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The angle-resolved inner-shell photoionization of R-trifluoromethyloxirane, C3H3F3O, is stud-
ied experimentally and theoretically. Thereby, we investigate the photoelectron circular dichroism
(PECD) for nearly-symmetric O 1s and F 1s electronic orbitals, which are localized on different
molecular sites. The respective dichroic 51 and angular distribution 2 parameters are measured at
the photoelectron kinetic energies from 1 to 16 €V by using variably polarized synchrotron radiation
and velocity map imaging spectroscopy. The present experimental results are in good agreement
with the outcome of ab initio electronic structure calculations. We report a sizable chiral asymmetry
1 of up to about 9% for the K-shell photoionization of oxygen atom. For the individual fluorine
atoms, the present calculations predict asymmetries of similar size. However, being averaged over
all fluorine atoms, it drops down to about 2%, as also observed in the present experiment. Our
study demonstrates a strong emitter- and site-sensitivity of PECD in the one-photon inner-shell

ionization of this chiral molecule.

PACS numbers: 33.80.-b, 32.80.Hd, 33.55.+b, 81.05.Xj

I. INTRODUCTION

In 1976, Ritchie has predicted theoretically that angle-
resolved photoelectron spectra of chiral molecules exhibit
a sizable circular dichroism (CD) effect, which in contrast
to the normal CD in total absorption spectra is governed
by the electric dipole interaction [1]. It took about 25
years to verify these predictions experimentally [2]. Since
then, the photoelectron circular dichroism (PECD) in the
one-photon ionization of chiral molecules in the gas phase
has been extensively studied experimentally and theoret-
ically. At present, numerous of independent works have
confirmed that for randomly-oriented molecules, PECD
can be seen as a forward/backward asymmetry in the
emission of photoelectrons which is typically on the or-
der of a few per cents. Most of those studies are reviewed
in Refs. [3-5].

The first experiments performed with circularly polar-
ized synchrotron radiation on randomly oriented bromo-
camphor [2] and camphor [6] illustrated a sizable PECD
of about 3-4%. It was also noticed that PECD changes
with the binding energy of a system, i.e., it is different for
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the ionization of different molecular orbitals [2]. Further-
more, a strong dependence of PECD on the photoelec-
tron kinetic energy (exciting-photon energy) was found
experimentally and theoretically for outer-shell photoion-
ization of methyloxirane [7-9], chiral derivates of oxirane
[10], as well as camphor and fenchone [11-13].

Nowadays, PECD in the one-photon ionization of outer
electrons is a well-established research area, which in-
cludes studies of molecular dimers [14], clusters [15],
metal-organic complexes [16], and even small biological
molecules [17-20]. Experimentally, this effect has been
studied by tunable circularly polarized synchrotron ra-
diation utilizing different methods of angle-resolved pho-
toelectron spectroscopy. Theoretically, the Continuum
Multiple Scattering method with the local X« exchange
correlation (CMS-Xa) [21] and the time-dependent den-
sity functional theory (TDDFT) B-spline LCAO formal-
ism [22] were used in those studies.

Molecular orbitals of the outer valence electrons
(HOMO-—n) are typically delocalized over a large part
of a molecule and are strongly asymmetric. This asym-
metry of the initial electronic state is naturally imprinted
in the observed PECD through the photoionization am-
plitudes. Notwithstanding, there is another contribution
to PECD, which is related to the final electronic state
through the same amplitudes. Indeed, a contrastive the-
oretical study of chiral derivates of oxirane [10] has sug-
gested that the magnitude of PECD is also governed by
the ability of the outgoing photoelectron continuum wave



to probe the asymmetry of the molecular ion potential.

The latter effect of the final electron continuum state
plays a decisive role in the photoionization of almost-
symmetric inner-shell electrons. The very first study
of inner-shell PECD performed for the O=C(1s) ioniza-
tion of camphor [23] reported a large chiral asymmetry,
which was shown to be dependent on the photoelectron
kinetic energy scanned up to 65 eV above the ionization
threshold. These experimental results were supported
by numerical simulations, which suggested that PECD
is caused here by the final-state scattering effects on the
chiral potential of a molecule [23].

