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Resonance signatures in the body-frame valence pho-
toionization of CF4

K. A. Larsen,a,b,∗ C. Trevisan,c R. Lucchese,a S. Heck,a,d,e W. Iskandar,a E.
Champenois,a,b A. Gatton,a, f R. Moshammer,d R. Strom, f T. Severt,g B. Jochim,g D.
Reedy,h M. Weller,e A. L. Landers, f J. B. Williams,h I. Ben-Itzhak,g R. Dörner,e D.
Slaughter,a C. W. McCurdy,a,i Th. Webera,† and T. N. Rescignoa,‡

We present a combined experimental and theoretical investigation of the electron dynamics and
body-frame angular dependence of valence photo-single ionization of CF4 and subsequent disso-
ciation into CF+

3 and F. Ionization from a valence t2 orbital shows overlapping shape resonances
close to threshold that couple to the same total symmetry, leading to striking changes in the
photoelectron angular distributions when viewed in the body-frame.

1 Introduction
Angular distributions of photoelectrons measured in the body-
frame of the molecule are rich in detail and can yield far more
information than conventionally measured laboratory-frame pho-
toelectron angular distributions of randomly oriented molecules,
which are typically characterized by a single asymmetry param-
eter. Recent examples include molecular imaging with pho-
toejected electrons from core-level ionization1, imaging elec-
tron and/or nuclear dynamics via time-resolved photoelectron
spectroscopy2–4, and observation of core-hole localization in
molecules with symmetry equivalent atoms5–7.

To measure photoelectron angular distributions in the body-
frame, the orientation of the target at the instant of photoioniza-
tion must be established. This can be achieved through 3-D laser
alignment when feasible8,9 or, in the case of dissociative ioniza-
tion, reconstructed through coincident electron-ion momentum

a Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, Cali-
fornia 94720.
b Graduate Group in Applied Science and Technology, University of California, Berkeley,
California 94720, USA.
c Department of Sciences and Mathematics, California State University, Maritime
Academy, Vallejo, California 94590.
d Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany.
e J.W. Goethe Universität, Institut für Kernphysik, Max-von-Laue-Str. 1, 60438 Frank-
furt, Germany.
f Department of Physics, Auburn University, Alabama 36849, USA.
g J.R. Macdonald Laboratory, Kansas State University, Manhattan, Kansas 66506,
USA.
h Department of Physics, University of Nevada Reno, Reno, Nevada 89557, USA.
i Department of Chemistry, University of California, Davis, California 95616, USA.
∗ Corresponding author, email: KLarsen@lbl.gov
† Corresponding author, email: TWeber@lbl.gov
‡ Corresponding author, email: TNRescigno@lbl.gov

imaging techniques, such as COLTRIMS (COLd Target Recoil Ion
Momentum Spectroscopy)10. In the latter case, the time scale for
fragmentation must be short compared to the rotational period of
the molecule so that the molecular orientation at the instant of
photoionization can be deduced from the product ion momenta.
This condition is generally referred to as the axial recoil approxi-
mation.

Laser alignment prior to photoionization is limited to molecules
with an asymmetric polarizability tensor and thus not appli-
cable to a highly symmetric molecule such as CF4. More-
over, photoelectron-photoion coincidence studies11–13 have es-
tablished that valence photoionization of CF4 leading to the
ground-state and two lowest electronically excited states of CF+4
result in CF+3 + F products. The COLTRIMS technique is therefore
uniquely capable of accessing the dissociative photoionization dy-
namics of CF4.

