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As a sequel paper to our study of the elastic scattering for electron collisions with phosphorus triflu-
oride, PF3 molecules, we report absolute inelastic differential and integral cross sections (DCS and
ICS) of vibrational excitations for the compound fundamental vibrational modes v13 (v1 + v3), v24

(v2 + v4), and their sum in the impact energy range of 2.0–10 eV and over a scattering angle range of
20◦–130◦. The measured angular distributions of scattered electron intensities for the present inelastic
scattering are normalized to the elastic peak intensity corresponding to the DCSs of He. These vibra-
tional excitation measurements demonstrate the presence of resonances around 2 eV and also around
6–10 eV. In addition, a generalized oscillator strength analysis is applied to derive oscillator strength
f 0-values and (unscaled Born) ICSs from the corresponding DCSs measured for the low-lying opti-
cally allowed 8a1

�1→ 7e (σ∗) excitation band, which is assigned as the Jahn-Teller splitting and 8a1
�1

→ 4s Rydberg transition at impact energies of 100, 200, and 300 eV, over a scattering angle range
of 1.0◦–15◦. The f 0-values obtained in the present study are compared with the results of previous
photoabsorption and pseudo-optical measurements. The unscaled Born ICSs are compared with the
binary-encounter f -scaled Born ICSs estimated over a wide impact energy region from the excitation
thresholds. Published by AIP Publishing. https://doi.org/10.1063/1.5012844

I. INTRODUCTION

A literature survey of previous experimental and the-
oretical studies on low- and intermediate-energy electron
scattering from PF3 was presented in Paper I1 (hereafter,
Ref. 1). As mentioned therein, prior experimental studies were
restricted to the formation of positive and negative ions,2–4

total cross section (TCS) measurements,5 and absolute pho-
toabsorption oscillator strength determinations for valence and
inner shells.6 From the practical point of view, most of the
electron-impact excitation cross section data needed for mod-
eling plasma processes are still not available in the literature.
The lack of reliable inelastic cross section values prevents
progress toward a more thorough understanding of the relevant
phenomena.

In this paper, we present absolute vibrational excitation
differential cross sections (DCSs) for the composed fundamen-
tal vibrational modes v13 (v1 + v3) and v24 (v2 + v4) at impact
electron energies below 10 eV, for scattering angles from 20◦ to
130◦. These vibrational excitation DCS measurements, when
coupled with the elastic angular distribution, allow the identi-
fication of several resonances which are compared with those
predicted by the R-matrix calculation of Ref. 7. Furthermore,
absolute inelastic cross sections for the low-lying optically
allowed 8a1

�1 → 7e (σ∗) excitation band, assigned as the

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

Jahn-Teller splitting, and 8a1
�1 → 4s Rydberg transitions,6

were measured at impact energies of 100, 200, and 300 eV
for scattering angles ranging from 1.0◦ to 15◦. From these
results, along with a generalized oscillator strength (GOS)
analysis, we derived the oscillator strength f 0-values and the
binary-encounter-f (BEf )-scaled ICSs8 over a wide energy
region, from the excitation threshold to 5000 eV. Finally, we
estimate our experimental total cross sections below 10 eV
by adding the sum of the vibrational inelastic cross sections
(v1 + v2 + v3 + v4) to the elastic ICS1 and compare the present
electronic excitation cross sections with the total inelastic ICS
calculated by the independent atom model with the screen-
ing corrected additivity rule (IAM-SCAR) method above the
threshold. Here, the fundamental vibrational modes, v1, v2,
v3, and v4, correspond to symmetric stretching (110.6 meV),
symmetric deformation (60.4 meV), degenerated stretch-
ing (106.6 meV), and degenerated deformation (42.7 meV),
respectively.9

In Sec. II, we briefly describe the experimental system
and procedures used to carry out the present measurements.
In Sec. III, we present a brief report on the calculation and
extrapolation methods applied to the experimental DCS values
to derive the corresponding integral cross sections. In Sec. IV,
the experimental data for inelastic scattering of vibrational and
electronic excitations are presented together with a discussion
and compared with other previous studies available in the lit-
erature. Finally, some conclusions that can be drawn from the
present study are given in Sec. V.
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II. EXPERIMENTAL DETAILS

The experimental setup and procedure have been
described in detail in Ref. 1. For the inelastic electron colli-
sion measurements, the original high-resolution spectrometer
consisting of a hemispherical monochromator and a similar
analyser, computer-controlled lens voltages, and differential
pumping have been used. The overall resolution was 40–45
meV (FWHM), as derived from the width of the elastic peak
[see Figs. 1(a) and 1(b)], and the current intensity in the tar-
get region was typically 3–6 nA, depending on the impact
energy. The nozzle was kept at slightly elevated tempera-
tures (50 ◦C–70 ◦C) throughout the measurement, which—at
this resolution—will not lead to appreciable rotational broad-
ening because of the small rotational constants of PF3, i.e.,
∼6.4 × 10�5 eV (J = 0 → 1).7 Even the much lighter N2

requires a resolution of∼10 meV in order to reveal a broad rota-
tional structure in energy-loss measurements in beam-beam
experiments.10,11 Similarly, no rotational broadening of the
elastic peak could be observed in the present measurements.
At a temperature of 70 ◦C, the lower fundamental vibrational
modes of PF3 beginning with v4 (42.7 meV), v2 (60.4 meV),
v3 (106.6 meV), and v1 (110.6 meV)9 can be excited together
with rotational excitations, which would contribute slightly to
the elastic peak, resulting in the superelastic peak which can
be seen in Figs. 1(a) and 1(b). With the present energy resolu-
tion, these cannot be resolved, and thus in the present analysis
of the vibrational excitation, we use the deconvolution proce-
dures described below. Note that two modes v3 (106.6 meV)
and v1 (110.6 meV) are very close and thus treated as one
mode v13 in the present analysis. The incident electron energy
was calibrated against the 2S Feshbach resonance of He at
19.37 eV.