Recently [24, 25], a sizable PECD effect in the pho-
toionization of camphor and fenchone by intense short
circularly polarized laser pulses was observed in the
2+1 resonance-enhanced multiphoton ionization regime.
Since then, many experimental and theoretical investi-
gations of the multiphoton PECD by femtosecond laser
pulses have been reported in literature. In contrast to
the one-photon ionization regime, multiphoton PECD
provides important complementary information on the
effect of intermediate electronic states involved in differ-
ent multiphoton ionization schemes (see Refs. [26-28] for
very recent results).

At present, there are several works reporting PECD
after inner-shell photoionization of chiral molecules [10-
12, 23, 29-31]. As an advantage, it allows to selectively
address electronic orbitals localized on a particular chi-
ral center of a molecule. Importantly, inner-shell ion-
ization, followed by an ultrafast Auger decay and subse-
quent fragmentation of the resulting dication by Coulomb
explosion, offers the possibility to access molecular frame
photoelectron angular distributions by multicoincident
detection techniques [32]. This principle has recently
been utilized to study PECD in the O 1s photoioniza-
tion of uniaxially oriented methyloxirane [31].

Very recently [5, 33], PECD in the one-photon ion-
ization of electrons from the HOMO and HOMO-1 of
trifluoromethyloxirane (CsH3F30O) has been studied in
the vibrationally-resolved mode. For this chiral molecule,
PECD after inner-shell photoionization has not yet been
investigated. In order to study the PECD at dif-
ferent emitter sites of this molecule, we address in
this work the O 1s and F 1s photoionization of R-
trifluoromethyloxirane. Our experimental and theoret-
ical methods are described in Sec. II. The measured and
calculated dichroic and angular distribution parameters
are compared and discussed in Sec. III. We conclude in
Sec. IV with a brief summary and outlook.

II. EXPERIMENT AND THEORY

The present experiments were performed at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) at the
BL13-2 beamline [34, 35]. Equipped with the 26-pole
elliptically polarizing undulator [36], this synchrotron
beamline can produce 94 + 6% circularly polarized soft

X-rays. The spherical grating monochromator at BL13-
2 can achieve a spectral resolving power of 10* over an
energy range from 180 to 1100 eV with a flux of 10! to
10'2 photons/sec.

The sample, (R)-(+)-3,3,3-Trifluoro-1,2-epoxypropane
(97%, Sigma Aldrich), was introduced into the interac-
tion chamber by an effusive gas jet via a 0.5 mm skimmer
to reach the vacuum conditions necessary for the beam-
line operation. The interaction region of gas jet and syn-
chrotron radiation coincided with the focus point of the
velocity map imaging (VMI) spectrometer of the LAMP
chamber of the LCLS AMO beamline [37]. The electric
fields were optimized to collect electrons with kinetic en-
ergies of around 10 eV with an energy resolution of about
5%. The acquired data sets for the O and F K-edges
cover photoelectron kinetic energies up to 16 eV while
using circularly (with both positive ‘+’ and negative ‘-’
helicities) and linearly polarized light.

An inverse Abel transformation was applied to recon-
struct slices of the 3D photoelectron angular distributions
out of the 2D-VMI images. Several transformation meth-
ods, namely the BASEX-method [38], direct integration
of the Abel integral [38], an iterative approach [39], the
lin-BASEX [40], the Hansen-Law-algorithms [41], and
onion-peeling [42-44] were used as an evaluation stability
proof and as a means to estimate the uncertainty. The
dichroic parameter $; and angular distribution param-
eter By were determined independently. The difference
between two normalized photoelectron angular distribu-
tions measured with the circularly polarized light was
fitted to extract 81 using the relation I (0) — I_(0) =
261 P1(cosd). The normalized photoelectron angular dis-
tribution measured with the linearly polarized light re-
vealed f3; via the parametrization Io(0) = 1452 Py(cos ).
The latter procedure was cross checked by extracting (o
from the sum of normalized Iy (#) images using the rela-
tion I (0) + I_(0) =2 — B2 Pa(cosb).