Resonances are seen in the photoionization continuum of many
small molecules. Features in narrow resonances are sensitive to
the excitation energy and are often sensitive to molecular ge-
ometry. In some instances, such resonances can lead to inter-
esting physical effects because of the interference between reso-
nant and non-resonant pathways to the same final state. For ex-
ample, a rapid change in the phases of dipole matrix elements
as the energy is scanned across the lowest Rydberg resonance
has been observed to result in a change in sign of the circular
dichroism in valence-shell ionization of N2O14. There are also
striking examples of left/right symmetry breaking in the dissocia-
tive photoionization of molecular hydrogen through excitation of
doubly excited states15,16. Breaking the inversion symmetry in
a homonuclear diatomic molecule requires the presence of two
coherent photon absorption paths of opposite parity which inter-
fere with one another. A recent example of symmetry breaking in
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H2, with similarities to what we are reporting here, has recently
been seen in the dissociative electron attachment to H2, where
overlapping negative ion resonances of opposite parity provide
interfering pathways to the same dissociative channel17.

A striking example of resonance photoionization effects is
found in the present investigation in which we present the results
of a joint experimental and theoretical study of valence photo-
single ionization of CF4 followed by dissociation into CF+3 and
F. The surprising and totally unexpected result we found is that
in certain ionization channels there are narrow overlapping reso-
nances of the same total symmetry which, in one particular chan-
nel, give rise to a sudden inversion in the shape of the recoil frame
photoelectron angular distribution (RFPAD) over a very narrow
electron energy range. Such effects were not seen in previous
studies on CF4

13 nor, to our knowledge, in any other case involv-
ing photoionization of a molecule with high symmetry.

The outline of this paper is as follows. We begin with a brief
overview of previous work, both theoretical and experimental, on
CF4 photoionization, along with a summary of recent work on
the CF+4 dissociation pathways. We then turn to a description of
our experimental setup, followed by an outline of the theoretical
approach used in this study. We follow with a presentation of
our experimental and theoretical results, a detailed analysis of
the resonance effects we have found and conclude with a brief
discussion.

2 Background
The outer four valence molecular orbitals of ground-state CF4

(...3t2
6 1e4 4t2

6 1t1
6) have vertical ionization potentials of 22.12,

18.50, 17.49 and 16.20 eV, respectively18,19. Removal of an elec-
tron from one of these orbitals produces CF+4 in its C2T2, B2E,
A2T2 or X2T1 state, respectively. Conventional photoelectron-
photoion coincidence spectroscopy (PEPICO)11 and threshold
PEPICO12 studies have established that the lowest three CF+4 ion
states, X2T1, A2T2 and B2E, all decay exclusively to CF+3 + F,
while the C2T2 state dissociates into CF+2 + F2 and CF+2 + F
+ F channels. Ab initio calculations have shown that there is
a shallow minimum on the ground-state CF+4 (X2T1) surface20,
which has little effect on the dissociation to CF+3 + F products.
The A2T2 surface, on the other hand, which is evidently steeply
repulsive in the Frank-Condon region, shows no minimum and
therefore dissociates impulsively19. The B2E state dissociation is
more complicated. Since it is bound on its adiabatic potential
energy surface21, its dissociation must occur following either in-
ternal conversion or radiative decay to a lower dissociative state.
Early speculation that it decays by radiating to the lower A2T2

state before dissociating would require a long lifetime that is in-
consistent with experimental observations and was disproven by
photoelectron-photoion coincidence measurements22. It is now
thought that the B state undergoes an internal conversion to the
A state and then dissociates on the A state surface19.

Compared to the body of literature on CF+4 dissociation dy-
namics, far less work has been done on CF4 photoionization
cross sections and photoelectron angular distributions. Using an-
gle resolved photoelectron spectroscopy and synchrotron radia-
tion, Carlson et al.23 published partial cross sections and asym-

metry parameters for valence photoionization of CF4. Similar
measurements were published a year later by Yates et al.24.
Yates et al. also reported theoretical results using the multiple-
scattering (MS-Xα) method. A more extensive MS-Xα study was
subsequently published by Stephens et al.25; more recently, an-
other theoretical study was reported using the iterative Schwinger
method26. In all three studies, integrated cross sections and
asymmetry parameters were reported. Of particular relevance to
the present work are the narrow shape resonances found close
to threshold in the MS-Xα calculations. These resonances were
not found in the Schwinger calculations26 and were stated to
be unphysical artifacts of the earlier calculations. We suspect
that the use of an empirical correlation-polarization potential in
the Schwinger calculations led to an unbalanced treatment that
pushes the energies of each resonance below that of its parent
ion. To our knowledge, there are no previous theoretical studies
of body-frame photoionization for CF4.