FIG. 1. Typical energy loss spectra of scattered electrons from PF3 at impact
energies of (a) 2.0 eV and (b) 8.0 eV, at a scattering angle of 90◦, with an
energy-resolution of ∼40 meV. The energy positions of the elastic peak, low-
lying fundamental vibrational modes, their overtones and combinations, and
a superelastic peak from the vibrational deexcitation are shown in the bar
plots.

The experimental study was divided into two regimes: (a)
vibrational excitations of the composed fundamental vibra-
tional modes v13 (v1 + v3), v24 (v2 + v4), and their sum at
fixed incident electron energies, E0 = 2.0, 3.0, 4.0, 6.0, 8.0,
and 10 eV and scattering angles ranging from 20◦ to 130◦

(see Fig. 1), and (b) electronic excitations, in the energy loss
(∆E) range 7.5 eV ≤ ∆E ≤ 11.5 eV, at impact energies of 100,
200, and 300 eV and scattering angles ranging from 1.0◦ to
15◦ (see Fig. 2). Note that the transmission efficiency of the
analyzer12 has been calibrated with the same procedures for
both the vibrational and electronic excitation measurements,
leading to considerably small correction factors, and an effi-
ciency of ∼1.0 over the whole energy range considered here,
because the ratio of ∆E to E0 varies roughly in the narrow
range of 0.015 < ∆E/E0 < 0.100 for the vibrational excita-
tion and 0.025 < ∆E/E0 < 0.115 for the electronic excitation,
respectively.

In this study, the relative intensities of scattered electrons
corresponding to vibrational excitations have been converted
into absolute cross section values by using the well-established
relative flow technique13–16 to normalize them to the standard
elastic DCS of He,17 whereas those corresponding to electronic
excitations at higher impact energies, above 100 eV, and for-
ward scattering angles smaller than 10◦, have been normalized
to the benchmarked inelastic DCSs of the He 1s2 1S→ 1s2p
21P transition.18,19 These normalization procedures require the
constant Knudsen numbers of PF3 and He to generate two
equal gas densities in the collision volume. This condition
was achieved when the head pressures behind the nozzle were
0.6 Torr for PF3 and 1.8 Torr for He, for molecular diameters
which were estimated using the hard sphere model (3.8 Å and
2.18 Å, respectively; see Ref. 1 for details).

Uncertainty limits connected with the present experimen-
tal data are estimated as follows; the He reference data used
to normalize the relative electron scattering intensities are
accurate to within 10%. The electron detection system intro-
duces another ∼3%–10% as statistical uncertainties, and the
DCS extrapolation procedure to obtain the inelastic ICSs (see
Sec. III) contributes an additional ∼15%. For the vibrational

FIG. 2. A typical electron energy loss spectrum of PF3 in the energy loss
range 7.3–11.8 eV at an impact energy of 100 eV and a scattering angle of
2.9◦. Red and blue lines represent the total and the individual fitting results.
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excitations, the deconvolution procedure using Gaussian pro-
files (see Sec. III A) introduces uncertainties of a further
∼15%–20%. By combining these partial error sources, the total
uncertainty limits of the present cross section values are esti-
mated to be within ∼28% for the vibrational DCSs, ∼32% for
the vibrational ICSs,∼20% for the electronic excitation DCSs,
and ∼28% for the electronic excitation ICSs. Note that these
values are consistent with those estimated for the elastic cross
sections in Ref. 1.

III. DATA ANALYSIS AND BEf -SCALING
A. Peak deconvolution procedures

As shown in Figs. 1(a) and 1(b) (see also Fig. 1 of Ref. 1),
spectral deconvolution procedures enable the separation of the
elastic peak from those corresponding to vibrational excita-
tions. With the present energy resolution of 40–45 meV, the
tail of the elastic peak overlaps the lowest-lying vibrational
excitation peak. Before deconvolution, this longer tail, lying
on the energy-loss side of the elastic peak, was subtracted
using the similar tail corresponding to the elastic peak of He.
Gaussian profiles were assumed for all the observed peaks
which were assigned to elastic scattering, the three funda-
mental vibrational modes (v13, v2, and v4), their overtones,
and their combinations, as shown in Figs. 1(a) and 1(b). For
each impact energy, single DCS components were extracted
from the measured electron energy spectra by using a stan-
dard spectral deconvolution procedure.20 In the present analy-
sis, the superelastic peak from vibrational deexcitations at an
energy loss of ∼�63 meV was considered as a single Gaussian
peak.

Furthermore, electronic excitation cross sections were
derived for the two intense optically allowed transitions shown
in Fig. 2. This figure represents a typical electron energy loss
(EEL) spectrum of PF3 at 100 eV impact energy and scat-
tering angle of 2.9◦ recorded with an energy resolution of
∼40 meV. As shown in Fig. 2, the first double peak, in the
7.4–8.6 eV ∆E range fitted by two Gaussian functions, corre-
sponds to the 8a1

�1→7e (σ∗) transition band, which is split due
to the Jahn-Teller effect.6 The next energy loss feature, from
8.6 to 10.3 eV, has been fitted by a single Gaussian function
and represents the broad band with 24 vibrational progres-
sions corresponding to the 8a1

�1 → 4s Rydberg and/or 9a1

virtual valence excitations. Note that the present energy res-
olution (∼40 meV), together with statistical fluctuations, do
not allow us to resolve the fine vibrational structure for this
4s/9a1 transition. Note that the excitation cross sections for
only two optically allowed transitions to 7e (σ∗) and 4s/9a1

were obtained in the present study because the 5s broad band
was structureless and continuum-like, as shown in Fig. 2.

