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Vibrational state-resolved photoelectron anisotropy parameters, β, for the X̃ 2B1, B̃ 2B2, and C̃ 2B1 state
ionizations of bromobenzene have been recorded at photon energies ranging from 20.5 to 94 eV, thus spanning
the region of the expected bromine Cooper minimum (CM). The X̃ state displays no CM and its β value is
also independent of vibrational level, in accord with the Franck-Condon approximation. The B̃ and C̃ state β

values display the CM to differing degrees, but both show a vibrational dependence that extends to energies well
below the obvious CM dip. Calculations are presented that replicate these observations. We thus demonstrate a
wide-ranging Franck-Condon approximation breakdown detected in the β anisotropy parameter in the absence of
any resonance. Measured and calculated vibrational branching ratios for these states are also presented. Although
the B̃ state branching ratios remain constant, in accord with Franck-Condon expectations, the X̃ and (especially)
the C̃ state ratios display weak, quasilinear variations across the studied range of photon energy, but with no
apparent correlation with the CM position.

DOI: 10.1103/PhysRevA.96.013413

I. INTRODUCTION

The concept of the Cooper minimum is long established in
the context of valence photoionization cross-section studies,
but is receiving fresh attention in the investigation of high
harmonic generation (HHG) [1]. In HHG the recollision of
the laser-field-driven electron can be considered an inverse
photoemission and so the Cooper minimum can be imprinted
on the HHG spectral profile. As originally proposed [2] the
Cooper minimum occurs in atomic ionization when the initial
orbital possesses a radial node and the electric dipole matrix
elements can be considered an r-weighted overlap integral that
this orbital forms with the outgoing �l = ±1 waves. As the
electron energy increases, and the outgoing waves contract
toward the core, the overlap integral in a given channel can
change sign, the relevant matrix element consequently passing
through a zero. At this point there will be a corresponding
minimum in the total photoionization cross section.

The atomic photoelectron angular distribution can be even
more strongly influenced by a Cooper minimum (CM) than
is the cross section. Again this is readily understood in the
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atomic-like picture; for photoionization of a 3p electron there
will be outgoing s and d waves, and as 3p → kd amplitude
gets canceled at the CM, the isotropic s wave alone remains
to dominate, with the β anisotropy parameter consequently
dipping to zero. In practice, however, the observed minima of
cross section and β parameter may not exactly coincide [3].

The CM is also well established as a molecular phenomenon
[4]. Most effort has been expended on identifying those
instances of atomic-like behavior that can be associated with
lone pair electrons localized on heavy atoms with, again, par-
allels in the context of current HHG developments [5]. While
halogen-containing species have been at the heart of many such
early investigations [4,6], other embedded heavy atoms such
as S and Se have been examined [7]. Phenomenologically, the
depth of a molecular CM, or even its absence, can be used to
infer the degree to which atomic character of the initial orbital
is suppressed by the mixing in of more delocalized molecular
orbitals. This can be thought of as an initial state effect. At
the same time the noncentral molecular potential scatters the
outgoing electron into a greater range of outgoing channels
with different phases, so that more complex interchannel
interferences arise which are no longer just simple attenuation
of a single channel. As a final state effect these interferences
are reflected in the experimental observables such as depth and
position of a CM, underscoring requirements for more fully
developed theoretical understanding. For these more complex
noncentral potential cases the angular distribution provides the
favored CM diagnostic marker.

The outer valence orbitals of bromobenzene provide an
interesting opportunity to examine molecular CM effects.
The outermost benzene π -type orbitals are split, by the
C2v symmetry, into a 5b1 and 2a2 pair. The next-lying atomic
Br 4p lone pair likewise splits into individual 8b2 and 4b1
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orbitals lying, respectively, in and out of the molecular plane
and these can therefore interact in different degrees with the
benzene ring electron density. One thus anticipates finding
in these orbitals examples of either no, strong, or partial
localization at the Br atom [8] and the β parameters associated
with these outer four electronic bands in the photoelectron
spectrum (PES) have been measured over extended photon
energies (ranging up to 94 eV [9] or 120 eV [10]) to
reveal modified molecular CM. Their interpretation clearly
reflects these differences in localization and the one-particle,
molecular orbital model for ionization holds well in these cases
[8,10].