3 Experimental
Valence photoionization measurements on CF4 were performed
using a tunable monochromatic linearly polarized beam of ex-
treme ultraviolet (XUV) photons produced at beamline 10.0.1.3
at the Advanced Light Source (ALS) synchrotron located at
Lawrence Berkeley National Laboratory. The beamline monochro-
mator was configured to provide photons with energies between
18.3 - 31.0 eV to the experiment with an energy resolution of less
than ±50 meV.

A beam of rotationally and vibrationally cold neutral CF4

molecules (∼ 80◦ K) was formed by an adiabatic expansion
through a 50 µm nozzle. This expansion was collimated by two
skimmers to form a jet that propagated perpendicular to the pho-
ton beam. These two beams crossed at the interaction region
(∼ 0.15× 0.15× 1 mm3) inside a 3-D momentum imaging spec-
trometer, resulting in the photoionization of the neutral ground
state CF4 molecules at a rate of less than one ionization event per
XUV pulse, ensuring unambiguous coincidence conditions.

Within a range of photon energies explored (18.3 - 21.4 eV),
only the F + CF+3 fragmentation was observed, which was inves-
tigated using COLTRIMS10, where the photoelectron and the CF+3
ion produced by a photoionization event were collected with full
4π solid angle detection efficiency and their 3-D momenta mea-
sured in coincidence. The electrons and ions were guided using
parallel static electric (2.4 - 7.0 V/cm) and magnetic (2.2 - 7.9 G)
fields to multi-hit capable position- and time-sensitive detectors.
Both detectors comprised a multichannel plate (MCP) chevron
stack and a delay-line anode readout, each at opposite ends of
the spectrometer. The electron and ion delay-line detectors were
a three-layer hex-anode27 with an 80 mm MCP stack and a two-
layer quad-anode with a 120 mm MCP stack, respectively. This
system encodes both the charge carrier’s 3-D momentum into
their hit position on the detector and time-of-flight (TOF) rela-
tive to the ALS bunch marker.

The data were recorded in list mode on an event-by-event ba-
sis, enabling extraction, sorting and transforming the coordinates
of each event (TOF and hit position) by a detailed offline analy-
sis. For each dissociative ionization event, the photoelectron ki-
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netic energy and emission angle relative to the recoil axis of the
heavy fragments were derived using the measured 3-D electron
and recoil-ion momenta. The orientation of the recoil axis at the
moment of photoionization and the kinetic energy release (KER)
of the fragmentation were calculated assuming conservation of
momentum between the measured CF+3 ion and the neutral F
atom. For average electric and magnetic collection fields of the
spectrometer (∼4.5 V/cm and ∼4 G) the energy resolution for a
typical 3 eV photoelectron and 0.25 eV CF+3 ion was ≤0.26 eV and
≤0.06 eV, respectively.

The 3-D momentum information is used to generate recoil
frame photoelectron angular distributions, which visualize the
photoelectron emission patterns in the body-fixed frame of the
molecule for a given orientation relative to the polarization of the
XUV light. Some ambiguity in the absolute molecular orientation
remains, as the orientation of the CF+3 ion about the recoil axis is
unknown. The generated RFPADs possess an angular resolution
of around ∼ 3◦.

4 Theoretical

The calculation of molecular frame photoelectron angular distri-
butions (MFPADs) requires a description of both the initial neu-
tral electronic state of the molecule and the electron-ion scat-
tering wave function corresponding to the cationic state of the
molecule that is produced. To produce the required continuum
wave functions, we used the well-established complex Kohn vari-
ational method for electron-molecule scattering28, with modifica-
tions needed to treat electron scattering from molecular ions29,
including coupling between electronic states of the ion. Since the
application of the complex Kohn method to photoionization has
been described in some detail previously4,28,30,31, only its salient
features are repeated here.