B. Fitting and integrating procedure
for vibrational excitations

To obtain the experimental vibrational excitation ICSs,
the present measured DCSs were extrapolated to the scatter-
ing angle regions not experimentally accessible, i.e., θ < 10◦

and 130◦ < θ, by means of the modified phase shift analy-
sis (MPSA) procedure.21 Numerical integrations of the DCSs
from 0◦ to 180◦ yield the ICS as follows:

ICS = 2π
∫ π

0
DCS sin θdθ. (1)

The MPSA fitting applied to the vibrational excitation
DCSs was not corrected to account for dipole-Born inter-
actions, which mainly affect the forward scattering ampli-
tudes because of negligibly small infrared absorption intensity
obtained from IR spectra and a quantum chemical calcula-
tion.22 It should be noted again that the vibrational excitation
cross sections measured with the present energy resolution
include rotational excitations (and deexcitation). As men-
tioned before, we experimentally obtained differential and
integral elastic1 and vibrational excitation cross sections in
the present study, while other data presented in this paper
have been theoretically obtained. These include differential
elastic as well as integral elastic and inelastic (electronic
excitation plus ionization) cross sections together with dif-
ferential and integral dipole-Born rotational excitation cross
sections. In addition, ICSs for two intense optically allowed
electronic excitations were separately determined by applying
a generalized oscillator strength analysis (see Sec. III C).

C. Generalized oscillator strength analysis
for optically allowed electronic excitations

Electronic excitation ICSs have been derived by applying
a generalized oscillator strength analysis and then assessed
for the optically allowed transitions with the BEf -scaling pro-
cedure. Briefly, the DCSs for electronic excitations derived
from the present measurements were transformed to general-
ized oscillator strengths (GOSs) as a function of the squared
momentum transfer, K2, by means of the standard formula.23

The experimental GOSs are least squares fitted using the semi-
theoretical formula proposed by Vriens24 for dipole allowed
transitions as follows:

GOS
(
K2

)
=

1

(1 + x)6



∞∑
m=0

fmxm

(1 + x)m


, (2)

where

x =
K2

α2

and

α =

√
B
R

+

√
B − E

R
.

Here, B and E are the binding and excitation energies for the
excited target electrons, respectively. R is the Rydberg con-
stant. The f m values in Eq. (2) are fitting constants determined
from a least-squares fitting of the experimental GOSs. The
experimental optical oscillator strengths (OOSs) for the opti-
cally allowed transitions can be derived from the f 0-coefficient
values, which can be determined from the limit of K2 → 0,
under the assumption that the Born approximation is valid for
the considered transition. In general, when the Born approx-
imation for an excitation is satisfied, the GOSs for different
impact energies show the same trend, as a function of K2,
with independence of the impact energy. Employing this pro-
cedure, the impact energy region satisfying the Born approxi-
mation can be determined and the experimental OOS (f -value)
can be derived and compared with the experimental value
from photoabsorption or pseudo-optical (high energy electron)
measurements.
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Experimental ICSs as a function of the incident energy,
E0, can be then obtained from the standard formula23 in the
following equations:

ICS (E0) =
4πa0

E0/R

∫ Kmax
2

Kmin
2

GOS
(
K2

)
E/R

d
(
ln K2

)
(3)

with

Kmin
2 =

2E0

R


1 −

E
2E0
−

√
1 −

E
E0


(4)

and

Kmax
2 =

2E0

R


1 −

E
2E0

+

√
1 −

E
E0


. (5)

Here, Kmin
2 and Kmax

2 are the momentum transfer val-
ues which correspond to the scattering angles 0◦ and 180◦,
respectively and a0 is the Bohr radius.

D. BEf -scaling

The BEf -scaled Born ICS determination method for opti-
cally allowed transitions was initially proposed by Kim.25

In general, the electron impact excitation cross sections for
optically allowed transitions calculated with the Born approx-
imation are in fairly good agreement with experimental and
more sophisticated theoretical ICSs for relatively high impact
energies. The level of agreement becomes poorer as the impact
energy decreases toward the threshold excitation energy. Kim
hence developed a simple scaling formula to correct the Born
electron impact excitation ICS (σBorn) for several atomic tar-
gets over the entire energy range23 and then extended his
method to several molecular targets.26 Briefly, the BEf -scaled
Born ICS, σBEf , is given by

σBEf (E0) =
E0

E0 + B + E
faccur

fBorn
σBorn (E0) , (6)

where f accur is an accurate f -value experimentally obtained
from photoabsorption or pseudo-photon measurements or
from accurate theoretical calculations, whereas f Born is from
the experimental generalized oscillator strength analysis
described above or from calculations within the framework
of the Born approximation (1st perturbation), and the term
E0/(E0 + B + E) is the BEf -scaling factor as described in
Ref. 25. The f -scaling factor, f accur /fBorn, has the effect of
replacing the wave function used to calculate the Born cross
section, σBorn(E0) with a more accurate one. Hence, the BEf -
scaling corrects the deficiency of the Born approximation at
low impact energies, E0, without losing its well-known valid-
ity for higher incident energies. An excellent review of this
BEf -scaling method has been recently published by Tanaka
et al.8

IV. RESULTS AND DISCUSSION
A. Vibrational excitation
1. Differential cross sections

EEL spectra for the considered impact energies and scat-
tering angles have been decomposed into single fundamental

vibrational modes with three Gaussian profiles as shown in
Figs. 1(a) and 1(b) (see also Fig. 1 of Ref. 1). From these fig-
ures and with the present resolution of 35–40 meV, the elastic
peak overlaps with the composed v24 (v4 + v2) modes but is
clearly separated from the v13 (v1 + v3) modes. The present
vibrational DCSs are shown from 2.0 to 10 eV impact ener-
gies and 20◦–130◦ scattering angles in Fig. 3, which include
the results for the sum of the two composed modes, i.e., v24