A different class of CM, with an intrinsically molecular
origin, has also been identified in lighter molecules such as
small hydrides [11,12], NO [13], and N2 [14]. Since both initial
and/or final state effects may be influenced by the molecular
environment, a novel vibrational sensitivity was predicted in
the vicinity of the CM in OH [12]. Subsequently, pioneering
studies by Poliakoff and co-workers [15] have examined
the dependence of the vibrational branching ratios through
the N2 2σ−1

u Cooper minimum. In the absence of resonant
processes, such as autoionization and shape resonances, the
Franck-Condon (FC) approximation predicts that vibrationally
resolved branching ratios would be independent of electron
(photon) energy. However, these experiments and modeling
[15] showed a slow but definite variation of vibrational branch-
ing ratios, occurring over an extended excitation range of
several tens of eV through the CM, and were interpreted as pro-
viding evidence for a wide-ranging, nonresonant FC violation.

The FC assumption of fully decoupled electron and nuclei
motions also leads to a prediction that vibrationally resolved
photoelectron anisotropy parameters, β, should display an
energy dependence that was independent of the vibrational
state. In this paper we seek, by measuring vibrationally re-
solved β anisotropy parameters and branching ratios, to further
explore FC limitations while avoiding shape and autoionizing
resonances. Recent high-resolution photoelectron studies of
bromobenzene [9,16] have revised and extended the earlier vi-
brational analysis [10] of the outer valence bands. We now ex-
ploit the high resolution achievable at the PLÉIADES beamline
(Synchrotron SOLEIL) to track the photoionization of these
bands, maintaining full vibrational resolution across the ex-
tended photon energy range 20.5 to 94 eV. By recording angle-
resolved PES we are able to extract vibrationally resolved β

parameters completely spanning a molecular CM region.

II. METHODS

A. Experimental apparatus and procedure

The angle-resolved photoelectron spectra were recorded
with a VG Scienta R4000 hemispherical electron energy
analyzer mounted on the soft x-ray undulator based PLÉI-
ADES beamline at the SOLEIL synchrotron radiation facility
(France) [17]. Comprehensive descriptions of the monochro-
mator, electron spectrometer, and experimental procedure have
been given previously [9] so only those parameters affecting
the overall resolution (which is the key factor in the present
study) are discussed in detail here.

The beamline employs an HU256 electromagnetic un-
dulator which provides linearly polarized radiation in the
energy range 7–400 eV, with the degree of polarization being
estimated as >99%. The plane of polarization can be chosen
to lie either parallel or perpendicular to the plane of the
electron orbit in the storage ring. Four varied line spacing,
varied groove depth gratings are housed within a Petersen
SX700 type monochromator [18]. The 400 lines/mm grating
selected for our experiments, together with an exit slit width of
30 μm, results in a theoretical optical resolution which varies
between 1 meV at hν = 20 eV and 4.5 meV at hν = 82 eV.
However, the actual optical resolution varied from 5 to 11 meV.
This was evaluated by fitting photoelectron spectra of the
Kr+ (4p)−1 2P3/2 state to deconvolute the three contributions
(monochromator resolution, electron spectrometer resolution,
and Doppler broadening) determining the overall peak width.

The electron spectrometer was mounted in a fixed position,
with photoionization occurring within a cell equipped with a
series of electrodes to compensate for the so-called plasma
potentials [19]. The analyser was used with a pass energy
of 10 eV and a 0.2 mm curved entrance slit, resulting in a
spectrometer resolution of 5 meV. The contribution �ED ,
due to the translational Doppler broadening, to the overall

resolution is given by �ED = 0.7125
√

EKET
M

meV (where
EKE is the electron kinetic energy in eV, T is the absolute
temperature of the sample gas, and M is the molecular
mass expressed in atomic units [19]). For electrons ejected
from bromobenzene with kinetic energies of 11 or 71 eV
(corresponding to the formation of the X̃ 2B1 state in the v+ =
0 level using photon energies of 20 or 80 eV) the translational
Doppler broadening �ED is ∼3.3 or ∼8.4 meV, respectively.

Using the X̃ 2B1 state photoelectron band as an example, the
observed peak width associated with the principle vibrational
progression varied between ∼15 meV at low photon energies
and ∼40 meV at high photon energies. The separation between
adjacent vibrational peaks was ∼42 meV. Thus, across the
excitation range relevant to the present experiment the overall
resolution was sufficient to allow a detailed examination of
the vibrational structure. This was crucial to the extraction
of vibrationally resolved photoelectron anisotropy parameters
and branching ratios.