In the present application, the ion states were described by
placing a single valance orbital vacancy in the ground-state
Hartree Fock wave function of neutral CF4. If that vacancy is cre-
ated in an occupied target orbital that has a number of degenerate
components, then the electron-ion wave function is expanded as:

Ψ
−
Γolomo

= ∑
Γ

Â(χΓF−
ΓΓolomo

), (1)

where Â is the antisymmetrization operator, the sum runs over
the energetically degenerate components of the ion state in ques-
tion, denoted by χΓ, and F−

ΓΓolomo
is the corresponding photo-

electron continuum function, with angular momentum quantum
numbers lo,mo, for producing ion component Γo. Thus coupling
between all the components of a degenerate ion state is explicitly
included in the close-coupling expansion, but we do not include
coupling between ionic states of different energy. Our treatment
corresponds to what is often called the separated channel static-
exchange approximation.

In the complex Kohn method, the continuum functions are fur-

Table 1 Photon energies along with experimental and calculated photo-
electron energies (EPE). (See text for an explanation of how these were
derived.) All energies in electron volts.

State h̄ω EPE (measured) EPE (calculated)
X 2T1 18.6 2.40 +/- 0.05 2.6

31.0 14.3 +/- 0.05 15.0
A 2T2 18.3 0.94 +/- 0.05 2.1

18.6 1.15 +/- 0.05 2.4
19.0 1.53 +/- 0.05 2.8
19.4 1.89 +/- 0.05 3.2
20.5 3.16 +/- 0.05 4.3
21.4 4.20 +/- 0.05 5.2

B 2E 20.5 2.00 +/- 0.05 3.0
31.0 12.00 +/- 0.05 13.5

ther expanded as:

F−
ΓΓolomo

= ∑
i

cΓΓo
i φi(r)+∑

lm
[ fl(kΓr)δllo δmmo δΓΓo

+T ΓΓo
llommo

h−l (kΓr)]Ylm(r̂)/r , (2)

where fl and h−l are partial-wave continuum radial functions be-
having asymptotically as regular and incoming Coulomb func-
tions29 and φi is a set of square integrable (Cartesian Gaussian)
functions. To construct an amplitude that represents an ioniza-
tion process for a specific value of ejected electron momentum
measured in the molecular body-frame, we combine the functions
Ψ
−
Γolomo

in a partial wave expansion:

Ψ
−
Γ0,~kΓ0

= ∑
l0m0

il0 exp
[
−iδl0(kΓ0)

]
Y ∗l0m0

(k̂)ψ−k,Γ0l0m0
(r1, · · · ,rN) , (3)

where δl0 is a Coulomb phase shift.
The MFPAD for a fixed direction of the polarization vector ε̂

is related to the dipole matrix element between the neutral and
electron-ion scattering wave functions via the relation

d2σΓ0

dΩk̂dΩε̂

=
8πω

3c

∣∣∣∣ε̂ · 〈Ψ0|µ̂|Ψ−
Γ0,~kΓ0

〉
∣∣∣∣2 , (4)

which defines the body-frame cross section for polarization ε̂ and
ejected electron momentum~kΓ0 , leaving the ion in state Γ0.

It is not possible to establish the absolute orientation of a poly-
atomic molecule in a COLTRIMS experiment when only a single
ion fragment is produced. In the present case, under the assump-
tion of an impulsive dissociation following photoionization, only
the CF+3 – F recoil axis can be determined, but not the absolute
orientation of CF+3 about that axis. The measured quantity is
the photoelectron angular distribution relative to that axis or the
recoil frame photoelectron angular distribution (RFPAD). There-
fore, to compare with experiment, we calculate the RFPAD by nu-
merically averaging the calculated MFPADs about the recoil axis.