+ v13 (vsum = v2 + v4 + v1 + v3). These compound vibra-
tional DCSs and their angular integrated cross sections (ICSs)
are tabulated as numerical data in Table I. Typical DCSs as a
function of the scattering angle for these v24 and v13 composed
vibrational modes as well as their sum, vsum, for 2.0 and 8.0 eV
are shown in Figs. 4(a) and 4(b), respectively. In the present
study, experimental data are also fitted and extrapolated to 0◦

and 180◦ scattering angles using the MPSA procedure1 with-
out the dipole-Born correction for forward scattering angles
because of the negligible contribution that can be expected
from the small transition matrix element magnitudes of vibra-
tional excitations obtained from the IR spectra and quantum
chemical calculation.22 From a theoretical and computational
point of view,27 however, the effect of a permanent dipole
moment in the target molecule dominates both inelastic scatter-
ing and elastic scattering at lower energies, specifically below
1 eV, for forward angles ≤10◦. No comparable experimen-
tal and theoretical data for the vibrational excitations of the
PF3 molecule by low energy electron impact are available in
the literature. Note that the relatively large dipole moment
(1.03 D) of PF3 was used for the extrapolation of the elastic
DCS to the forward scattering angles.1 Note that, as described
in Paper I,1 obtaining information on resonances from the
elastic scattering cross section was difficult due to the direct

FIG. 3. Sum of the vibrational DCSs for PF3 in the energy range 2.0–10 eV,
together with the present MPSA fitting curves (red).
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TABLE I. Compound vibrational differential (10�16 cm2/sr) and integral
cross sections, ICS (10�16 cm2) for PF3. Uncertainties on the DCS are
typically ∼28%, and on ICS ∼32%.

Angle
Impact energy (eV)

(deg) 2.0 3.0 4.0 6.0 8.0 10

20 . . . . . . . . . 0.397 0.466 0.260
25 . . . 0.591 0.487 0.341 . . . . . .

30 0.774 0.464 0.327 0.237 0.332 0.226
40 0.789 0.334 0.247 0.123 0.219 0.178
50 0.589 0.278 0.188 0.112 0.143 0.146
60 0.589 0.235 0.134 0.120 0.121 0.127
70 0.439 0.172 0.135 0.109 0.100 0.104
80 0.431 0.126 0.124 0.092 0.106 0.083
90 0.281 0.113 0.101 0.092 0.098 0.061
100 0.208 0.099 0.094 0.075 0.091 0.060
110 0.307 0.094 0.091 0.067 0.085 0.066
120 0.417 0.106 0.099 0.071 0.093 0.066
130 0.558 0.158 0.098 0.097 0.100 0.058
ICS 7.12 2.78 2.25 1.77 1.81 1.29

scattering contribution. Fortunately, direct (non-resonant)
scattering in vibrational excitation is about a factor of 10
smaller than that in elastic scattering (see Fig. 5 of Ref. 1)
and, in general, a resonance is expected to be observed more
clearly as enhancements in the vibrational DCS.

The angular undulations of the vibrational DCSs between
2.0 and 10 eV seem to change continuously as a function of
the scattering angle, like in the direct (non-resonant) electron-
impact vibrational excitation DCSs. In more detail, for low
impact energies (between 2.0 and 3.0 eV), however, the angular
distributions of the vibrational DCS give appreciably a single
minimum near 90◦–100◦, which show a typical resonant char-
acteristic feature dominated clearly by the p-partial wave. The
overall angular distribution represents a similar shape to that
for the elastic DCS1 at 2.0 eV [as shown in Fig. 4(a)]. Fur-
ther, as the contribution from the d-wave becomes apparent
towards higher impact energies, around 8.0 eV, the interference
between the two (p and d) waves may rather modify the angu-
lar distribution; this minimum gets broader from 60◦ to 130◦,

FIG. 4. Typical compound vibrational modes, v13, v24, and vsum DCSs for
PF3 at (a) 2.0 eV and (b) 8.0 eV, together with the MPSA fitting curves (see
text for details).

and a small local maximum appears around 90◦. This indicates
that a weak d-wave shape resonance alters the general charac-
teristics of the direct (non-resonant) vibrational excitation. At
10 eV, however, the angular distribution resembles that for the
elastic scattering in exhibiting no distinct resonance behavior
showing a broad minimum around 90◦ with weak structure
near 130◦.

In a recent R-matrix calculation,7 two resonances were
predicted in the ICS of “the elastic scattering”: a shape res-
onance (2A′′) at 0.77 eV and a Feshbach resonance (2A′)
at 13.57 eV, respectively.7 These resonant structures are in
good agreement with a broad maximum at about 1 eV and
another weak structure between 6 and 15 eV observed in the
experimental TCS5 (see Fig. 6). Furthermore, various peaks or
structures have been predicted in the momentum transfer cross
section (MTCS) which, in general, provides information about
the backward scattering (see Fig. 6). In order to make more vis-
ible the structures of the MTCS curve,7 an inset expanding the
scale of Fig. 5 in Ref. 1 from 8 to 15 eV is also shown in Fig. 6.
Some of these structures were interpreted corresponding to the
formation of negative and positive ions,3 as indicated by the
arrows in the inset of Fig. 6.

2. Example of color scaled two-dimension plot

The vibrational DCS features, considered from a different
mapping of the DCSs, can be much more clearly visualized in
the color scaled two-dimensional (2D) plot shown in Fig. 5,
i.e., a pseudo three-dimensional plot of the vibrational DCS as
a function of impact energy and scattering angle. The magni-
tude of the vibrational DCS is shown in Fig. 5 by color density
on a logarithmic scale according to the color bar shown on
the right side of the figure. Vertical lines, for a fixed scatter-
ing angle, represent the vibrational excitation function of the
DCSs. Usually, shape resonances in molecules can be seen
in such 2D plots as island-like structures, easily identified by
color contrasts. Note that the vibrational excitation functions
represented in Fig. 5 are derived from a polynomial fitting
to smooth the limited experimental data points. The two reso-
nances theoretically proposed using the R-matrix code7 at 0.77
eV and 13.57 eV are not covered by this study (2.0–10 eV).

