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We report absolute elastic differential cross sections (DCSs) for electron collisions with phosphorus
trifluoride, PF3, molecules (e☞ + PF3) in the impact energy range of 2.0–200 eV and over a scatter-
ing angle range of 10◦–150◦. Measured angular distributions of scattered electron intensities were
normalized by reference to the elastic DCSs of He. Corresponding integral and momentum-transfer
cross sections were derived by extrapolating the angular range from 0◦ to 180◦ with the help of a
modified phase-shift analysis. In addition, due to the large dipole moment of the considered molecule,
the dipole-Born correction for the forward scattering angles has also been applied. As a part of this
study, independent atom model calculations in combination with screening corrected additivity rule
were also performed for elastic and inelastic (electronic excitation plus ionization) scattering using
a complex optical potential method. Rotational excitation cross sections have been estimated with
a dipole-Born approximation procedure. Vibrational excitations are not considered in this calcula-
tion. Theoretical data, at the differential and integral levels, were found to reasonably agree with the
present experimental results. Furthermore, we explore the systematics of the elastic DCSs for the
four-atomic trifluoride molecules of XF3 (X = B, N, and P) and central P-atom in PF3, showing that,
owing to the comparatively small effect of the F-atoms, the present angular distributions of elastic
DCSs are essentially dominated by the characteristic of the central P-atom at lower impact energies.
Finally, these quantitative results for e☞ ☞ PF3 collisions were compiled together with the previous
data available in the literature in order to obtain a cross section dataset for modeling purposes. To
comprehensively describe such a considerable amount of data, we proceed by first discussing, in this
paper, the vibrationally elastic scattering processes whereas vibrational and electronic excitation shall
be the subject of our following paper devoted to inelastic collisions. Published by AIP Publishing.

https://doi.org/10.1063/1.5009482

I. INTRODUCTION

Cross section data for electron-molecule scattering play an
important role to understand the electron transport properties
and electron energy distribution in electron swarm applica-
tions through various gases. Fluorine compound molecules
have been widely used in plasma-assisted fabrication of large-
scaled-integrated circuits, semiconductor manufacturing, sur-
face hardening, and other technological applications.1 For
example, although either pure phosphorous or its halides or
hydrides, i.e., phosphane (PH3) molecules, have been used
in micro-electronic doping of phosphorous, these samples are
highly toxic and flammable. Thus, phosphorus trifluoride, PF3,
molecules, have been suggested to be a replacement sample
for gas phase synthesis in micro-electronic doping.2 However,
experimental or theoretical studies of internal reactions in plas-
mas containing PF3 have not kept pace with their application
usages.

a)Author to whom correspondence should be addressed: masami-h@
sophia.ac.jp. Tel.: (+81) 3 3238 4227. Fax: (+81) 3 3238 3341.

A literature survey shows that previous experimental and
theoretical studies on low- and intermediate-energy electron
scattering from PF3 molecules are quite restricted to specific
topics. Previous studies include electron impact formation of
positive and negative ions from PF3 in the gas phase3–5 and
total cross section (TCS) as measured by Szmytkowski et al.6

in the electron energy range 0.5–370 eV. Au et al.7 reported
absolute photoabsorption oscillator strengths for valence and
inner shell excitations of PF3 by using dipole (e, e) spec-
troscopy in the excitation energy range from 5 to 300 eV.
On the theoretical side, Shi et al.8 calculated electron scat-
tering TCS for eight target molecules including PF3 at the
Hartree-Fock level by means of a modified additivity rule
(AR) approach. Moreover, Vinodkumar et al.2 reported TCS
values for PF3 calculated by an ab initio treatment using
Quantemol-N which utilizes the UK molecular R-matrix code
(hereafter, the R-matrix code) for impact energies ranging
from 0.1 to 15 eV and using the spherical complex opti-
cal potential (SCOP) formalism from the ionization threshold
up to 5000 eV. These results included rotationally resolved
and rotational-summed elastic differential and integral cross

0021-9606/2017/147(22)/224308/10/$30.00 147, 224308-1 Published by AIP Publishing.
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sections (DCSs and ICSs) for PF3 at impact energies in the
0.32–19 eV range, integral electronic excitation cross sections
for the first three excited states (3A′′, 3A′, and 1A′′), and
total ionization cross sections from the ionization threshold to
5000 eV by using both complex scattering potential ioniza-
tion contribution (CSP-IC) analysis and the binary encounter
Bethe method (see Ref. 2 for details). Furthermore, in this
calculation, three prominent structures were predicted in the
TCS; the Ramsauer-Townsent (R-T) minimum at 0.33 eV,
a shape resonance (2A′′) at 0.77 eV, and a Feshbach reso-
nance (2A′) at 13.57 eV, respectively.2 More recently, Kumar9

reported theoretically partial single- and double-differential
cross sections through the study of direct and dissociative elec-
tron impact ionization of PF3 for electron incident energies of
100 and 200 eV using the modified Jain-Khare semi-empirical
approach. However, no DCS measurement for vibrationally
elastic and inelastic (vibrational and electronic excitations)
cross sections in PF3 has been reported for electron ener-
gies below 100 eV, which are crucial for plasma modeling
studies. Hence, the first motivation for the present inves-
tigation is to fulfill, at least in part, this current literature
gap.