5 Results
Figure 1 shows a plot of the measured CF+3 yield as a function
of photoelectron energy and the F + CF+3 kinetic energy release
measured at a photon energy of 19.4 eV. The plot clearly shows

three distinct islands corresponding to the X2T1, A2T2 and B2E
CF+4 ion channels. It is worth noting that, while the photoelec-
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Fig. 1 Measured CF+
3 yield as a function of photoelectron energy and

kinetic energy release in F + CF+
3 fragmentation for photoionization pro-

ducing the X 2T2, A 2T2 and B 2E states. The photon energy is 19.4 eV.

tron energies at the island centers are separated by the vertical
ionization potentials leading to the X, A and B ion states, the
corresponding KERs are not. Fig. 1 indicates that there is pro-
portionally more internal energy carried by CF+3 in the A and B
fragmentation channels than there is in the X channel. More-
over, we see that while the KERs for the X and A states follow
their increasing vertical IPs, the peak KER for the B state is evi-
dently smaller than that of the A state. We found this to be true
for all the measured photon energies between 18.6 and 22.05 eV
(not shown here), indicating a different dissociation mechanism
for the B state. Simple symmetry considerations involving the
asymptotic fragments support this conclusion.

First consider the observed fragmentation channel. The photon
energies employed here only allow for CF+3 and F to be formed in
their ground electronic states. CF+3 is a closed-shell singlet and
the F 2p shell is triply degenerate. Therefore, there can only be
three asymptotic dissociative CF+4 states leading to the ground
state of the fragments. In Td geometry, the X, A, and B CF+4 states
have degeneracies of three, three, and two, respectively. When
one C–F bond is stretched, the symmetry is lowered from Td to
C3v. The X 2T1 state splits into E (doubly degenerate) and A2

components, the A 2T2 state splits into A1 and E components and
the B 2E state retains E symmetry21. The E components of T1 are
lowered, as is the A1 component of T2, thus accounting for the
three asymptotic states. The B state does not dissociate adiabati-
cally and can therefore only dissociate by radiating to one of the
lower states or by undergoing some type of "internal conversion"
to the A state. Radiative decay to the A state implies a nanosec-
ond lifetime for the B state, which is inconsistent with the highly
asymmetric RFPADs measured for this channel. In any case, it

Fig. 2 Computed total cross sections for photoionization from the (a) 1t1,
(b) 4t2, (c) 1e and (d) 3t2 orbitals. Resonance peaks in panels (b) and
(d) are labeled by the symmetry of continuum orbitals involved.1 Mb =
10−18cm2.

would not be surprising if a partial breakdown of the axial recoil
approximation occurs for the formation of CF+3 + F in the B2E
channel.

We report the partial photoionization cross sections for produc-
tion of the (1t1)

−1, (4t2)
−1, and (1e)−1 CF+4 states as a function

of calculated photoelectron energy. The integrated cross sections
are shown in Fig. 2. Some care is needed in relating the theoreti-
cal photoelectron energy to the experimental photon energy. The
small differences between the measured photoelectron energies
in Table 1 and the photoelectron energies used in the complex
Kohn calculations compensates for the fact that the photoioniza-
tion cross section can vary rapidly over the Frank-Condon region.
With dissociatative ion states, the Franck-Condon approximation
would lead one to expect, for each ion state, an envelope of al-
lowed photoelectron energies for each photon energy, with the
peak cross section corresponding to the vertical ionization energy
at the equilibrium geometry of the neutral target:

h̄ω = Eeq
ion−Eeq

target +EPE . (5)

Thus, the peak signal at a given photon energy and corresponding
photoelectron energy, under this assumption, should rise linearly
with increasing photon energy. This assumption can break down
when resonances are involved, since the photoionization ampli-
tude can then vary rapidly over the Franck-Condon region. The
breakdown of the Franck-Condon approximation can be severe
when narrow resonances near threshold are involved.