Following several freeze-pump-thaw cycles of a com-
mercial bromobenzene sample (Sigma-Aldrich, stated purity
99.5%), its vapor was admitted, at room temperature, into the
ionization cell within the spectrometer.

At each photon energy, spectra were recorded for electrons
emitted either parallel or perpendicular to the plane of polariza-
tion of the incident linearly polarized radiation. The orientation
of this plane could be changed by varying the magnetic field
in the undulator. Within the electric dipole approximation,
and assuming randomly oriented target molecules, the photo-
electron anisotropy parameter β associated with a particular
vibrational state is given by

β =
2(Ipar − Iperp)

(Ipar + 2Iperp)
, (1)

where Ipar and Iperp are the photoelectron intensities corre-
sponding to the appropriate vibrational peak, derived from

013413-2



VIBRATION-DEPENDENT PHOTOELECTRON ANGULAR . . . PHYSICAL REVIEW A 96, 013413 (2017)

TABLE I. Regions of photoelectron spectrum selected for analysis.

From To
Band (eV) (eV) Peak no. Assignmenta

X̃

8.965 9.008 1 0–0
9.008 9.050 2 111

9.050 9.096 3 112

9.096 9.141 4 113,...

9.141 9.181 5
9.181 9.223 6

B̃

10.578 10.663 1 0–0
10.663 10.728 2 101

10.728 10.768 3 91

10.768 10.801 4 102,61

C̃

11.158 11.198 1 0-0
11.198 11.230 2 111

11.230 11.276 3
11.276 11.318 4
11.318 11.348 5

aWhere shown, this is the dominant transition assigned to the peak in
Ref. [9].

spectra recorded in the parallel and perpendicular polarization
geometries, respectively.

For a particular electronic state, the vibrational branching
ratio is defined as the photoelectron intensity under the selected
vibrational peak divided by the summation of the photoelec-
tron intensity in all the vibrational peaks. The evaluation of
the vibrational branching ratio requires knowledge of the
transmission efficiency of the electron analyzer as a function of
kinetic energy. This efficiency was determined by measuring
the intensity ratio between photoelectron lines with varying
kinetic energies and the corresponding constant kinetic energy
Auger lines [20]. This procedure was carried out at various
photon energies.

Vibrationally resolved photoelectron anisotropy parameters
β and branching ratios for the X̃ 2B1, B̃ 2B2, and C̃ 2B1 states
were derived from the angle-resolved photoelectron spectra,
after normalization to the sample pressure, the photon intensity
and the acquisition time (all of which were monitored during
data collection), and the analyzer transmission efficiency.
Table I gives the binding energy ranges used to define the
vibrational members within a specific photoelectron band. The
vibrational branching ratios for a particular electronic state,
given here, ignore peaks due to members not relevant to the
present discussion. Hence, the vibrational branching ratios for
the members of interest are normalized to unity.

The software employed to determine the intensity in a
particular vibrational peak simply summed the electron counts
within the binding energy range specified in Table I. No attempt
was made to fit the vibrational profile. Such a procedure
works well for the X̃ and B̃ bands where the first few
vibrational peaks following that due to the adiabatic transition
are dominated by contributions associated with one, or at most
two, vibrational modes. It is less satisfactory for the C̃ band
where the vibrational structure is more complicated [9,16].

B. Computational procedure

We incorporate vibrational influences into the calculation
of β anisotropy parameters by evaluating the variation of the
pure electronic dipole matrix elements with displacement of
the nuclei along the vibrational coordinate. This approach has
been previously used for the treatment of diatomic [12,21–25]
and linear triatomic [26,27] molecular photoionization. An
extension of this method to treat vibrational photoionization
dynamics in polyatomic systems was recently described for
a study of angular distribution parameters in chiral molecule
photoionization [28], and here we adopt the same procedures
to calculate β(v) for bromobenzene.