Here we, therefore, present experimental absolute elastic
DCS data for PF3 (classified into the C3v group symmetry) in
the energy range from 2.0 to 200 eV. Corresponding ICS and
momentum-transfer cross sections (MTCSs) are also provided
by extrapolating the DCSs with the help of a modified phase-
shift analysis (MPSA) including the dipole-Born correction
to the forward scattering amplitude due to the large perma-
nent dipole moment of this molecule. We also report cross
section results from an independent atom model calculation
in combination with the screening corrected additivity rule
(IAM-SCAR), based on a complex optical potential method
and complemented with the dipole-Born approximation to
account for molecular rotations. The overall procedure pro-
vides differential and integral elastic and rotational excitation
cross sections as well as integral inelastic (electronic exci-
tation and ionization) cross sections. Vibrational excitations
are not considered in this calculation. Another justification of
this study is that the PF3 molecule is an intrinsically interest-
ing molecule from the fundamental point of view. Hence, we
explore the systematics of the elastic DCSs for the four-atom
trifluoride, XF3 (X = B, N, and P) molecules in a similar way
as that discussed in our previous series of studies.1,10–13 The
present comparison shows that these elastic DCSs are inde-
pendent of the nature of the central X atoms at the vertex of
XF3 (X = B, N, and P) above 30 eV, while their own chem-
ical and physical properties begin to emerge clearly in the
DCSs below 10 eV. Finally, TCS values have also been esti-
mated by adding the total inelastic cross sections calculated by
the IAM-SCAR and the measured vibrational inelastic cross
sections (see Ref. 14) to the present elastic ICS. These esti-
mated values are presented here as the “experimental total
cross sections.” All these results, together with the previ-
ous data available in the literature, are compiled to obtain an
e☞ ☞ PF3 collisional cross section dataset for plasma modeling
applications.

In Sec. II, we provide details of the experimental appa-
ratus and procedures used for the present measurements. In

Sec. III, we present a brief description of our differential and
integral cross section calculation methods and the extrapola-
tion procedures applied to the elastic DCSs in order to obtain
the ICS and MTCS. In Sec. IV, the experimental data for
elastic scattering are presented and discussed in comparison
with other previous available studies. Finally, some conclu-
sions that can be drawn from the present study are given in
Sec. V.

II. EXPERIMENTAL DETAILS

The present experiments were performed using two dif-
ferent crossed-beam spectrometer configurations. The original
spectrometer has been described in detail elsewhere,15 while
a description of the newer one was given by Kato et al.16

Both spectrometers consist of a combination of hemispherical
monochromators and analyzers. In both cases, differentially
pumped electron lens systems to transport and focus the elec-
tron beam are controlled by computer-driven voltages. Well-
characterized and well-understood electron optics are crucial
in this investigation, particularly in relation to the measure-
ments of electron energy loss spectra (see Fig. 1). Great care
was therefore exercised, with our standard measurement tech-
niques being given in detail by Tanaka et al.17 In this study,
the electron beam emerging from the electrostatic hemispher-
ical monochromator collides with an effusive molecular beam
of PF3 at right angles. Electrons scattered in a certain scat-
tering angle are energy-analyzed by a second electrostatic
hemispherical analyzer.

For the elastic scattering measurements, the original spec-
trometer operated at fixed incident electron energies between

FIG. 1. Typical energy loss spectrum of scattered electrons from PF3 at
an impact energy of 2.0 eV and at a scattering angle of 130◦ with an
energy-resolution of ∼40 meV. The elastic peak and low-lying fundamen-
tal vibrational-modes, v1 (110.6 meV), v2 (60.4 meV), v3 (106.6 meV), and
v4 (42.7 meV),18 are shown as bar plots.
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2.0 and 40 eV and over the scattered electron angular range
10◦–130◦. The overall energy resolution achieved with this
setup was typically within 40–45 meV (FWHM) for electron
incident electron currents of the order of 3–6 nA, which may
be sufficient to resolve contributions from the lower vibra-
tional modes, v1 + v3 (110 meV and 106 meV) of PF3 to the
measured elastic signal, but not enough to distinguish those
from either the v2 (60 meV) or v4 (42 meV) vibrational chan-
nels18 as well as from the rotational excitations (see Table I
and Fig. 1). However, even with the present energy resolution,
it is clear from Fig. 1 that the contributions of these vibrational
excitations to the elastic scattering are relatively small. The lat-
ter spectrometer was operated at 60, 100, and 200 eV impact
energies with incident electron current of 5–7 nA and covering
the scattered electron angular range from 10◦ to 150◦. In this
case, though the energy resolution was relaxed to ∼100 meV
(FWHM), at these relatively high energy regions, the vibra-
tional excitation cross sections are expected to be so small that
any contributions of those channels to the elastic signal can be
safely ignored.