FIG. 5. Two-dimensional plot (pseudo-three-dimensional plot) of the com-
pound vibrational DCS as functions of impact energy and scattering angle.
The contrasting density corresponds to the magnitude of the vibrational DCS
(logarithm plot).
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However, the vibrational excitation function at fixed scatter-
ing angle is clearly enhanced as a broad band, which can be
identified by color contrast in Fig. 5, between 2.0 and 3.0 eV
exhibiting a sharp dip at around 100◦ for the compound vibra-
tional modes, which corresponds to a p-wave shape in the
vibrational DCS at 2.0 eV. Due to the broad nature of the
shape resonance, this enhancement feature around 2 eV can
be considered to survive in the tail of the shape resonance
theoretically predicted at around 0.77 eV impact energy.7 Fur-
thermore, the faint bump slightly enhanced around 8 eV in
the vibrational ICS (see Fig. 6) may correspond to the ridge
in the color contrast which extends horizontally as a weak
band in the 2D plot of Fig. 5. As discussed below, those two
aspects correspond to a resonant-like increasing trend toward a
broad maximum around 1 eV and to a very weak bump around
6.0–20 eV in the elastic ICS,1 MTCS, and the total cross sec-
tion (TCS) measured by Szmytkowski et al.5 It is noteworthy
that from Fig. 5 in Ref. 1 and Fig. 6 in the present study, both
features can be interpreted on the basis of two shape reso-
nances located in the energy ranges ∼1–3 eV, and ∼6–10 eV.
Above 10 eV, resonant dissociative electron attachment pro-
cesses (see Fig. 6) are included in the faint bump extending
up to 20 eV in the elastic ICS, MTCS, and TCS, and one
of these has been ascribed presumably to the Feshbach reso-
nance predicted theoretically to lie at 13.57 eV,7 as described
below.

3. Symmetry analysis

a. Preliminaries. Further information on the resonances
in the vibrational excitation cross sections can be obtained
by considering the lowest unoccupied molecular orbitals
(LUMO) (virtual orbitals) and a subsequent symmetry analy-
sis based on angular correlation theory.28,29 Shape resonances
often reveal strong selectivity of the vibrational excitation
probabilities which strongly depend on the participating partial

FIG. 6. Vibrational ICSs for the v13, v24, and vsum compound modes obtained
from integrating using the MPSA fitting for the vibrational DCSs, together
with the prediction of the Born approximation.1 The experimental5 and theo-
retical7 TCSs, and theoretically calculated momentum transfer cross section
(MTCS)7 are also shown for comparison. The arrows in the small panel rep-
resent the impact energies for negative ion formation: PF2

� (10.3 eV), F2
�

(10.9 eV), and PF� (11.4 eV).

waves in the scattering process. Note that a shape resonance
generally reflects the existence of a compound state consist-
ing of a molecule in the ground state plus an incident electron
temporarily trapped in a low-lying unoccupied orbital (a tem-
porary negative ion, TNI). As will be seen in Sec. IV B 3, PF3

has 1A1 symmetry in the ground state, and the lowest unoccu-
pied molecular orbitals (LUMO), LUMO+1 and LUMO+2 are
7e and 9a1, and 10a1, respectively,6 in which the two lowest
“optically allowed” TNI states belong to the 2E and 2A1 rep-
resentations of the C3v group. Note that the mean-excitation
energies of the two lowest excited states correspond to the tran-
sitions observed experimentally at 8.06 eV and 9.5 eV shown
in Fig. 2, respectively. The formed TNI states belong to the
2E and 2A1 representations of the C3v group, and the modes
into which these decay are given by the symmetric product
(e × e) = [v3 (e), v4 (e)], [v1(a1), v2(a1), v0 (a1)], and (a1 × a1)
= [v1(a1), v2 (a1), v0 (a1)], where v0 (a1) is the elastic chan-
nel. These calculations are summarized in Table II, which also
includes the `out values for the outgoing wave in body frame
coordinates that belong to Γwave-out. Case A1 and E arise from
the inclusion of the two lowest virtual orbitals of a1 and e,
while cases E1 and E2 distinguish different possibilities of the
outcome, i.e., the final vibrational state of the molecule (clas-
sified into either stretching or deformation modes). For more
details, refer to our previous paper on NF3,20 another molecule
with C3v.

b. The first shape resonance region around 2 eV. The decon-
volution of the EEL spectrum at 2.0 eV incident energy shows
the presence of v2, v4, and v13 even for scattering angles as
large as 90◦ [see Fig. 1(a)] and 130◦ (see Fig. 1 of Ref. 1).
In particular, the contributions of v2 and v13 are large within
the fitting uncertainties, and the harmonics seem to contain
overtones of these. According to Table II, without needing to
recur to overlapping vibrational modes, the clear presence of
four fundamental modes in the v24 and v13 compound peaks
and in their overtones indicates that the trapping orbital must
be of the e symmetry species. Another confirmation of these
results is suggested in Table II, in which the angular momenta
`out are presented for the outgoing electron wave in body
frame coordinates. We now assume that a close inspection
of Fig. 4(a) can approximately locate the maxima and minima
in the DCS angular distribution corresponding to the observed
feature and thereby identify the low-order Legendre polyno-
mials Pk needed to describe that angular distribution behavior.
For the 2.0 eV DCS, the angular distributions of v24 and v13 in
the laboratory frame show the behavior of a Legendre polyno-
mial P1 (θ). If the observed DCSs are due to the 2E resonance,
the allowed values of `out in the body frame can be either

TABLE II. Symmetry analysis according to point group C3v.18

Species Case E1 Case E2 Case A1

Ground state A1 A1 A1

ΓTNI e e a1

Γfinal a1 e a1

ν v0, ν1, ν2 ν3, ν4 v0, ν1, ν2
Γwave-out e a1, e a1

`out 1, 2 0, 1, 2 0, 1



084313-7 Hishiyama et al. J. Chem. Phys. 148, 084313 (2018)