Table 1 lists the photon energies at which measurements were
made, the corresponding experimental photoelectron energies at
which the peak signals were observed (which may differ from the
value at the vertical ionization potential for the reasons stated
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above)and the theoretical photoelectron energies at which the
cross sections were calculated for the best comparison to the ex-
perimental data. The latter were chosen by comparing the RF-
PADs with the experiment at a photon energy away from any res-
onances and picking the photoelectron energy that gives the best
match between the calculated RFPAD and the measured RFPAD
at the signal maximum. This is done at the highest photon energy
for each state where measurements were made. With this pre-
scription, we find that that the calculated photoelectron energies
are approximately 1 eV higher than the experimental energies.

5.1 1t1 ionization

The calculated 1t1 total cross section in Fig. 2a shows a prominent
1t1 → kt2 resonance at 2 eV photoelectron energy and a broad
nonresonant peak centered near 14 eV that is associated primar-
ily with kt1 and ke continuum states. Similar behavior was found
in the MS-Xα calculations of Stephens et al.25. The resonance
positions reported by Stephens et al., in this and other valence
channels, are approximately 1 eV lower than the values we find.
The measured RFPADs for photon polarization parallel to the re-
coil axis at 2.6 and 15 eV photoelectron energies are compared
with theory in Fig. 3. Theoretical results for photoelectron ener-
gies between these two extremes are also plotted in Fig. 3 and
show a gradual change in shape as we pass from the resonance to
nonresonant regions.

5.2 4t2 ionization

The calculated total cross section for the 4t2 channel, plotted in
Fig. 2b, shows overlapping 4t2 → ka1 and 4t2 → kt2 resonances
centered near 2 and 4 eV, respectively. A comparison of the mea-
sured and calculateded RFPADs for this channel is shown in Fig. 4.
The striking observation, seen both in theory and experiment, is
the apparent flip in the shape of the RFPAD over the narrow en-
ergy range spanned by panels d) and e) of that figure. This is in
marked contrast to the 1t1 channel where the change is gradual.

5.3 1e ionization

Like the 1t1 channel, the computed total cross section for the 1e
channel, plotted in Fig 2c, shows a single 1e → kt2 resonance
at 2 eV photoelectron energy. The RFPADs for this channel are
shown in Fig. 5. Once again, we find only a gradual change in
the shape of the RFPAD as the photoelectron energy passes from
resonance to nonresonant regions. Comparison with experiment
is decidedly worse for this channel - a fact we attribute to a partial
breakdown of the axial recoil approximation for the reasons given
above.

6 Analysis
While shape resonances are common features in the valence pho-
toionization cross sections of many molecules, the case study of
CF4 presented here is not typical. CF4 is a molecule of high sym-
metry with degenerate occupied valence orbitals, unstable par-
ent ion states, and massive enough to support narrow shape res-
onances close to threshold. With its closed-shell 1A1 structure,
dipole selection rules dictate that only final states (ion + photo-

electron) of 1T2 symmetry can be excited. However, with degen-
erate occupied orbitals, continuum states of different symmetry
can be combined with single vacancy target orbitals to produce a
state of overall 1T2 symmetry. So, for example, ionization of an
occupied t2 orbital can excite orbital resonance states of a1 and t2

symmetry. Since these resonance orbitals can combine with the
hole state to produce a neutral (electron + ion) state of 1T2 sym-
metry, the intra-channel coupling between the resonances can be
significant if they are close in energy, i.e., if their widths sum to
an energy greater than their separation. Such appears to be the
case with an ionization from the 4t2 orbital.

To gain further insight into the 4t−1
2 ka1 and 4t−1

2 kt2 res-
onances, we carried out a series of calculations using the
Schwinger variational method in the static-exchange approxi-
mation. For these calculations, we used the ePolyscat set of
codes32,33. These codes, while restricted to single-channel cal-
culations, have great flexibility in the treatment of symmetry and
can handle non-abelian point groups like Td . Figure 6 shows the
integral cross section for 4t2 ionization, along with the individ-
ual contributions from each continuum symmetry. While the a1

and t2 resonances are clearly evident in these single-channel cal-
culations, they appear at approximately the same photoelectron
energy. When all three degenerate components of the 4t−1

2 ion
channel are coupled, as they are in the complex Kohn calcula-
tions, the resonance peaks are separated by ∼2 eV (see Fig. 2b),
showing the importance of intra-channel coupling effects in this
case.