Energy scales of both spectrometers were calibrated by
measuring the He☞ 1s2s2 2S Feshbach resonance at 19.37 eV.19

The first peak of vibrational excitation, v = 0 → 1, of the
2Πg shape resonance of N2 at 1.97 eV20 was also used for
the energy calibration of the former setup at the lower impact
energies, below 10 eV. For both systems, the angular scales,
with resolutions within ±1.5◦, were calibrated from the sym-
metry of the angular distribution of the line profile corre-
sponding to the He 1s2 1S → 1s2p 21P inelastic excitation
as measured by changing the scattering angle form +θ to
☞θ with respect to the nominal-scattering angle θ = 0◦. The
molecular beam was produced effusively from a tube noz-
zle of 5-mm length and 0.3-mm diameter, which was kept at
a relatively high temperature (∼70 ◦C) throughout the mea-
surements to avoid surface contamination on the nozzle from
PF3 molecules. The PF3 sample was supplied from Takachiho
Chemical Industrial Co., LTD. with a stated purity better
than 99.9%.

In this study, the elastically scattered electron signals have
been converted into absolute cross sections by normalizing to
the standard elastic DCS of He,21 using the well-established

TABLE I. Physical and chemical properties of XF3 (X = P, N, and B).18,33–35

PF3 BF3 NF3

Symmetry C3v D3h C3v

X-F bond length (Å) 1.57 1.31 1.37
F-X-F angle (deg) 97.8 120 102
Polarizability (Å3) 4.43 3.31 2.81
Dipole moment (D) 1.03 0 0.24
Ionization potential (eV) 11.38 15.70 12.94

Fundamental modes (meV)

v1 (symmetry stretching) 110.6 110.1 128.0
v2 (symmetry deformation) 60.4 85.7a 80.2
v3 (degenerate stretching) 106.6 179.7 112.5
v4 (degenerate deformation) 42.7 59.5 61.0

aout-of-plane-deformation for BF3.

relative flow technique.22–25 This normalization requires using
the constant Knudsen number of PF3 and He to generate equal
two gas densities of both targets in the collision volume. Head
pressures behind the nozzle of about 0.6 Torr for PF3 and
1.8 Torr for He, respectively, were obtained from the molecular
diameters derived from the hard sphere model (diameters of
∼3.8 Å and 2.18 Å, respectively).

Finally, the experimental uncertainties of the present mea-
surements are estimated to be within 10%–15% for the elastic
scattering DCS results and within 26%–28% for the integral
cross sections (ICSs) and momentum-transfer cross sections
(MTCSs). These uncertainty limits associated with the present
experimental data are estimated as follows: the normalization
procedure using He reference data is accurate to about 15%,
the scattered electron counting procedure introduces a statis-
tical uncertainty of about 3% for the elastic scattering and
up to 10% for the inelastic scattering, and the DCS extrap-
olation process is estimated to contribute with an additional
∼15%. These extrapolation procedures will be discussed in
Sec. III B.

III. THEORETICAL APPROACH, FITTING,
AND INTEGRATION PROCEDURE

A. IAM-SCAR calculation

Details of the application of the independent atom model
under the screening corrected additivity rule (IAM-SCAR)
method26,27 to electron interactions have been provided in
a number of recent papers from our group.1,10–13 Briefly,
each atomic target (F and P) is represented by an interact-
ing complex potential (so-called optical potential). The real
part accounts for the elastic scattering of the incident elec-
trons, and the imaginary part represents the inelastic processes,
which are considered as “absorption” from the incident elec-
tron 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 indistinguishabil-
ity of the incident and target electrons, and (c) a polariza-
tion 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 within a target
electron cloud restricted by the appropriate boundary condi-
tions. 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 collision with
PF3, the additivity rule (AR) is then applied to the optical
model results for each constituent atom. In this approach, the
molecular scattering amplitude results from the coherent sum
of all the relevant atomic amplitudes, which gives the DCSs
for the molecule of interest. ICS can be determined by numer-
ically integrating those DCS from 0◦ to 180◦. 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 electron impact energies ∼30 eV (or lower). This
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procedure provides differential and integral elastic cross sec-
tion as well as integral inelastic (electronic excitations plus
ionization) cross sections. Nuclear movements are not con-
sidered in this approach. However, additional differential and
integral rotational cross sections are calculated by consid-
ering dipole interactions within the framework of the Born
approximation.