Before carrying out experiments with the enantiomer-
pure sample, several tests were performed with the
racemic mixture of the target (99%, Sigma Aldrich) in
order to improve the data accuracy. Thereby, an in-
trinsic detector calibration to ensure symmetric angular
distributions (the absence of a PECD) for linearly and
circularly polarized light with both helicities was accom-
plished. In addition, the degree of circular polarization
was estimated with the help of angular distributions ac-
quired by the linearly polarized light under assumption
of almost 100% degree of polarization of the latter. The
degree of circular polarization and purity of the enan-
tiomeric target were taken into account in the data anal-
ysis for dichroic 81 and angular distribution 2 parame-
ters.

Each presently recorded velocity map image exhibits a
weak symmetric background due to low-energy electrons
induced by secondary processes. Contrary to the main
photoelectron signal which has a well-defined energy, this
position dependent noise covers all electron energies. In
addition, secondary electrons originated at a copper mesh



in front of the MCP detector have introduced an artificial
mesh-type signal. The main part of this signal was fil-
tered out before the Abel reconstruction. These are the
main sources of experimental uncertainty. Further un-
certainties are estimated by statistics error perturbation,
fit quality, and 3D-reconstruction stability.

The laboratory-frame angular distribution of the pho-
toelectrons emitted by randomly-oriented molecules ex-
cited by circularly polarized light is described by the well-
known formula for the differential photoionization cross
section [1, 45, 46]:

do® o 1
a0 = o 1+ B8P (cosb) — iﬁng(cos 0. (1)

Here, ‘£’ stands for the positive and negative helicity of
the circularly polarized radiation, Py, (cos6) are the Leg-
endre polynomials, and 6 is the angle between the direc-
tion of the propagation of the exciting-radiation and the
direction of the emission of photoelectrons encompassed
in the solid angle df2. The total photoionization cross
section o and parameters 51, (L = 1,2) can be computed
via the following equations [47, 48]
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In these equations, (Ajefm|d,|Ao) is the dipole transition
matrix element for the ionization of the electronic state
Ao by the linearly (¢ = 0) or circularly (¢ = +1) po-
larized light, which results in the population of the final
ionic state A; and emission of the photoelectron partial
wave efm with the kinetic energy e, angular momentum /¢
and its projection m (quantum numbers m and ¢ are de-
fined in the molecular quantization frame). Further on,
d¢m 1s the phase shift of the partial electron wave, and
summations over indices Ag ; must be performed over all
degenerate electronic states.

The photoionization transition amplitudes were cal-
culated in the present work by the Single Center (SC)
method and code [49, 50], which provides an accurate
description of the partial photoelectron continuum waves
in molecules. It was already successfully applied to study
angle-resolved spectra of diatomic molecules [47, 51—
53], weakly-bound dimers [54], polyatomic molecules
[48, 55, 56], small metallic clusters [50], and even chiral
molecules [31, 57]. Briefly, a molecular orbital is repre-
sented in the SC method with respect to a single center

of the molecule via an expansion in terms of spherical
harmonics. The wave functions of a photoelectron in
the continuum are sought as numerical solutions of the
system of coupled one-particle equations for the radial
partial electron waves with accurate molecular field po-
tentials, provided by all nuclei and occupied electronic
shells of a molecule. Thereby, the main physical mech-
anism for handing a chiral asymmetry of the molecular
ion potential over to the outgoing photoelectron wave by
multiple scattering effects is accurately described by the
method. The numerical scheme implies non-iterative ac-
counting for the non-local exchange Coulomb interaction
of a photoelectron with a molecular core, which makes
the computational procedure robust [49, 50].

In the present work, photoionization transition ampli-
tudes were computed in the frozen-core Hartree-Fock ap-
proximation at the equilibrium internuclear geometry of
the ground electronic state of R-trifluoromethyloxirane,
optimized at the (2,2)-CASSCF/6-31G(d,p) level of the-
ory. Molecular orbitals of the occupied electronic shells,
computed by the PC GAMESS (General Atomic and
Molecular Electronic Structure System, [58]), version
Alex A. Granovsky [59], were represented relatively to
the nuclear charge center of gravity (chosen as the molec-
ular center) by expansions over spherical harmonics with
£,/m|] < 60. The SC expansions of the continuum par-
tial waves were restricted by partial harmonics with
le,|me| < 35. Finally, multipole expansions of the ex-
change Coulomb interaction of the photoelectron with
the core electrons [50] were restricted by harmonics with
k,|q| < 15.

