1.013 0426 0.249  0.089
150 1336  0.536

Or 5.156 5212 10319 14427 15.083  9.825 11.341 10.580  10.131 15574 13333  7.378 4560  2.881
Om 5.025 5414  10.067 13.251 13373 7917 8.225 8.108 8.049  11.493 9.238 3917 2495 1.234

of 30-40 meV. Those electron energies were chosen to be
close to the R-T minimum and shape resonance, respectively.
As mentioned above, in addition to the elastic peak, the spectra
reveal the presence of two distinct groups of bands, i.e., the
composed modes (v4 + v; + v;) and degenerate stretching, v;
mode centered at energy losses of 0.075 eV and 0.180 eV,
respectively. BF;, like CF4,* is one of the few molecules
where the v3; mode is isolated from the v; mode. For planar
molecules such as BF3, the symmetric stretching v; mode is
Raman active and the out-of-plane deformation v, mode is IR
active, while the degenerate stretching v; and vy modes are
active in both. These features are summarized in Table II.
To improve the signal-to-noise ratio, we have integrated
these two peaks using Gaussian functions and normalized
to the corresponding elastic DCS. The angular distributions
of composed (v4 + v, + v1) and vz modes at 1.5, 4.0, and 15
eV obtained from the EELS data such as Fig. 1 are shown in
Fig. 5.

At 1.5 eV impact energy and forward scattering angles,
the v3 mode DCS increases similarly as the elastic DCS. Such
behavior has been observed in fluorine containing molecules,

TABLEII. Physical and chemical properties of BF3.

Symmetry of ground state Ay

B-F internuclear distance (a.u.) 2.45

F-B-F angles 120°
Polarizability (A%) 3.31

Symmetry Normal modes Vibrational energy  Activity
species [ (nuclear motion) AE (eV)

a’ vi (symmetry stretching) 0.110 R

a v, (out of plane-deform) 0.086 IR

4 v3 (degenerate stretching) 0.180 IR, R

e v4 (degenerate stretching) 0.059 IR, R

e.g., CH3F,"” CF,* C,Fs and SFg’!' for electron impact
energy approaching the region of the R-T minimum. Note that
although the v; mode excitation is optically forbidden, it is
Raman active, whereas in the case of v, and vz modes with
large IR activities, direct dipole scattering will produce large
vibrational cross sections, in particular, near the threshold.
Therefore, at 1.5 eV, the strongly forward peaked angular
distributions of v3 mode most likely indicate a typical Born-
like behavior, i.e., monotonically decreasing function from
direct scattering as the scattering angle becomes larger>> as
shown in Fig. 5. The disagreement between the Born-curve
and measured DCSs at larger scattering angles in Fig. 5
may be due to limitation of the Born approximation or may
indicate the influence from an underlying shape resonance
in the vicinity of 3.8 eV. Note that for this feature, the DCS
behavior (see Fig. 2) is in contrast to the elastic DCS at 1.5 eV,
showing isotropic angular distribution dominated by an s-wave
character.

Shape resonances reveal strong selectivity in vibrational
excitation. The vibrational modes are, in general, obtained by
assuming that the operator transforming the initial symmetric
vibrational state, y; (I';) to the final vibrational states ¢
(I'r), belongs to the same irreducible representation as the
electron density of the temporarily bound state (I'rngy =L
X I'L). The direct product rules for (¥, |H|y;) # 0 allow
one to calculate the symmetry species of the final states.
I'. of the outgoing electron-wave can be obtained from
Y X I, = I'rn1. An expansion of these species into spherical
harmonics shows that the electron-wave in the molecular
frame has the contribution of three angular momenta.>® These
representations are summarized in Table III for the predicted
transient negative ion (TNI) states (I';) corresponding to three
Dsp,, Cs,, and Gy, point groups, and the symmetry species for
the fundamental vibrational modes in Table II. The electronic
ground state configuration of BF3 with symmetry D3y, is
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(a2 (1€ 22 Gay P2 ay P3¢ (1ar P (de (e (1) A,

However, since BF3 is a planar molecule, it can also be
treated within C,, symmetry, like other planar molecules as
F,CO."