B. Fitting and integrating procedure

Figure 1 shows a typical electron energy loss (EEL) spec-
trum of PF3 at an impact energy of 2.0 eV and scattering angle
of 130◦ including both elastic scattering and vibrational exci-
tations of fundamental modes as recorded with the apparatus
described above and operating with an energy resolution of
∼40 meV. As shown in Fig. 1, our spectral deconvolution pro-
cedures enable us to separate out the elastic peak from those
for vibrational excitations. With the present energy resolution
of 40–45 meV, the tail of the elastic peak overlaps the lowest
vibrational excitation peak just on the energy-loss side. For
the present deconvolution process, this tail has been subtracted
with the help of the similar tail corresponding to the observed
elastic peak of He, while Gaussian profiles for both the elastic
scattering and the four fundamental vibrational modes of the

observed EEL spectra have been considered (see Fig. 1). This
standard spectral deconvolution procedure17 allowed, for each
impact energy, extracting the individual cross section contri-
bution of the fundamental vibrational modes. More details on
the vibrational excitation cross section measurements will be
described in Ref. 14.

In order to obtain the experimental ICS and MTCS, the
present measured elastic DCSs were extrapolated for scat-
tering angles θ < 10◦ and 130◦ < θ by using either the
theoretical angular distributions of the present IAM-SCAR
calculations (above 30 eV) or a modified phase shift anal-
ysis (MPSA), including polarization and Born correction28

for the higher order phase shifts (below 20 eV). For this
approach, Thompson’s formulation of the Born approxima-
tion29 has been used by assuming the polarizability of PF3

30

as α = 4.43 Å3. In addition, the dipole-Born cross sections
formulated by Itikawa31 has been added to the forward scat-
tering amplitudes in the energy range 2.0–20 eV. Following
these fitting procedures, DCS values for the full angular range,
i.e., from 0◦ to 180◦, were obtained as plotted in Fig. 2. Note
that we assumed a minimum energy loss of 0.07 meV, corre-
sponding to the rotational excitation energy from J = 0 to 1,2

to prevent the dipole-Born singularity at 0◦ scattering angle.
Once the elastic DCSs were extrapolated with either of the

FIG. 2. Elastic differential cross sec-
tions for PF3 in the impact energy
region 2.0–200 eV, together with the
present IAM-SCAR calculation, MPSA
fitting results28 combined with the
dipole-Born cross sections,31 and previ-
ous theoretical calculations. (•) present
measurements, blue dashed-dotted and
green solid lines present MPSA fitting
without and with the dipole-Born DCS,
respectively. Red thin solid lines: IAM-
SCAR calculations. Black dashed lines:
previous elastic DCSs calculated using
the ab initio R-matrix code.2
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TABLE II. Elastic differential (10☞16 cm2/sr), integral cross sections, ICS (10☞16 cm2) and momentum-transfer cross sections, MTCS (10☞16 cm2) for PF3.
Uncertainties on the DCS are typically 10%–15%, on ICS and MTCS ∼26%–28%.

Impact energy (eV)

Angle (deg) 2.0 3.0 4.0 6.0 8.0 10 15 20 30 40 60 100 200

10 . . . . . . . . . . . . . . . . . . . . . 14.84 21.78 26.23 17.32 21.76 10.50
15 . . . . . . . . . . . . . . . . . . 9.468 11.40 14.84 16.21 9.947 8.642 3.536
20 . . . . . . . . . . . . 5.209 7.901 8.427 8.712 9.530 9.682 4.542 3.075 1.366
25 . . . . . . 5.332 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
30 8.122 6.416 5.236 4.604 4.123 6.160 5.663 4.432 3.718 2.525 1.075 1.440 0.724
40 7.995 6.254 5.394 4.426 3.206 4.205 3.172 2.166 1.195 0.907 0.702 0.609 0.384
50 6.651 5.104 4.388 3.776 2.082 2.797 1.467 0.952 0.598 0.761 0.519 0.273 0.221
60 5.627 4.456 3.546 2.580 1.368 1.489 0.758 0.597 0.606 0.625 0.268 0.190 0.142
70 4.268 3.469 2.619 1.810 0.902 0.885 0.739 0.719 0.531 0.393 0.189 0.167 0.102
80 3.036 2.407 2.001 1.197 0.678 0.609 0.703 0.629 0.349 0.237 0.201 0.116 0.065
90 2.291 1.558 1.251 0.786 0.602 0.564 0.602 0.497 0.272 0.278 0.177 0.090 0.058
100 1.504 1.016 0.802 0.719 0.656 0.604 0.513 0.374 0.350 0.348 0.138 0.075 0.060
110 1.388 0.732 0.664 0.725 0.697 0.677 0.523 0.415 0.413 0.370 0.122 0.088 0.057
120 1.583 0.706 0.624 0.696 0.709 0.742 0.616 0.530 0.468 0.394 0.171 0.117 0.061
130 2.072 0.889 0.610 0.662 0.733 0.891 0.799 0.633 0.502 0.482 0.302 0.176 0.075
140 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.485 0.249 0.093
145 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.545 0.287 0.102
150 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.540 0.327 0.096
ICS 60.10 44.86 33.40 29.19 26.34 26.54 27.96 22.00 17.59 18.00 12.40 9.50 4.92
MTCS 40.60 30.40 19.98 19.55 17.37 18.57 16.98 14.75 8.68 8.26 4.49 2.62 1.23

above fitting procedures, numerical integration of the DCSs
from 0◦ to 180◦32 yielded the present ICS and MTCS results.
These values are shown at the foot of Table II and plotted in
Fig. 5.

