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Trends in angle-resolved molecular
photoelectron spectroscopy

Danielle Dowek*® and Piero Decleva () *®

The field of angle-resolved molecular photoelectron spectroscopy is reviewed, with emphasis on
foundations and most recent applications in different regimes of light—matter interaction. The basic
formalism underlying one-photon electron angular distributions is presented, from the primary
molecular frame (MF) photoemission i.e. emission from fully oriented molecules to laboratory frame (LF)
observables produced from randomly oriented targets, extensions to multiphoton and strong field
processes being briefly described, followed by a survey of current quantum mechanical computational
approaches. The description of experimental developments is focused on the advancements in two
major instrumentation fields for angle-resolved PES of molecules in the last two decades, namely
charged-particle imaging spectrometers and adiabatically or impulsively laser-induced molecular
alignment, together with their interplay with the remarkable characteristics achieved nowadays by the
ionizing light sources and the challenging control of complex molecules in the gas phase. Aspects and
applications of LF angular observables from unoriented targets are presented, with contemporary
applications, especially as probes of the target electronic structure, including higher angular observables,
in particular photoelectron circular dichroism (PECD) from chiral molecules, which is confirmed as a
powerful chiral technique, and higher terms arising from multiphoton or non-dipole terms. Molecular
frame photoelectron angular distributions (MFPADs), which stand out as the most complete observables
of molecular photoionization stereodynamics in different excitation regimes, now broadly extended to
characterize molecular structure and dynamics, are then discussed stemming from fully oriented
molecules tackled by electron—ion momentum coincidence techniques, or from laser aligned samples.
Finally, novel developments and challenging perspectives, notably the implementation of PAD in time-
resolved schemes at ultrashort time scales, high energy, and high intensity regimes are drawn.

This has allowed probing the photoionization process in amazing
detail, in the three directions of photon energy, field intensity and

Over a century has passed since the discovery of the photoelectron
effect by Hertz and Lenard, and the explanation by Einstein in
terms of photons, alternating periods of slow developments
and quantum leaps. These were basically determined by the
emergence of new light sources and new spectrometers and
detectors. The modern era of photoelectron spectroscopy was
ushered by Siegbahn and Turner, with the introduction of bright
fixed wavelength sources in the X-ray and VUV regions, and high
resolution electron spectrometers. A second step was the devel-
opments of dedicated synchrotrons, and widespread use of coin-
cidence detection. The current one is marked by the advent of
powerful lasers, and free electron lasers (FEL), and further
improvement of detectors able to collect the full 4r emission.

@ Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d’Orsay,
91405 Orsay, France. E-mail: danielle.dowek@universite-paris-saclay.fr

b CNR IOM and Dipartimento DSCF, Universita di Trieste, Trieste, Italy.
E-mail: decleva@units. it

24614 | Phys. Chem. Chem. Phys., 2022, 24, 24614-24654

time resolution. This perspective will be focused on angularly
resolved molecular photoionization studies, that is photoelectron
angular distributions (PADs), and especially studies with fixed in
space molecules molecular frame PADs (MFPADs), in the one
photon, multiphoton and strong field regimes, but we only briefly
touch the time domain aspects, which are addressed in a compa-
nion paper.’ The lack of spherical symmetry of the molecular
potential generates a large number of partial waves in the con-
tinuum, whose interference is reflected in the MFPADS, but gets
averaged for random orientation. There are several motivations
for the continuing intense study of these processes. The basic
one is the detailed understanding of light-matter interaction at
energies above ionization. It is worth recalling that the largest part
of the total oscillator strength for electronic excitation generally
lies in the continuum. While the basic theory of molecular PADS
was fully developed,” and later expanded to cover nondipole
effects at higher energies, the description of the interaction with
molecular electronic structure, especially the continuum, and the
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nuclear degrees of freedom is a big challenge which is still
advancing. Correlation and relativistic effects, multichannel scat-
tering and resonances, vibrational excitation and dissociation,
and the coupling of electronic and nuclear motions are all topics
of current research, for which photoionization has been the most
powerful probe. At the most basic level quantum interference and
entanglement are still generating surprising effects. As an instru-
ment for studying properties of molecular targets, photoioniza-
tion continues to give ever finer details of the structure and the
dynamics, thanks to the availability of ultrafast pulses in time
resolved studies, for which photoionization is one of the most
effective probes. Coincidence detection of fragment ions adds a
further dimension. Also the range of targets is expanding, from
prototypical small molecules to large systems of chemical or
biological interests, clusters, and nanoparticles, thanks to the
development of powerful methods to bring intact molecules in the
gas phase, now extending to adsorbates and liquids.

The combination of selection of orbital ionization, photon
energy dependence and angular information, already for randomly
oriented molecules up to the MFPADS, offers an enormous amount
of information which is becoming available even for complex
targets, relying on many current developments extending the
technique of molecular alignment and orientation via laser pulses
and external fields.

This perspective will start with a review of the formalism of
PADS, and of the theoretical tools for their simulation by
electronic structure calculations. Some current experimental
methods will be then described. Present capabilities will be
illustrated through a discussion of selected latest studies, first
relative to PADS from randomly oriented molecules and the
information that can be gained, focusing in particular on chiral
systems and high energy experiments, and then from full
MFPADS or molecular alignment. Finally a glimpse of near
future developments will be given.