In this approach the vibration specific matrix elements are
obtained as

Ti,f,v,v+ =

∫

Xi,v(Q)Mi,f (Q)Xf,v+ (Q) dQ, (2)

with the electronic matrix element, written

Mi,f (Q) = 〈ψi(r; Q)|η̂|ψ
(−)
f,�k

(r; Q)〉r, (3)

having an explicit dependence on the vibration coordinate Q.
Here η̂ is the electric dipole operator, Xi,v and Xf,v+ are the
corresponding vibrational wave functions, and ψi and ψ

(−)
f,�k

are the neutral and continuum (ionized) state electronic wave
functions. Although retaining adiabatic separation of the full
vibronic functions, it is the parametric dependence of the ψs
on Q that couples electronic and nuclear motions; ignoring
this dependence reverts to a FC approximation.

Harmonic normal mode vibrational analyses for the neutral
and cation states were prepared using density functional
theory (DFT) calculations with the B3LYP functional and
cc-pVTZ basis, as implemented in the GAUSSIAN09 package
[29]. For the excited state cations, time-dependent (TD-)DFT
calculations were run using the same functional and basis.
The displacement of a given cation’s equilibrium geometry
from that of the neutral ground state molecule can hence be
expressed in the normal mode coordinates Qm. A specific
vibrational mode of interest n can then be selected for inves-
tigation, while all other modes are considered to be frozen.
Using the calculated harmonic vibrational parameters and the
displacement of the equilibrium geometry along Qn it is hence
possible to expand and evaluate the associated vibrational
overlap function Xi,v(Qn)Xf,v+ (Qn) appearing in Eq. (2).

The electronic matrix elements Mi,f (Qn) required for
Eq. (2) are obtained by CMS-Xα calculations conducted at
fixed points along Qn with parameters chosen as previously
described for fixed nuclei, equilibrium geometry calculations
on bromobenzene [9]. The method for evaluating the weighted
integration over Qn [Eq. (2)] has likewise been previously de-
scribed [24]. Once the full matrix elements Ti,f,v,v+ have been
obtained, the corresponding β values are calculated using stan-
dard formulas [30] for randomly oriented molecular targets.

III. RESULTS

Figure 1 shows typical photoelectron data recorded at
hν = 40 eV. Because of its relatively unstructured appearance
the Ã band will not be further discussed. The X̃, B̃, and C̃ PES
bands have clear vibrational structures, which were assigned
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FIG. 1. Overview of the hν = 40 eV data. The “magic angle”
photoelectron spectrum is reconstructed by combining scans recorded
with parallel and perpendicular linearly polarized light, and the
β parameter trace is similarly constructed from these recordings.
Note the break in the vertical axis to truncate the intense origin of the
B̃ band. A Franck-Condon simulation [9] is also shown with a small
vertical offset for the vibrationally well-resolved X̃, B̃, and C̃ bands.
Features assigned as vibrational hot bands are starred.

[9,16] using FC simulations (included in Fig. 1). As will
be seen, these bands also possess contrasting photoelectron
angular distributions: X̃ (5b1 ring π orbital) shows no
indication of a CM, B̃ (8b2 Br 4pσ in-plane lone pair orbital)
displays a deep CM, while C̃ (4b1 Br 4pπ lone pair orbital)
has an attenuated CM due to increased interaction of this
out-of-plane Br 4pπ orbital with the ring π orbitals [9,10].

A. X̃ band

Vibrationally resolved X̃ band β parameters measured
across the photon energy range 20.5–94 eV are shown in
Fig. 2, although hot band data have been omitted because
of low intensity. The remaining peaks are predominantly a
progression in the C-Br stretch, ν11, although peaks 5 and 6
are composite multiple transitions [9,16]. Also shown in the
figure are calculated β values for the X̃ state ν11 vibrational
mode [31]. The clear conclusion from Fig. 2 is that β shows
negligible experimental variation with vibrational peak, as also
confirmed by the calculations.

Figure 3 shows experimental vibrational branching ratios
obtained for the same X̃ band peaks. These are relatively
featureless, although the peak 3 intensity increases slightly
with photon energy relative to peaks 1 and 2. The calcu-
lated branching ratios (inset to Fig. 3) for the individual
ν11 transitions are completely flat except for some weak

FIG. 2. Bromobenzene X̃ band β(v). Top: experiment. Bottom:
calculations for the C-Br stretch, ν11.

structure at threshold. The vibrational invariance of the β

parameters and an energy invariance of the branching ratios
are as expected in the Franck-Condon approximation.