IV. RESULTS AND DISCUSSION

In this section, from Subsections IV A–IV C, the present
experimental results are compared and discussed with previous
data available in the literature. Some physical properties and
the vibrational excitation energies of the fundamental modes
of XF3 (X = B, N, and P) are summarized in Table I 17,33–35

for comparison.

A. Elastic DCSs for e− + PF3 from 2.0 to 200 eV

Figure 2 shows the absolute elastic DCS for PF3 obtained
using the relative flow technique at electron impact energies
from 2.0 to 200 eV for scattering angles ranging from 10◦ to
150◦. The corresponding results of the present IAM-SCAR
calculations from 2.0 to 200 eV incident energies are also
plotted in Fig. 2, together with the MPSA fitting results to the
present measured DCSs between 2.0 and 20 eV in the full angu-
lar range, i.e., from 0◦ to 180◦, without and with dipole-Born
correction to the forward scattering cross sections. Recently
published calculated elastic DCSs by Vinodkumar et al.2 using
the R-matrix method are also plotted in Fig. 2 from 2.0 to 19 eV
incident electron energies.

As can be seen in Fig. 2, for the lower impact energies
between 2.0 and 4.0 eV, the angular distributions seem to be
dominated by the p-wave scattering with a (shoulder) plateau
around 50◦ and a single minimum near 110◦. No important
contributions from higher order partial waves to the present

results can be expected in this energy region. As the electron
energy increases up to 10 eV, the flat zone becomes grad-
ually narrower getting closer to the smaller angles and the
minimum covers a broader angular region between 90◦ and
130◦. At impact energies from 15 eV to 30 eV, the contribu-
tion of d-waves should be noticeable around the minimum
of the DCSs. The angular distribution, therefore, shows a
local maximum about 80◦ between two minima at 60◦ and
90◦, respectively. For higher incident energies, above 60 eV,
due to the interference contributions from higher order par-
tial waves, undulations tend to disappear giving a continuum
which deceases very rapidly with increasing angles. In general,
DCSs tend to peak in the forward direction when the incident
energy increases but, in particular, this effect is magnified for
polar molecules having also relatively large polarizabilities,
as in the case of PF3 (µ= 1.03 D, α = 4.43 Å3).30 This feature
is clearly shown in Fig. 2 by our MPSA fitting results. Con-
sidering Thompson’s correction to include the higher order
phase shifts and the value of the polarizability (results without
dipole-Born correction to the forward scattering cross sec-
tions), this forward peaking becomes visible above 4.0 eV.
Furthermore, when the permanent dipole of the molecules
is considered (results with dipole-Born correction), the
small scattering angle enhancement mainly affects the lower
energies.

Perhaps the most remarkable feature of Fig. 2 is the good
qualitative agreement between our IAM-SCAR calculation
and the measured DCSs even at low impact energies such as
2.0 eV. As expected from our previous papers, there is a gen-
eral quantitative agreement for incident energies E0 ≥ 50 eV
between our theoretical and experimental values. However, in
the case of PF3 our calculated DCS reproduces reasonably well
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the observed angular distribution of scattered electrons even
down to 2.0 eV. Other important consequence of this com-
parison is that although the dipole interaction affects mainly
the smaller scattering angles, not experimentally accessible,
dipole interactions need to be considered both in the IAM-
SCAR calculation and the MPSA fitting procedure31 in order
to obtain a proper agreement with the experimental values.
Note that this modifies substantially the derived integral cross
section as well as the momentum transfer cross section val-
ues which tend to be much higher when dipole interactions
are included. It is also noteworthy that the backward peaking
below 6.0 eV, which was found in other polar molecular tar-
gets,36,37 is not evident from the present measurements. This
larger angle region also contributes to the determination of the
ICS and the MTCS and therefore calculated and extrapolated
values can be again crucial. Further experimental verifica-
tion is needed for the forward and the backward scattering
angles.

On the other hand, the elastic DCS values calculated by
Vinodkumar et al.2 with an R-matrix procedure are clearly dif-
ferent than the experimental ones at the lower impact energies,
below 10 eV. They show much better agreement for higher
energies from 15 to 20 eV. The R-matrix method usually pro-
vides a reasonable approximation to the scattering problem
giving the appropriate shape of the elastic DCSs, especially
for low impact energies. In the case of PF3, the disagreement
between the present experimental results and those calculated
in Ref. 2 may arise from the target molecule representation
assumed by Vinodkumar et al.2 In fact, their calculated dipole
moment of 3.44 D2 is quite large in comparison with the exper-
imental value of 1.03 D reported in Ref. 35. This can lead to
an overestimation of the rotational excitation (J = 0→ 1) cross
section. Note that the dipole moment is very sensitive to the
basis set chosen on the surface of the R-matrix sphere which
may also affect to the pure elastic scattering (J = 0→ 0) cross
section.