The first study on the vibrational excitation by low
energy electron impact in a crossed-beam experiment has
been performed by Tronc et al.'' Three broad resonance
structures at around 3.8, 10.3, and 13.7 eV were observed
in the inelastic vibrational excitations of v; (+2v,) and v,
(+v2) modes at a scattering angle of 90°. From Table III,
these broad maxima at 3.8 and 13.7 eV were assigned
to shape resonances with a,”” and e’ symmetries, i.e., a
molecule in the ground state plus an electron temporally
trapped in a low-lying unoccupied molecular orbitals of a,”
and ¢’ symmetries. A typical resonance enhancement in the
vibrational excitation was observed for the v; mode. Moreover,
the v, mode was also enhanced due to the symmetry change
from a,” (D3p) to a; (Cs,) of the temporary negative ion,
BF;™. Such is due to the fact that the energy of the a,”
orbital decreases as the F-B-F angle changes from 120° to 90°,
leading to a pyramidal geometry of Cs, symmetry. Therefore,
it is reasonable to assume that the predominant pathway
for vibrational excitation with the resonant energy occurs
by TNI decay, while the bands comprising, v;, v, and vy
are excited by a breakdown of the optical selection rules,
which is due to the low impact energy. Direct scattering is
always the inevitable contribution which covers the resonant
characteristics, specifically for the elastic scattering.

As discussed briefly above, the feature at 3.8 eV was
confirmed at fairly close energy of 3.54 eV in the ETS of
Tossel et al.,'? whereas the weak structures in the total cross
section from 6 to 14 eV were not reproduced in such ETS
experiments. In addition to the ETS, multiple Xa-calculation
was carried out to clarify these experimental resonances in
which the unoccupied a,”, a,’, and e’ orbitals were assumed
to generate the resonances at 3.5 and 13-16 eV, respectively.
More recently, the R-matrix of Radmilovié-Radjenovié et al.'?
and the SMC calculation of Pastega et al.'> confirmed the
strong resonance with B; and B, symmetries belonging to
the C,, point group, in which the DCSs were also provided

TABLE II. Symmetry analysis within the point groups of D3, C3,, and
Cayp.

Point group Dsp, Csy Cay
Ground state Al A Al
I'L (LUMO) ay’, ay e’ aj by
=TT ay’ al,ay, e a; ai
Telastic al, a]’, az’,@' ay ay
loul—elaslic 0,2 0,1,2 0,1 0,1
T ay ay,ay, e ay aj
Y Vi Vi, V2, V3, V4 Vi, V2 Vi, V2, V3
I'wave—out a I, a 1/, e’ aq ag
Lout 0,2 0,2,1,2 0,1 0,1

for the elastic scattering. In the SEP approximation of the
SMC calculation around 3.5 eV and at 10 eV, the elastic
DCSs are represented by a shallow p-wave (I = 1) and a weak
d-wave (/ =2) behavior, respectively. There is also a very
small indication that [ = 3 partial wave contributes to the
elastic scattering.

However, to our knowledge, no angular distribution of
BF; has been measured for the vibrational excitations. The
present measurement is limited from 1.5 to 15 eV. As clearly
shown in Fig. 5, prominent features emerge in the angular
distributions of the vibrational excitation functions, which are
more enhanced than those in the elastic scattering close to
the R-T minimum at 1.5 eV, and near the shape resonances
at 4.0 and 15 eV. These DCSs shed light in understanding
which angular momentum dominates in the resonant scattering
process. The angular momentum contribution of the scattered
electron in the molecular frame is shown in Table III, with
the angular distributions of the vibrational DCSs, o () in the

laboratory frame must have the following form:3*>*

o(09) = Z ar Py (cos0) = ag + a Py (cos )
k
+arP;(cosf) + - - -. €))]

Here, Py (cos 0) are the Legendre polynomials. The expression
contains even and odd orders of Legendre polynomials
because both entrance- and exit-channels include even and
odd quantum numbers of the angular momenta. In contrast
with the elastic DCS at 4.0 eV, the angular distribution for
the composed modes reveals weak d-wave (I = 2) feature on
the isotropic flat-behavior due to an s-wave (I = 0) scattering,
while the increasing trend of the DCSs still remains towards
the forward scattering at 1.5 eV. A bump with minima around
50° and 110° and a slightly hump structure around 80° in the
DCS of v; mode have appeared as a typical d-wave character,
although excitation of v3 mode is not expected to be relevant
due to selection rules of the symmetry analysis in Table III.
This feature which is also enhanced more in the v; mode at
15 eV supports the requirement of the e’ symmetry resonance.
At 10 eV, with the exception of the forward peak around 30°,
the DCS also becomes isotropic for the composed mode and
shows weak d-wave character for v; mode, almost the same as
at 15 eV (not shown). Consequently, it shows that this broad
¢’ resonant state will couple with the v3 mode, extending down
to around 4 eV.