`out = 1 or `out = 2 [cf. Eq. (7) in Ref. 29]. The former clearly
characterizes the p-wave nature in both v24 and v13 so that
here again the resonance that fulfils these conditions is the
2E representation (case E1) in Table II. This also confirms
the observation of a p-wave feature enhancing resonantly the
elastic scattering (v0) DCS around 2.0 eV, although it is over-
lapped with a similar angular distribution from the atomic-like
behavior of the central P atom (see Ref. 1).

c. The second shape resonance region around 8 eV. As
shown in Fig. 1(b), the deconvolution of the EEL spectrum
at 8.0 eV shows again typical resonant enhancements of v2,

v4, v13, and those combinations for a large scattering angle
of 90◦ which needs ν2 and ν4 fundamental modes for a good
fit. According to Table II, as shown in the case of the 2.0 eV
DCSs, this feature can also be ascribed to the 2E resonance
(case E2), in which the TNI decays preferentially into v3 (e)
and v4 (e). This is confirmed by the resonant characteristics
in their observed angular distributions as shown in Fig. 4(b),
which clearly depend on the TNI decay channels into the v13,
v24, and v0 final vibrational states, respectively, via the 2E res-
onance. For v24, a quick inspection reveals a broad structure
centered at 90◦, with two minima at 60◦ and 120◦ scattering
angles, so that a description of the angular distribution requires
Legendre polynomials of P2 (θ). Consequently, we obtain `out

= 0, 1, and 2 for the scattered electron angular momentum
in body-frame coordinates, which corresponds to case E2 in
Table II. Therefore, the resonance around 8 eV can only be
detectable in the vibrational excitation channel, not predicted
theoretically in elastic scattering.7 In short, the angular distri-
butions of the vibrational DCSs observed at 2.0 and 8.0 eV
are consistent with the symmetry analysis of Table II and can
both be attributed to an “e-symmetry resonance” connected
with the assumed LUMO (for the “optically allowed” state) at
8.06 eV in Fig. 2.

4. Vibrational excitation ICS

Figure 6 shows vibrational ICSs for the compound modes
v13, v24, and vsum obtained from the above-mentioned experi-
mental DCS integration procedure using the MPSA fitting and
the calculation using the Born approximation30 for the direct
(non-resonant) vibrational excitation. As predicted from the
dipole-Born approximation, the ICSs for direct-impact vibra-
tional excitation of molecular vibration decrease smoothly
with impact energy (∝1/E0) for the energy range considered
in the present study (see the dashed line in Fig. 6). However,
our experimental vibrational ICSs for the compound modes
of v13 and v24 deviate clearly from this curve, showing dis-
tinctly “a steep ascent” toward a broad maximum around
1 eV and “a very weak bump” around 6–10 eV, as previously
observed for the elastic ICS, the TCS, and the MTCS7 (see
also Fig. 5 of Ref. 1). The behavior of the vibrational excita-
tion cross section in the resonance region depends critically
on the lifetime of the TNI. Resonances with lifetimes which
are short compared to the vibrational period result in broad
(few electron volts) resonances and, therefore, in enhance-
ments of the cross sections observed as two shape resonance
regions around 2 and ∼6–8 eV in the present vibrational
ICS.

The R-matrix calculation of Vinodkumar et al.7 pre-
dicted three low-lying excited states (3A′′, 3A′, and 1A′′).
Their excitation ICS results for the first two states showed
that the characteristic energy dependence of “optically forbid-
den” transitions at the excitation threshold was appropriate to
excite the lowest “triplet” state. Presumably, the ∼2 eV res-
onance may be ascribed to a TNI associated with the lowest
triplet state belonging to e-symmetry, i.e., to the 3A′′ state.
Following this analysis, the resonant feature at ∼8 eV can
tentatively be assigned to a TNI connected with the low-
est optically allowed state. Here, we note that the theoretical
assignments of the intermediate 2A′′ and 2A′ resonances dif-
fer from the present resonances because of the three lowest
Cs symmetry electronic excited states (3A′′, 3A′, and 1A′′)
employed in the R-matrix code.7 In any case, further “ab initio”
level calculations for this molecular system are still desir-
able, before any definitive classification of these resonances is
made.

In addition, as mentioned above, the weak maximum
observed around 6–20 eV in the elastic ICS,1 the MTCS,
and the measured TCS5 may be influenced by another reso-
nance, such as the Feshbach resonance at 13.57 eV, belonging
to the A1 representation with the incident electron trapped in
the a1 orbital, as predicted theoretically.7 This would indicate
that the partial wave involved in this small local minimum
was slightly influenced again by a p-wave contribution to the
elastic DCS.1 However, no resonant enhancement (feature) is
observed around 10 eV in the vibrational DCS and ICS, as
shown in Figs. 5 and 6.

Further information on the TNI (PF3
∗-) is usually

obtained through dissociative electron attachment2–4 with the
metastable parent anion decaying resonantly into negative
ions such as PF2

�, F2
�, and PF� at 10.3, 10.9, and 11.4 eV,

respectively, as shown in Fig. 6. These results may imply that
the potential surface of the TNI states from a parent PF3

�

ion represents a dissociative antibonding shape resonance of
a1 (P–F σ∗) character, leading to the excitation of the P–F
symmetric stretching vibrational mode, and that the disso-
ciation of the parent negative ion occurs much faster than
the auto-detachment of the shape resonance. The identified
weak maxima in the elastic ICS, the TCS, and the MTCS can
be attributed partially to these short-lived shape resonances
weakly competing with the dissociative electron attachment
processes. However, as discussed in Ref. 1, it is also clear that
contributions from electronic excitations and ionization dom-
inate the inelastic scattering processes in the second resonant
region. Note that the 2E resonance, visible in the vibrational
excitation channel around 2.0 eV and 8.0 eV, apparently does
not lead to the production of negative ions.