In addition, two resonances have been predicted by the R-
matrix calculation2 at 0.776 eV of width 0.902 eV and 13.57 eV
of width 1.157 eV, respectively. The former resonance indi-
cates the dominance of p-wave in the partial wave interference
pattern below 1 eV. On the other hand, as shown in Sec. IV B,
the p-wave behavior observed in the DCS for low impact ener-
gies resembles the scattering amplitude distribution from the
single center potential of the constituent atoms and, in partic-
ular, that corresponding to the central phosphor-atom of PF3

(see Fig. 4). This characteristic angular distribution is also
confirmed by the present IAM-SCAR calculation which does
not intrinsically predict resonances. This indicates that infor-
mation on resonances extracted from the elastic DCSs of PF3

can be obscured by the intrusion of the direct scattering, i.e.,
dominant p-wave scattering, from the central P atom; thus, a
complementary study of the vibrationally inelastic scattering
would be necessary (see Ref. 14).

B. Comparison of the angular distributions
of the XF3 (X = B, N, and P) DCSs

In our previous study,1 a comparison between the mea-
sured DCSs and those calculated with the IAM-SCAR for
molecules containing three fluorine atoms, XF3 (X = B, C,

N, and CH), was performed showing that atomic fluorine was
mainly responsible for the similarities and differences in mag-
nitude and shape of the corresponding elastic DCSs (see Ref. 1
for details). Here, Figs. 3(a)–3(d) show comparisons of the
observed angular distributions for the three considered trifluo-
ride molecules (PF3, NF3, and BF3) at impact energies of 3.0,
8.0, 30, and 100 eV over the scattering angles from 0◦ to 180◦.
Our corresponding IAM-SCAR calculations are also plotted
in Figs. 3(a)–3(d). Furthermore, in Figs. 4(a) and 4(b), we
compare our experimental DCSs for three different trifluoride
molecules, XF3 (X = P, N, and B), with our model potential
calculation results for each central atom (P, N, B) together with
those for the F atom, multiplied by 3 (F× 3), at impact energies
of 3.0 and 8.0 eV.

PF3 and NF3 are polar molecules, assigned to the equilat-
eral triangular pyramid geometry (C3v) with the central atom
at the vertex and three F atoms at the corners of the bases,
whereas BF3 is a non-polar molecule assigned to the trigonal
planar geometry (D3h) with symmetric charge distribution on
the central X atom. Note that in the former two cases, there is
one pair of lone pair electrons on the central X atoms. Based on
the valence shell electron pair repulsion (VSEPR) theory,38 the
electron clouds and the lone pair electron around the central
X atom will repel each other. As a result, they will be pushed
apart giving the PF3 and NF3 molecules a trigonal pyramidal
molecular geometry or shape.

At first sight, Figs. 3(a) and 3(b) show a different behav-
ior of the DCS of PF3, NF3, and BF3 at 3.0 and 8.0 eV, while
Figs. 3(c) and 3(d) show how they tend to be similar for the
higher impact energies of 30 and 100 eV. This comparison
reveals that molecular properties are important at 3.0 eV, due
to the nature of the chemical binding, leading usually to a
considerable anisotropic distortion of the electron charge dis-
tribution. Note that dipole moments of PF3 and NF3 are only
effective for small scattering angles below 10◦. Furthermore,
elastic DCSs of NF3 exhibit a broad maximum around 40◦ and
a single minimum near 100◦which is reproduced by the present
IAM-SCAR calculation rather well even at 3.0 eV in the scat-
tering angle ranges from 20◦ to 130◦. On the other hand, BF3

presents a rather flat angular distribution, which is not repro-
duced by the present IAM-SCAR calculation. Here, it must
be remembered that the R-T effect expected at ∼1.5 eV1,39

for BF3 still remains for energies about 3.0 eV, where s-
wave dominates, thus giving an isotropic angular distribu-
tion of elastic DCS. As mentioned before, from our previous
experiences,1 agreement between our experimental and the-
oretical data can be expected for energies above 20 eV. The
excellent agreement found for PF3 and NF3 at 3.0 eV is proba-
bly due to the particular charge distribution of these molecules
and cannot be generalized to other molecules. As the IAM-
SCAR approach is initially based on the scattering from each
atomic center, the DCSs for the constituent atoms, P, N, B, and
F (×3), are also plotted in Figs. 4(a) and 4(b) to be compared
with the corresponding molecules. As mentioned above, the
angular distribution of the DCS of PF3 seems to be strongly
influenced by the central P atom and is dominated by p-wave
scattering, whilst the F (×3) atoms present an almost flat con-
tribution. A closer inspection indicates that there are some
differences with respect to the magnitude of the depth of the
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FIG. 3. Comparison of the present
DCSs for PF3 with those for XF3
(X = B, C, and N) molecules1 as well
as calculated results for atomic-fluorine
multiplied by factor of 3 in order to
demonstrate the effect of three fluorine
atoms in the PF3 molecule at (a) 3.0 eV,
(b) 8.0 eV, (c) 30 eV, and (d) 100 eV (see
legends for details).