B. B̃ band

Figure 4, however, paints a different picture for the B̃ band
Br 4pσ lone pair orbital. In addition to the intense Cooper
minimum, the experimental β values now show a distinct
vibrational dependence. To better examine this, by effectively
expanding the vibrational differences across the photon

FIG. 3. Vibrational peak branching ratios for the bromobenzene
X̃ band. Linear best fit lines are drawn through each of the data
sets. The inset shows calculated branching ratios for the v11 = 0–3
transitions. Note that because of the different normalization over
4 transitions rather than 6 peaks the absolute magnitudes are not
comparable with experiment.
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FIG. 4. B̃ state vibrationally resolved β parameters. On the left we show experiment, on the right calculation. Two insets (top right panel)
show expanded views of the maxima and minima regions of the calculated curves. For the (unresolved) 102 and 61 excitations a simple average
of the individual 102 and 61 calculated β is plotted. The lower panels show corresponding residuals, �β (see text).

energy range, Fig. 4 alternatively shows �β, the vibrational
residuals relative to a common reference curve (either the
experimental mean β or the computed β obtained for a fixed
equilibrium geometry calculation). Around hν ≈ 30 eV, well
below the obvious CM dip, a dispersion of the experimental
β is clear, with β(v = 0) spread to more positive values, the
composite curve β(v10 = 2,v6 = 1) oppositely displaced in
a negative direction, and β(v10 = 1) and β(v9 = 1) being
intermediate. In the visual CM dip at hν ≈ 70 eV these
experimental differences disappear, or possibly even reverse
(unfortunately the error bars increase at higher energy because
of decreasing cross section).

These trends, including the unanticipated vibrational de-
pendence some tens of eV below the energy of the obvious
CM dip, are well captured by the calculations. In particular
the dispersion of the vibrational βs in the 20–50 eV range is
semiquantitatively reproduced, albeit a little more structured
than the experiment. The expanded insets in Fig. 4 show
how the dispersion (ordering) of the vibrational βs switches
between low and high photon energy regions, with a cross-over
occurring at hν ≈ 55 eV. From the inset showing the region
around 72 eV it can be seen that both the position and depth of
the CM are predicted to be vibration dependent. The predicted
shifts of a few eV in the minima of successive ν10 vibrational
levels considerably exceed the corresponding vibrational
excitations. Hence these shifts are not simply attributable to
consequent differences in electron energy, but must have a
more fundamental origin. Furthermore, the differences evident
in the v9 = 1 curve clearly suggest there is also a mode-specific
behavior in the CM dip. Unfortunately, this predicted detail
cannot at present be confirmed from the experiments.

Branching ratios for the same four B̃ band peaks are
presented in Fig. 5. Both theory and experiment show a

negligible variation with photon energy. It may be noted that
although the calculated ratios differ from experiment, this may
be because the estimations of the latter inevitably include
contributions from multiple unresolved weak transitions and
hot bands underlying the main peaks.

(a)

(b)

FIG. 5. B̃ state vibrational branching ratios. (a) Experimental
values. The straight lines drawn through the vibrational data sets
are linear best fits; (b) calculated ratios.
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FIG. 6. C̃ state β parameters and vibrational peak branching
ratios. For the latter, linear best fit straight lines are drawn through
each vibrational data set.

C. C̃ band

The C̃ state ionization of an out-of-plane Br 4pπ lone
pair electron displays a weaker β CM. From the vibrationally
unresolved electronic band measurements, it was deduced that
this attenuation reflects an increased electron delocalization
due to interaction with ring π electrons [9]. This delocalization
was evidenced in a Mulliken population analysis [8] and is
similarly indicated by a reduction in the normalized electron
density on the Br atom obtained in the MS-Xα calculations
conducted here (0.35 for the 4b1 πBrLP orbital compared to
0.77 for the 8b2 σBrLP orbital).

Compared to the X̃ andB̃ states, the C̃ state PES band vibra-
tional intensities were less well reproduced by FC simulations
[9,16]. The main predicted progressions comprise excitation
of the ν11 C-Br stretch, either singly or in combination with
the ν10 mode, but relative intensities of the ν11 transitions
are overestimated while predicted spacings are also weakly
perturbed. Consequently, it is difficult to reliably assign beyond
the first adiabatic (0-0) and second (111) peaks. The underlying
reasons are unclear. Palmer et al. [16] have nevertheless
inferred an absence of vibronic interaction with nearby states,
given similar vibrational linewidths in the other PES bands.
However, from the better resolution in our own study [9] it is
clear that their linewidths were instrumentally limited, so this
inference may not be valid.