Finally, it is interesting to note that continuum MS-Xα
calculations31 predicted two resonances, in the a1 continuum
channel at 3 eV, and the overlapping a1 and e continuum chan-
nels at around 10 eV. This calculated result was consistent
with the structures experimentally observed in the P 2p and
F 1s inner-shell photoionization cross sections as a function
of photon energy.31 However, the order of the resonant states
assigned from the lowest virtual orbitals in the present study
is inverted in this interpretation31 [a1 (F 1s), e (P 2p) were
employed, while 7e, 9a1 are used in the present case].
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B. Electronic excitations

Figure 2 shows a typical EEL spectrum at 100 eV and 2.9◦

scattering angle. Figure 7 illustrates the generalized oscillator
strengths (GOSs) as a function of momentum transfer squared
for the 8a1

�1→ 7e (σ∗) and 8a1
�1→ 4s excitations,6 together

with the fitting curves of Vriens.24 Experimental ICS and BEf -
scaled Born ICS, σBEf , as well as plane Born ICS, σBorn, for

these transitions are shown in Fig. 8. The corresponding optical
oscillator strengths obtained from the present GOS analysis
shown in Sec. III C are summarized in Table III.

1. Electron energy loss spectrum

The PF3 molecule, which belongs to the C3v symmetry
group with trigonal pyramidal geometry, has a ground state
(1A1) electronic configuration given by3

(P1s)2(F1s)6(P2s)2(P2p)6(5a1)2(3e)4(6a1)2(4e)4(7a1)2(5e)4(1a2)2(6e)4(8a1)2(7e)0(9a1)0(10a1)0.

Here, the configurations (P1s)2(F1s)6(P2s)2(P2p)6 and
(5a1)2(3e)4 represent the inner shells and inner valence
shells, whereas (6a1)2(4e)4(7a1)2(5e)4(1a2)2(6e)4(8a1)2 and
(7e)0(9a1)0(10a1)0 correspond to the outer valence shells of
the ground electronic state and the virtual excited state orbitals,
respectively.6 Figure 2 shows a typical experimental EEL
spectrum of PF3 recorded at 100 eV impact energy and 2.9◦

scattering angle with ∼40 meV (full width at half maximum)
energy resolution. The first peaks in the EEL range from 7.4
to 8.6 eV have been assigned as the 8a1

�1 → 7e (σ∗), which
presents band splitting due to the Jahn-Teller effect. The sec-
ond peak in the 8.6–10.3 eV range has been attributed to
both the 4s Rydberg and 9a1 virtual valence transitions with
24 vibrational progressions.6 However, due to statistical and
energy resolution limitations, we have analyzed this structure

FIG. 7. Generalized oscillator strengths as a function of K2 for the 8a1
�1 →

7e (σ∗) transition in the energy loss range 7.4–8.6 eV, and 8a1
�1 → 4s over

8.6–10.3 eV from PF3 at impact energies of 200 and 300 eV. The solid lines
show the results of fitting using the Vriens formula.22

as a broad Gaussian peak without vibrational structure. Note
that the very weak intensities of the vibrational progressions
are observed both in the present measurements and in previous
pseudo-optical (high energy electron) spectroscopy6 and pho-
toabsorption measurements.32 In this study, we assign the first
doublet peaks for the C3v molecule as arising from the Jahn-
Teller distortion, via vibronic coupling. We then assume that,
due to the Jahn-Teller distortion, a nonlinear molecule such as
PF3 which has a degenerate electronic state can mix states of
lower symmetry to the Cs group and remove the degeneracy.
As mentioned above, in fact, the R-matrix calculations from
Ref. 7 were performed for the Cs group symmetry, includ-
ing the three lowest electronic excited states, 3A′′, 3A′, and
1A′′, and all possible single and double excitations to virtual
orbitals.7

FIG. 8. The excitation ICSs (10�18 cm2) for the 8a1
�1 → 7e (σ∗) and 8a1

�1

→ 4s transitions in PF3. •: Present excitation ICSs; solid and dashed lines:
BEf -scaled and Born ICSs, respectively. The calculated results based on the
R-matrix code7 are also plotted in this figure.
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TABLE III. A comparison of present OOSs with the available experimental
ones for the 8a1

�1 → 7e (σ∗) and 8a1
�1 → 4s transitions in PF3.

Authors 7e (σ∗) 4s

Present work 0.41 ± 0.10 0.25 ± 0.07
Au et al.6 0.4604 0.2542
McAdams and Russell32 0.48 0.28

2. Generalized oscillator strength

Figure 6 shows the present GOS results, as a function
of K2, for the 8a1

�1 → 7e (σ∗) and 8a1
�1 → 4s6 transitions

of PF3 in the EEL ranges of 7.4–8.6 eV and 8.6–10.3 eV
and electron impact energies of 200 and 300 eV, respectively.
As shown in Fig. 7, the GOSs at 300 eV impact energy are
slightly larger than those at 200 eV for both considered transi-
tions. Thus, in this study, we employed the GOSs at the highest
impact energy (300 eV), in order to determine the OOSs and
the σBorn as described in Sec. III C. For the present fitting
procedure, based on the Vriens formula,24 we used values of
B = 11.38 eV,33 E = 7.91 and 8.18 eV for the 8a1

�1 → 7e
(σ∗), and 9.51 eV for the 8a1

�1 → 4s transitions, respectively,
as estimated from our measurements. Note that the inten-
sity of the double peak (caused by the Jahn-Teller effect6)
which corresponds to the 8a1

�1→ 7e (σ∗) excitation has been
derived from the sum of the intensities of the 7.91 eV and
8.18 eV peaks obtained from the experimental EEL spectrum,
as shown in Fig. 2. Table I shows a comparison of the present
f 0-values with the experimental OOSs available in the liter-
ature. This comparison of our f 0-values, derived from GOS
measurements, with the photoabsorption data32 and pseudo-
optical measurements6 provides an important assessment to
verify and validate the present measurements. Our f 0-values
for the above transitions are 0.42 (±0.10) and 0.27 (±0.07),
which agree reasonably well, within the experimental uncer-
tainties, with the values of 0.48 and 0.28 from the photoabsorp-
tion32 experiments, and 0.46 and 0.25 from the pseudo-optical
measurements.6