We also carried out single-channel calculations which only con-
tained continuum contributions from either a1 or t2 symmetry.
The RFPADs for the separated 4t2→ka1 and 4t1→kt2 channels ob-
tained from the calculations, each at its corresponding resonance
peak maximum, are shown in Fig. 7. These RFPADs bear some
qualitative resemblance to the behavior seen in the fully coupled
calculations as the photoelectron energy passes from the lower
a1 resonance to the higher t2 resonance. This illustrates why the
true RFPADs undergo a flip in shape.

The flip in the measured RFPADs over a narrow energy range
is reflected in the dramatic change we find in the underlying 3-D
MFPADs that come from the fully coupled calculations.These are
plotted in Fig. 8. The importance of the inclusion of the coupling
between nearly degenerate shape resonances of the same total
symmetry for the accurate description of RFPADs found here is
similar to the strong inter-channel coupling effects seen in the to-
tal photoionization cross sections in the resonant near-threshold
valence ionization of the linear alkynes.34

It is interesting to compare the case of 4t2 ionization with that
of 3t2 ionization. The computed total cross sections for the latter
are shown in Fig. 2d. Note that the total cross section for 3t2 again
shows, as for 4t2, two resonances separated by 2 eV. But they
are lower in energy by 1 eV, somewhat narrower and their order
is reversed from the 4t2 case with the t2 resonance now closer
to threshold. The calculated RFPADs for this case are shown in
Fig. 9. Not surprisingly, the RFPAD undergoes a change in shape
as the energy moves from the lower t2 resonance to the upper a1

resonance, but there is no sudden flip in shape as seen in the 4t2

case.
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(a)

6.4 × 10−2 a20

F CF+3

(b)

1.0 × 10−2 a20

(c)

1.4 × 10−2 a20

(d)

2.5 × 10−2 a20

(e)

4.0 × 10−2 a20

(f)

8.4 × 10−2 a20

Fig. 3 Experimental (black) and theoretical (red) RFPADs for photoionization from the 1t1 orbital of CF4 at photoelectron energies of (a) 2.6eV and
(f) 15.0eV (see Table 1 and text). Calculated RFPADs at photoelectron energies of 4.0, 6.0, 8.0 and 10.0 eV are shown in (b) - (e), respectively. The
photon polarization is indicated by the blue arrow. The recoil axis is parallel to the polarization (8◦ acceptance angle), with the CF+

3 moving towards 0◦

and the F moving towards 180◦.
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1.6 × 10−1 a20

(e)

2.5 × 10−1 a20

(f)

1.2 × 10−1 a20

Fig. 4 Experimental (black) and theoretical (red) RFPADs for photoionization from the 4t2 orbital of CF4. The theoretical data in (a) - (f) corresponds
with photoelectron energies 2.1eV, 2.4eV, 2.8eV, 3.2eV, 4.3eV and 5.2eV, respectively (see Table 1 and text). The photon polarization is indicated by
the blue arrow. The recoil axis is parallel to the polarization (15◦ acceptance angle), with the CF+

3 moving towards 0◦ and the F moving towards 180◦.
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(a)

1.8 × 10−2 a20

F CF+3

(b)

0.9 × 10−2 a20

(c)

0.9 × 10−2 a20

(d)

1.1 × 10−2 a20

(e)

1.3 × 10−2 a20

1.8 × 10−2 a20

(f)

1.5 × 10−2 a20

Fig. 5 As in Fig. 3, for 1e ionization at photoelectron energies of (a) 3.0 eV and (f) 13.5 eV. Calculated RFPADs at photoelectron energies of 5.0, 7.0,
9.0 and 11.0 eV are shown in (b) - (e), respectively.