III. RESULTS AND DISCUSSION

The present angle-resolved spectra for the K-shell pho-
toionization of oxygen and fluorine atoms are collected in
Figs. 1 and 2, respectively. These figures depict (from the
top to bottom) the total cross section o, dichroic param-
eter (1, and angular distribution parameter S computed
as functions of the electron kinetic energy up to 20 eV.
For the photoelectron energies up to 16 eV, the computed
o, f1 and B2 parameters are compared with the presently
measured respective values. The experimental cross sec-
tions, determined on the relative scale by normalization
of the total electron signal to the data acquisition time,
gas pressure and photon flux, were set in Figs. 1 and 2
on the absolute scale with the help of the present the-
ory. No further normalization to compare the computed
and measured dimensionless 31 and (2 parameters is re-
quired.

For higher photoelectron energies from 10 to 16 eV,
the recorded velocity map images were partially compro-
mised in the forward direction. Therefore, only part of
the data was taken into account for the 8 determina-
tion. The procedure of reconstructing data with a re-
duced image area and, therefore, reduced statistical va-
lidity was carefully cross checked with different transfor-



mation methods [38-44] and is taken into account in the
determination of uncertainties, which can be clearly seen
in the middle panels of Figs. 1 and 2 in the energy range
of 10-16 eV. This problem did not affect the accuracy of
the measured (B, parameter, since the main dipole con-
tributions of the electron signal, which are important for
the determination of positive B values, were always in
the detection area.

As discussed above, dichroic parameters were deter-
mined from the difference between the two normalized
photoelectron signals corresponding to the use of two
opposite circular polarizations of exciting synchrotron
radiation. This procedure automatically implies an al-
most full elimination of the extrinsic artificial signals de-
posited in each spectrum as a symmetric background and
the residual mesh-type pattern. On the contrary, these
signals cannot be excluded from the data analysis when
determining angular distribution parameter out of the
single spectrum acquired with the linearly polarized ra-
diation. This led to larger error bars for the measured
B2 values compared to those for 8 (see lowermost panels
of Figs. 1 and 2). Finally, the one-particle frozen-core
Hartree-Fock approximation, used in the present calcu-
lations, does not include electron correlations and core
relaxation effects. Neglecting these effects may result in
an underestimation of the absolute values of the total
photoionization cross section very close to the ionization
threshold by up to a factor of 2 [60-62].

The middle panel of Fig. 1 demonstrates an overall
good agreement between the (1 values computed and
measured for the O K-edge. In most of the cases the de-
viation between theory and experiment is almost within
the experimental error bars. Both, theory and exper-
iment indicate a sizable chiral asymmetry of 3; ~ 9%
around € = 4 eV. From the lowermost panel of Fig. 1 one
can see, that the presently computed and measured angu-
lar distribution parameters o agree well, and they start
to deviate from each other only for the electron energies
above about 10 eV. This might be related to the fact that
the presently measured (o values are slightly underesti-
mated due to the presence of a symmetric background in
the collected electron signal as discussed above.

The presently computed O 1s photoionization cross
section exhibits a weak feature around the photoelectron
kinetic energy of 9 eV. As one can see from Fig. 1, this
peak is fully correlated with the change of sign in the
computed and measured dichroic parameter 5 and also
with a weak modulation of the computed and measured
angular distribution parameter f2. We assign this fea-
ture to a shape resonance in the O 1s photoionization
continuum. The presence of this shape resonance could
be the main reason for a somewhat larger disagreement
between the computed and measured dichroic parameter
By around the photoelectron kinetic energy of 9 eV.