critical minimum around 100◦ and the deceasing trend in the
forward scattering, suggesting that “molecular effects” play a
more important role in these angular regions. A similar situ-
ation is found for NF3 at least qualitatively, where the trend
in the forward scattering shifts now by about 15◦ and again
deviates for the larger scattering angles. For BF3, however, the
DCS angular distribution is clearly different than the calculated
distributions for B and F (×3) atoms. This smoother feature
may arise from the high degree of symmetry of the trigonal
planar structure (D3h) assigned to this molecule. A similar sit-
uation appears for CH4 with Td symmetry.28 This molecule is
randomly oriented in the gas-phase, resulting that a scattering
field is nearly spherical. Though a weak p-wave shape reso-
nance (B2 symmetry) has been predicted theoretically around

3.8 eV,39 which was also observed in our measurements, any
features characterized by this shape resonance were not appre-
ciable experimentally in the angular distributions of elastic
DCS below 3.5 eV.1 Therefore, it suggests that the R-T effect
was more dominant than the shape resonance in this energy
range.

As the electron energy increases, the DCS becomes more
peaked in the forward direction, which is a manifestation of the
fact that more partial waves contribute to the scattering process.
At 8.0 eV, in the case of BF3, a broad undulation extends over
the angular distribution with a maximum at 40◦ and a mini-
mum around 90◦. As a result, the DCSs for the three considered
molecules overlap around 60◦, showing that the shoulders are
shifted over the smaller angles and the minima located over
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FIG. 4. Contributions of elastic DCSs
from the central X (X = B, N, and
P) atoms and fluorine atoms multiplied
by factor of three (F × 3) in those for
XF3 molecules at impact energies of (a)
3.0 eV and (b) 8.0 eV (see legends for
details).

the scattering angles from 80◦ to 130◦ become shallower for
PF3 and NF3. However, for large angles above 100◦, the calcu-
lated cross sections at this energy tend to increase in magnitude
and deviate from the observed angular distribution. Note that
above 130◦, there is no experimental evidence to compare with
the backward scattering DCS values predicted by the theory.
As shown in Fig. 4(b), the experimental DCSs of the studied
molecules start reflecting an atomic-like behavior as that cal-
culated with the IAM-SCAR approach for incident energies
around 8.0 eV.

Finally, as expected, measured DCS values for the three
considered molecules converge on a single shape, within the
experimental uncertainty limits, when the energy increases
up to 100 eV, showing an excellent agreement with the cor-
responding IAM-SCAR calculation for XF3 molecules and
atomic F (×3) [see Fig. 3(d)]. We found a similar behav-
ior for non-polar molecules such as CF4, SiF4, and GeF4

(see Ref. 12), thus providing strong evidence of the impor-
tant contribution of the constituent atoms to the electron
scattering from these molecular symmetries (atomic like
behaviour). This also indicates the convenience of using in
these cases relatively simple approaches versus full scatter-
ing treatments such as the R-matrix code.2 The IAM-SCAR
method is providing here a reasonable description of the
electron scattering from these molecular species. In partic-
ular, as derived from the above comparison, for heavy con-
stituent atoms, like the P atom in PF3, the validity of the
screening corrected additivity rule could be extended down to
2.0 eV.

C. Total, integral, and momentum-transfer cross
sections for e− + PF3

The elastic ICS and MTCS as well as the inelastic ICS
and electron scattering TCS obtained from the present analysis

are shown in Figs. 5(a) and 5(b), respectively, together with
other previous experimental and theoretical results available
in the literature.2,6,8 The present DCSs shown in Fig. 2 were
extrapolated according to the procedure described in Sec. III
and then integrated, in order to derive the corresponding
ICS values which are shown at the bottom in Table II and
plotted in Fig. 5(a). Our IAM-SCAR-calculated elastic ICS,

FIG. 5. (a) The total, elastic, and inelastic integral cross sections for PF3
together with previous data in the literatures. (b) The elastic momentum-
transfer cross sections (see legends for details).
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inelastic (electronic excitation plus ionization) ICS, and elec-
tron scattering TCS are also plotted in this figure for com-
parison. Note that the calculated TCS does not include the
vibrational excitation cross section which is plotted separately
[see Fig. 5(a)].

Furthermore, experimental TCS values have been esti-
mated by adding the IAM-SCAR total inelastic ICS (including
the rotational, electronic excitations, and ionization) to the
sum of our experimental v1, v2, v3, and v4 composed vibra-
tional excitation ICSs (see Ref. 14) and our elastic ICS. The
corresponding results are also shown in Fig. 5(a).