Fig. 6 shows the angular distributions of vibrational DCSs
for resolved vibrational modes at 4 eV. Solid lines represent
the angular distributions fitted by the Legendre polynomials of
order k in Table III for each mode. Due to the present symmetry
analysis,”* v; mode being excited via a shape resonance
reveals slightly a broad hump around 90° on the flat angular
distribution. If the hump is enhancement due to the shape
resonance, the Clebsch-Gordan coefficients, [ +['—k > 0,
restrict the allowed value of [y, as shown in Table III. This
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result is also evidence that the only resonance fulfilling this
condition is either a,” or a;” symmetry with /o, = 0 or 2.

E. Integral and momentum transfer cross sections:
QI and Qm

The integral cross sections, Qr and particularly Qy,, are
essential for use in modeling calculations and plasma simu-
lations. The integrations were carried out by the procedures
presented in Sec. III.

Figs. 7(a) and 7(b) show the elastic ICS, Q; and MTCS,
On, derived from the present DCSs and compared with other
previous measurements and theoretical results. In Fig. 7(a),
in the whole energy range from 1.5 to 200 eV, we find very
good agreement between the present TCS, which is the sum
of the elastic with the vibrational ICS and the previous TCS
measurements of Szmytkowski et al® As far as the total
inelastic ICS from the IJAM-SCAR calculations is concerned,
our experimental TCS also agrees very well in the high
energy region, i.e., above 20 eV. We observe that the TCS
exhibits a structure in the vicinity of the B, shape resonance
at 3.5-4 eV and decreases for lower impact energies towards
the R-T minimum at 0.7 eV."® In Fig. 7(a), we also make a
comparison between the present elastic ICS, the IAM-SCAR
calculations, and previous available data in the literature. The
agreement between our data and IAM-SCAR is reasonable
above 20 eV, while the most recent calculation (SMC-SEP)!?
reproduces not only the experimental energy dependence at the
shape resonance region but also the decreasing behavior for
lower impact energies. Such agreement contrasts with other
calculations.'?"'* Furthermore, Fig. 7(a) shows the inelastic
ICSs for degenerate stretching, v; mode and composed
(v1 + v2 + v4) modes together with the total inelastic ICSs
from the present IAM-SCAR calculations. BE f-scaled ICSs
for the optically allowed transition of (;t — mt*) at 13.13 eV
were reported more recently’> by our group and previous
ionization cross sections>*!0 are also plotted in Fig. 7(a).
Note that we observe fairly good agreement between the v;
to the (v; + v, + vg) ratio of the present ICSs and the excitation
function of Tronc et al.'* at 90°. Also, reasonable agreement is
observed between our ICS and partial cross section for v; mode
derived from swarm data,' whereas the present (v; + v + v4)
vibrational-sum ICS differs from the swarm data' (not shown).

In Fig. 7(b), we present the elastic MTCS, Q, together
with the recent calculations from SMC-SE and SEP'> methods
and those derived from swarm data." We find fairly good
agreement between our data and the results of the SMC-
SEP calculation!® in the whole energy region. The energy
dependence of Q,, derived from swarm experiment! agrees
with the present O, below 5 eV, whereas there is still a
discrepancy in the higher energy region.

V. CONCLUSIONS

We report experimental elastic differential, integral, and
momentum transfer cross sections for electron scattering from
BF; molecules in the energy range from 1.5 to 200 eV and
at the scattering angle range from 15° to 150°. In addition,
corresponding IAM-SCAR formulation was also performed to
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compare against our measurements. These results, particularly
for electron energy above 20 eV, were found to be in good
quantitative agreement with the present elastic DCS data,
whereas below 20 eV, the experimental DCSs agree with
the SMC-SEP calculation reported recently. Comparison with
other three-fluorine containing molecules, XF; (X = B, C, N,
and CH), and calculated DCS from IAM-SCAR model for
these molecular systems and atomic fluorine have also been
discussed. From these comparisons, agreement between these
sets of data is generally very good for BF;, NF;, and CHF;
above 30 eV electron impact energies, but an inexplicable
factor of 10 difference was found for DCSs of the CFj3 radical
at 7.0 eV. The level of agreement reported here suggests that
atomic-like behavior in the scattering processes may be of
considerable relevance, at least in the energy range above
30 eV, which is similar to the other scattering systems such
as CCly, YF; (Y = C, Si, and Ge), COS and CS,, and C,Fg
(n =2, 3, 4, and 6) targets reported recently. Integral elastic
and vibrational cross sections were determined and found to
be in reasonable good agreement with the results from not
only the present IAM-SCAR but also SMC-SEP calculations.
We performed vibrational analysis using the angular
correlation theory and found that the only shape resonance
fulfilling this condition has either a,” or a;” symmetry. Finally,
the total cross sections summed elastic ICS with inelastic ICS
were also found to be nicely consistent with the previous
results from TCS measurements of Szmytkowski et al.’
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