Fig. 6 Computed integral cross sections for photoionization from the 4t2
(left) and 3t2 (right) orbitals from single-channel Schwinger calculations.

F CF3F CF3

Fig. 7 Computed RFPADs for 4t2 ionization from single-channel calcula-
tions with continuum contributions of a1 (left) or t2 symmetry (right). Both
contributions shown at the respective peak energies.

Fig. 8 Calculated MFPADs for 4t2 ionization at photoelectron energies of
3.2 eV (left) and 4.3 eV (right). The polarization vector is aligned along
the recoil axis, with CF3 on the left and F on the right.

We also carried out single-channel Schwinger calculations for
the case of 3t2 ionization. The integral cross sections and their
continuum symmetry components are also shown in Fig. 6. In this
case, the resonance ordering and energy spacing is closer to the
fully coupled complex Kohn results (Fig. 2d), indicating that the
intra-channel continuum coupling is less important in this case.

RFPADs for the separated 3t2→ka1 and 3t2→kt2 channels, each
at their resonance peak values, are shown in Fig. 10. The major
difference we find is in the t2 component of the RFPAD, which
shows little of the forward/backward asymmetry that causes the
apparent flip in the case of 4t2 ionization. We should also men-
tion that taking an incoherent sum of the single-channel results
for the 3t2 ionization produces an RFPAD fairly close to the fully
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(a)

1.9 × 10−1 a20

F CF3

(b)

1.4 × 10−1 a20

(c)

5.9 × 10−2 a20

(d)

5.4 × 10−2 a20

(e)

1.3 × 10−1 a20

(f)

2.6 × 10−2 a20

Fig. 9 As in Fig. 3, for 3t2 ionization. Calculated RFPADs at photoelectron energies of 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 eV are shown in panels (a) -
(f), respectively. Note that the 3t2 ionization channel is not observed to dissociate to CF+

3 + F. The arrow in panel (a) merley indicates the body-frame
orientation used in the fixed-nuclei calculations.
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F CF3 F CF3
Fig. 10 Computed RFPADs for 3t2 ionization from single-channel cal-
culations with continuum contributions of a1 (left) or t2 symmetry (right).
Both contributions shown at the respective peak energies.

(a)

F CF+3

(b)

Fig. 11 Measured RFPADs for 4t2 ionization at (a) 19.0 and (b) 21.4 eV
photon energy, integrated over all polarization directions relative to the
observed fragmentation axis.

coupled result, but that is not the case for 4t2 ionization. This
is undoubtedly due to the fact that the a1 and t2 resonances are
narrower in this case and thus their overlap is reduced. In fact,
we found that the sudden flip that occurs in the 4t2 ionization
channel is strong enough to be seen in the RFPADs even when
integrated over all polarization directions relative to the observed
fragmentation axis. This is demonstrated in Fig. 11.

7 Conclusions
Body-frame photoelectron angular distributions from valence
photoionization of the highly symmetric molecule CF4 show
shape resonances close to threshold. This finding confirms the
earlier predictions of Stephens et al.25, contradicting those of the
more recent Schwinger calculations26 which claimed the reso-
nances to probably be unphysical. The body-frame measurements
presented here, and their close agreement with ab initio calcula-
tions, show these resonances to be real. When ionization takes
place from a valence t2 orbital, there are resonances of both a1

and t2 continuum symmetry that couple to the same total symme-
try and can thus show strong intra-channel coupling if sufficiently
close in energy. We found this to be the case with the 4t2 ioniza-
tion, where the measured RFPAD undergoes an apparent flip in
shape over a narrow photoelectron energy range. Such an effect
requires a degenerate target orbital in a molecule of high symme-
try and , to our knowledge, has not been previously observed in

molecular valence photoionization.
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Photoionization of the triply degenerate HOMO-1 orbital of CF4 

shows overlapping resonances close to threshold, leading to a 

striking inversion of the photoelectron angular distribution when 

viewed in the body-frame. 
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