As shown in this figure and as expected from our previous
discussion at the DCS-level, our experimental and theoreti-
cal elastic ICS are in quite good agreement with one another,
to within the experimental uncertainties, for impact energies
between 20 and 200 eV. Below 10 eV, however, the current
IAM-SCAR calculation does not reproduce the experimental
energy dependence of the elastic ICS. At these low energies,
our measured ICSs track well the trends of the TCS data mea-
sured by Szmytkowski et al.6 and the R-matrix calculation
by Vinodkumar et al.2 Although the TCS calculated by the
R-matrix code2 is about 11% systematically higher than our
experimental data, this is probably because of the different
methods used to account for the rotational excitation cross sec-
tions (see the above discussion on the DCS values), although
this difference is less than the combined uncertainty limits.
In principle, any ICS value should not exceed the magnitude
of the corresponding TCS. However, our experimental vibra-
tionally elastic ICS (black circles in Fig. 5) was found to be
slightly larger in magnitude than the experimental TCS of
Szmytkowski et al.6 As mentioned above, our dipole-Born
extrapolation of the DCS for small angles included dipole
rotational excitations (J = 0→ 1) which are not distinguishable
within the experimental conditions of Ref. 6 which explains
why our “experimental TCS” can be higher than the exper-
imental TCS data.6 We note here that our elastic ICS using
only the MPSA-fitting without the dipole-Born extrapolation

already overestimates at 2.0 and 3.0 eV. Though the discrep-
ancy is still within a tolerance of ∼28%, further confirmation
would be still desirable with better angular and energy resolu-
tion TCS measurements paying special attention to the forward
scattering correction due to the polar molecules with a large
dipole moment. Our “experimental TCS” (derived from the
addition procedure described above) for energies below 10 eV
gives a similar value to our elastic ICS, probably because of
the small contribution from the vibrational ICS for the com-
posed fundamental modes. The two resonances at 0.78 eV
and 13.6 eV theoretically predicted in Ref. 2 can be identi-
fied with the present increasing cross section values for the
lower energies and the local maximum around 10 eV, respec-
tively. The first resonance is ascribed to the E representation,
and the second to the A1 representation leading to negative
ion formation (PF2

☞ at 10.3 eV, F2
☞ at 10.9 eV, and PF☞ at

11.4 eV4).
Other integral cross section values available in the litera-

ture have also been plotted in order to provide a more complete
database for modeling purposes: Integral vibrational excita-
tion cross sections from the sum of the present v1, v2, v3,
and v4-vibrational fundamental modes, electronic excitation

from the sum of the Binary-Encounter-f (BEf )-scaled Born
ICSs for tow low-lying optically allowed transitions of 8a1

☞1

→ 7e (σ*) and 8a1
☞1
→ 4s discrete excitations as well as three

different ionization ICS data derived from the CSP-IC and
the binary encounter Bethe methods by Vinodkumar et al.,2

and from the modified Jain-Khare semi-empirical approach
by Kumar.9 There is a general agreement between the three
ionization cross section datasets, and the consistency between
the inelastic cross section data plotted in Fig. 5(a) is proved
by the good agreement between the IAM-SCAR inelastic
cross section and the sum of the averaged ionization cross
sections with the present BEf -scaled electronic excitation
ICS.

Finally, the elastic MTCS is shown in Fig. 5(b), together
with the recent R-matrix calculation from Ref. 2. These MTCS
data are very useful for modeling electron transport in order to
estimate electron properties when they drift and diffuse, under
the influence of an applied electric field or crossed electric and
magnetic fields, through gases.

V. CONCLUSION

We reported for the first time a compilation of experi-
mental elastic differential, integral, and momentum-transfer
cross sections for electron scattering from PF3 molecules in
the impact energy range from 2.0 to 200 eV. Corresponding
theoretical elastic as well as inelastic (electronic excitation
plus ionization) cross sections obtained with the IAM-SCAR
method were also presented together with additional rotational
excitation cross section calculated within the framework of the
Born approximation. As expected from previous studies, fairly
good agreement has been found between our experimental and
theoretical elastic DCS and ICS data for energies higher than
about 20 eV. Below 10 eV, our elastic IAM-SCAR calculation,
including rotational excitations, also showed an acceptable
agreement, within the uncertainty limits, both at the DCS and
ICS levels. A calculation using the R-matrix code2 also pro-
vides reliable cross sections for this low energy range except
for the rotational excitation (J = 0 → 1) which was clearly
overestimated as deduced from the large value of the calcu-
lated dipole moment with respect to the experimental one. In
addition, comparisons of elastic DCSs for other three-fluorine
containing BF3 and NF3 molecules, along with our corre-
sponding IAM-SCAR results, have been made to illustrate
molecular systematics in their elastic scattering characteristics.
The present inelastic scattering ICSs, discrete electronic-state
excitation plus ionization, were found to be consistent with
three independent sets of ionization ICS calculations found
in the literature. Present “experimental TCS” values obtained
by adding our inelastic IAM-SCAR calculation with the sum
of the observed vibrational excitation cross sections and our
measured vibrational plus elastic ICS were also found to
be largely consistent with the available TCS measurements.
Finally, we provided, at the current level, a useful evaluated
cross section dataset including all the present measurements
and those available in the literature. Details on inelastic pro-
cesses, especially vibrational and electronic excitations, for the
e☞ + PF3 collisional system will be discussed in a sequel paper
(Part II).14
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