Experimental branching ratios and anisotropy parameters,
β, for the first five C̃ band vibrational peaks are shown in Fig. 6.
While not as completely flat (constant) as the B̃ state ratios
(Fig. 5) the variation of the vibrational branching is quite linear

(a)

(b)

(c)

FIG. 7. (a) Experimental C̃ state residuals �β from the exper-
imental mean β; (b), (c) residuals �β for calculated excitations of
ν11 and ν10 levels (referenced from the β curve computed at a fixed
equilibrium geometry).

across the full photon energy range, and there is again nothing
to suggest a CM-influenced branching behavior. However, the
vibrational peak resolved β parameters again show a strong
dispersion at energies both below and through the CM region,
paralleling the B̃ band results in (Fig. 4).

These variations are more closely examined in Fig. 7 by
plotting the experimental residuals, �β, and corresponding
calculations that treat the two most prominent vibrational
modes, ν10,ν11, excited in this cationic state [9]. There is a
striking similarity in the β dispersion in the range 20–55 eV,
both in experiment and in the calculations for the dominant
ν11 vibrational mode. At ∼55 eV both also pass through
some form of cross-over above which, in the CM region, the
ν11 calculations shows structured, oscillating β dispersions.
In contrast the ν10 calculations show simpler behavior, with
β being displaced to more positive values for progressively
higher vibrational excitations but with no further switching of
this relative order across the 55–100 eV region. This looks
rather more like the experimental behavior in the same region.
Below 45 eV the ν10 β curves are spread in a reversed sense,
similar now to both the ν11 and the experimental results.

IV. CONCLUSIONS

At the heart of our study has been the measurement
of vibrationally resolved angular distribution β parameters
and relative cross sections (branching ratios) across a very
wide photon energy range. We have examined bands in the
photoelectron spectrum of bromobenzene that display either
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a strong, weak, or no Cooper minimum. There is no obvious
vibrational dependence of β for the X̃ band, which lacks a CM,
suggesting uncoupled electron and nuclear motion as implied
by the full FC approximation.

For the B̃ state, which has an intense, deep CM in the
photoelectron angular distribution, the calculations indicate
vibrational state sensitive position and depth of the CM
(Fig. 4 insets), indicative of the FC breakdown we initially
anticipated. The experimental observations confirm that β

has a vibrational sensitivity in the CM region, although
unfortunately the statistical quality is insufficient to verify
the specific detail that is predicted. On the other hand, both
the simulated and experimental vibrational branching ratios
are completely flat across the CM region (Fig. 5), betraying
no influence of changing dynamics. Following established
understanding [3,32,33] such contrasting sensitivities of cross
section and angular distribution can be attributed to the
former’s nondependence upon phase; implying that the β

parameter vibrational changes are due to varying phases of
the photoelectron partial waves.

A somewhat similar commentary may be applied to
describe the C̃ state CM region results. Here, some of the
experimental branching ratios do now show a weak linear
variation with photon energy, but there is again no structure that
correlates with the visually apparent CM dip in the C̃ state βs.
However, an unanticipated finding for both B̃ and C̃ states
is that the vibrational dependence of the β parameters is
even more marked in the 20–50 eV photon energy range, so
commencing at energies that are well below the apparent CM

energy dip. These experimental observations are equally well
reproduced in the calculations that have been performed.

We thus are able to demonstrate for the first time FC
breakdown affecting photoelectron angular distributions oc-
curring across an extended photon energy without there being
a resonance. On the other hand our observations on the
vibrational branching ratios do not so directly challenge FC
assumptions, at least not for the B̃ state.

An expected prerequisite for the occurrence of the CM in
these valence bands is a strong localization of the initial orbital
on the peripheral Br atom. This localization may generally
enhance the vibrational sensitivity induced by nuclear motion
(specifically that of near-neighbor photoelectron scattering
sites in the molecular ion potential), and in this sense
might prove more pertinent than just the consequent CM
phenomenon, exerting influence across an even wider energy
range. Nevertheless, both the B̃ band (Fig. 4 insets) and,
especially, the C̃ band (Fig. 7) results hint at unexpected
patterns of vibrational mode-specific variation in the region
of the actual CM dip that are not yet understood and merit
further investigation.
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