3. BEf-scaled Born ICS

Inelastic ICSs for the 8a1
�1 → 7e (σ∗) and 8a1

�1 → 4s
excitation transitions at impact energies of 100, 200, and 300
eV were obtained by numerical integration of the fitted GOSs
over the K2 limits corresponding to θ = 0◦ and 180◦ in Eqs. (3)–
(5). The corresponding results for both transitions are plotted
in Fig. 8. In addition, plane wave apparent Born ICSs, σBorn,
are also plotted in the figure (dashed lines) for comparison.
These values have been obtained by extending the σBorn cal-
culations to the lower energy region with the same procedure
as that used for the fitted GOS at 300 eV which is illustrated
in Fig. 7. For this analysis, we used the unscaled σBorn esti-
mated from the highest-energy experimental results (300 eV)
in Eq. (3) because no σBorn calculation was available in the lit-
erature. Thus, the f 0-values of 0.42 and 0.27 obtained from our
GOS analysis for each transition were employed as the f Born

parameters in Eq. (6). As the present f 0-values were in good
agreement with the previous experimental studies available in
the literature,6,29 we assumed the factor f accur /f Born ∼ 1. The

BEf -scaled ICSs, σBEf , for each excitation transition derived
from theσBorn by Eq. (6) are also plotted in Figs. 6(a) and 6(b).
As shown in Fig. 8, for intermediate impact energies the σBEf

generates more reliable values than the unscaled σBorn for the
optically allowed 8a1

�1→ 7e (σ∗) and 8a1
�1→ 4s6 transitions

in PF3. Further experimental and theoretical studies would be
needed in order to verify the present σBEf for lower energies
from threshold to 100 eV. At intermediate impact energies, the
largest cross sections for electronic excitations are, in general,
associated with optically allowed transitions. These cross sec-
tions increase gradually in magnitude with increasing impact
energies from threshold, reaching a maximum value and then
decreasing slowly for higher energies. This behavior agrees
with the present energy dependence shown in Fig. 8 for the
above transitions in PF3. The R-matrix electronic excitation
cross sections from Ref. 7 are also plotted in Fig. 8. The energy
dependence of the excitation cross sections calculated by the
R-matrix code7 partly differs from that of the optically allowed
transitions measured in the present measurement. The calcu-
lated cross sections assigned to 3A′′ and 3A′ transitions in
Ref. 7 seem to represent typical spin forbidden behavior that
readily occurs via electron exchanges, indicated by the steep
rise in the ICS near the threshold energy, the maximum value
lying a few electron volts above this threshold and the sharp
decrease with increasing impact energies. On the other hand,
for the calculation assigned to the 1A′′ transition, though the
threshold energy is shifted to ∼2 eV to the higher energy side
with respect to ours, the energy dependence of the calculated
cross section reproduces well the present σBEf for the lowest-
lying 8a1

�1 → 7e (σ∗) transition, increasing gradually as the
impact energy increases. Note that in Ref. 7, calculations for
the 1A′ transition corresponding to the 4s Rydberg transition
were not reported.

Finally, our experimental ICSs for vibrational and elec-
tronic excitation cross sections were compared with the elastic
scattering ICS, TCS, MTCS, total inelastic ICS, and ioniza-
tions, available in the experimental and theoretical literature in
Sec. IV C of Ref. 1. Figure 6 shows that the major contribution
to the experimental TCS is from the elastic ICSs for low impact
energies. Moreover, as predicted theoretically, rotational exci-
tation of a highly polar molecule, like PF3, has a significant
influence on the TCS especially below 1 eV. Referring to the
steep ascent of the vibrational excitation in Fig. 6, the present
measurement has not yet reached the broad peak around 1
eV which could be attributed to dipole interaction (the dashed
line in Fig. 6) and to shape resonance, but further confirma-
tion requires measurement at much lower impact energies in
the region below 1 eV. For higher impact energies, the exper-
imental vibrational excitation cross sections are of the order
of 10�16 cm2, decreasing smoothly with a broad weak shape
resonance in the energy range from 2.0 to 10 eV. As expected,
at intermediate and high impact energies, the electronic excita-
tion and ionization processes represent the major contributions
to the TCS.

V. CONCLUSION

In this study, as a sequel to our report on the elastic scat-
tering for electron collisions with phosphorus trifluoride, PF3
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molecules,1 we report absolute inelastic differential and inte-
gral cross sections (DCS and ICS) of vibrational excitations for
the compound fundamental vibrational modes v13 (v1 + v3),
v24 (v2 + v4), and their sum in the impact energy range of
2.0–10 eV over a scattering angle range of 20◦–130◦. The anal-
ysis of our present measurements, together with the angular
correlation theory to assist with their interpretation, suggests
that (a) for vibrational excitations, the resonances observed
around 2 eV and 8 eV are both of 2E-symmetry, and (b)
for elastic scattering, the weak maximum observed around
10–15 eV can be ascribed to another resonance of the A1

representation with the incident electron trapped in the a1

antibonding orbital. The two resonances (around 2 eV and
6–10 eV) are largely consistent with the resonance states of
2A′′ (0.77 eV) and 2A′ (13.57 eV) predicted theoretically by
the R-matrix code.7 Nonetheless, a definitive assignment of
these resonances awaits a high-quality ab initio calculation
using, for example, the Schwinger multichannel approach. We
have also reported the oscillator strength values, the unscaled
Born, and the BEf -scaled Born ICSs for the 8a1

�1 →7e (σ∗)
and 8a1

�1→ 4s transitions, where the BEf -scaling is effective
to reduce the unscaled Born ICS overestimated intrinsically
below 100 eV. The present inelastic cross section data for PF3,
together with the elastic scattering results,1 are expected to be
useful for important application fields such as plasma-assisted
fabrication based on fluorine compound molecules.
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