The o, 1, and B2 parameters computed for the indi-
vidual fluorine atoms are depicted in Fig. 2 by broken
curves. The numbering of F; atoms is indicated in the
inset at the bottom of this figure. As one can see, the

O K-edge

Cross section (Mb)
o
~
o
1
O,

Dichroic parameter 3,

Angular distribution f,
o
oo
1

—— Theory
O Experiment

0 5 10 15 20
Photoelectron energy (eV)

FIG. 1: (Color online) The presently measured (circles with
error bars) and computed (solid curves) cross section (up-
permost panel), dichroic parameter 81 (middle panel), and
angular distribution parameter B2 (lowermost panel) for the
O 1s photoionization of R-trifluoromethyloxirane as functions
of the photoelectron energy.

cross sections o and angular distribution parameters s,
computed for different atoms, are very similar for higher
photoelectron energies, and they differ from each other
only for electron energies below about 10 eV. On the con-
trary, dichroic parameters (51 of the individual fluorines
(middle panel) are very different from each other: 31 (F})
is mainly negative; (1(F3) is mainly positive; whereas
B1(F») changes its sign as a function of electron kinetic
energy. These findings illustrate that the dichroic param-
eter is much more sensitive to the molecular potential
than the angular distribution parameter. The present
theory predicts the individual asymmetry to be on the
order of about 81 = 8% for the F3 atom. An understand-
ing of why the 1s photoionization of the F3 atom exhibits
the largest PECD effect is a rather involved subject and
goes far beyond the present work.

The 1s photoelectrons emitted from different fluorine
atoms cannot be energetically resolved, since the cor-
responding lines overlap within their natural lifetime
widths. In order to compare the present theoretical and
experimental data, the computed S -parameters need to
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FIG. 2: (Color online) The presently measured (circles with
error bars) and computed (curves) cross sections (uppermost
panel), dichroic parameters 81 (middle panel), and angular
distribution parameters 82 (lowermost panel) for the F 1s pho-
toionization of R-trifluoromethyloxirane as functions of the
photoelectron energy. Results computed for the individual
fluorine atoms F;, as enumerated in the inset in the lower-
most panel, are shown by broken curves, whereas the final
data, averaged over three atoms, are drawn as solid curves.

be averaged over three fluorine atoms as follows:

1 1
g gO’tot == g ZJ(Fl)’ (38.)
i=1
1 3
Br =~ > o(F)BL(F). (3b)
tot i=1

The average theoretical parameters o, 51, and (32 are de-
picted in Fig. 2 by solid curves. Note that the average
cross section o in Eq. (3a) and in the uppermost panel of
Fig. 2 differs from the total cross section oy, by a factor
of 3. As a result of this averaging, the computed chiral
asymmetry drops significantly down, and it does not ex-
ceed now 2%. This is consistent with the present observa-
tion, as can be seen from the middle panel of Fig. 2 which
demonstrate a very good agreement between the average
theoretical and experimental §; parameters. Similarly

to the case of the O K-edge, the averaged computed and
the measured angular distribution parameters g5 for the
F K-edge agree very well for the lower electron energies,
and start to deviate for the energies above 10 eV.

IV. CONCLUSION

Dichroic parameters 7 and angular distribution pa-
rameters [ for the 1s photoionization of O and F atoms
in R-trifluoromethyloxirane were measured and com-
puted for different electron kinetic energies above the re-
spective ionization thresholds. The experiment was per-
formed at the BL13-2 beamline of SSRL (SLAC) utilizing
variably polarized soft X-rays and velocity map imaging
spectroscopy. Electronic structure calculations were car-
ried out by the Single Center method in the frozen-core
Hartree-Fock approximation.

The present calculations demonstrate strong disper-
sions of the dichroic parameters 8y for O and individual
F atoms in trifluoromethyloxirane, which for some photo-
electron energies reach about 9%. For the oxygen K-edge,
this theoretical result is in full agreement with the exper-
iment. In order to compare theoretical and experimental
results for the fluorine K-edge, the computed data were
additionally averaged over the three F atoms. This re-
sults in a considerable drop of the maximal value of
down to about 2% which also agrees with the present
observations.

The present study provides opportunities for future
investigations of the molecular frame [31] photoelectron
circular dichroism in trifluoromethyloxirane. As the next
step, we plan to extend it towards exploration of tran-
sient, chirality accompanying fragmentation dynamics by
inner-shell pump — inner-shell probe experiments at X-
ray free-electron lasers [63, 64].
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