Formalism

The formulation of angular distribution in all generality is
relatively involved, so we shall follow the simplest path and
indicate generalizations. It was first derived by Dill* and further
considered by many authors.>® One needs to define a mole-
cular frame (MF) fixed with the molecule, with axis (X,Y,2)
(in general unprimed quantities), and a laboratory frame (LF)
(x',Y',Z") (primed quantities).

Light propagation and polarization are defined in LF,
molecular quantities in MF. The Euler angles Q = «, f3, { define
the rotation MF — LF, and the photoelectron momentum is
k with emission angles 6,¢ in MF as shown in Fig. 1, with
corresponding ¢’, ¢’ in LF. In the simple case of linear (LP) or
circular (CP) polarization, the field is defined by a single vector
(electric polarization with LP, propagation direction for CP)
generally chosen as Z’ axis in LF, and therefore on (f, ) as polar
and azimuthal angles in MF. For a general polarization,
expressed via Stokes parameters or other parametrization, or
nondipole terms, the full Q is required.
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Fig. 1 Schematic of the Euler angles («,f3,{) defining the rotation of the
molecular frame (X,Y,2) into the laboratory frame (X',Y’,Z’), where the Z’
axis lies along the light quantization axis n(hv), linear polarization E or
propagation axis of elliptically polarized light, and the polar and azimuthal
angles (0,¢) defining the orientation of the photoelectron momentum k in
the MF.

Let us consider single photon ionization in the dipole
approximation. It is a transition from an initial bound state ¥
to a final state characterized asymptotically by an ion in state Vg
(with N — 1 electrons) and a continuum electron with momentum
k, described by a full wavefunction ¥{ with appropriate incom-
ing wave boundary conditions. Atomic units (a.u.) will be used.

In MF the differential cross section is given by
dopi(®) _, » )| f ?
“dhag =] (FRIE -] (1)

here o is the photon energy, o the fine structure constant, £ the
electric field and d the dipole operator. In the following we shall
drop the FI labels relative to the initial and final states. Now
one can expand the electron momentum k wavefunction in
partial waves as

v =3 iy (0,0) P, 2)
Im

where E is the photoelectron energy and Y;, are spherical
harmonics. It is convenient to express the dipole in spherical
components in LF

Ed:EdH d”: ‘/4?11:”)/1#

with p = +1, —1 for left and right CP (LCP, RCP), and x = 0 for
linear polarization. A proper linear combination,® or a photon
density matrix” describes the most general polarization.

The dipole is rotated in MF, with a rotation matrix Dy,

diy =3 dy D}, (Q) (3)
Y

So, defining the partial wave resolved dipole matrix elements

dl(iir)w - <Tgr31|dlv|'1vl> (4)

dly) = (POl P ) = 31 Yin (0, 9)dly, DL(2) - (5)

Imy

In scattering processes, the so-called Wigner time delay is the
delay (or advance) that a wavepacket acquires with respect to a

Phys. Chem. Chem. Phys., 2022, 24, 24614-24654 | 24615


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02725a

Open Access Article. Published on 07 oktobar 2022. Downloaded on 9.12.2025. 14.50.51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

reference (often free evolution) process.” In photoionization if
one defines the argument 7(E, 0, ¢, ) of the complex dipole d{;l),
the one-photon time delay is expressed by its energy derivative

dn ©)

«(E,0,0,2) = 1

which in the molecular case depends on the emission angles,
molecular orientation and photoelectron energy.'*™*

From here, introducing in (1), one arrives at an expression for
the differential cross section in MF as a series of angular terms

dO’]:](a))

_ 2
“dkdo dntaw ZALM Yim(0, ) @)

LM

where the coefficients A;y depend on the orientation and
polarization of the radiation field, as well as on the states I, F
and on w. For LP or CP A;\, will depend on (f,«) as polar angles,
but on full © for general polarization. They can be developed in a
series of angular basis functions, for instance if light is defined
by (B,2) a series of spherical harmonics

A (B, 0) = Auvin Yin(B, ) (8)
0N

with J = 0, 1, 2 limited by photon angular momentum. Both in
eqn (7) and (8) real spherical harmonics can be used, as the cross
section has to be real.

The coefficients can be analyzed in detail for specific cases,
in particular LP and CP cases, linear molecules, core 1s ioniza-
tions, other point group symmetries,> which simplify the full
expression, and in particular reduce the number of indepen-
dent symmetry adapted dipole transition matrix elements.
Direct formulas for circular (CDAD) or linear (LDAD) dichroism
in photoelectron angular distributions, i.e. difference in differ-
ential emission probabilities relative to left and right CP or to
two perpendicular LP light have been derived.>” The functions
may be directly determined by four independent polarization
experiments, and allow to reduce the full MFPAD information,
as the cross section dependence on the other angles is
expressed through low order trigonometric functions.

An alternative general expression of the MFPAD I(0,¢,Q) was
proposed'>'® which emphasizes its dependence in terms of
low-order trigonometric functions of the electron emission
azimuthal angle ¢ on the one hand, and @ on the other hand.
In the case of single photon ionization of a linear molecule
induced by circularly polarized light (CPL), it takes the remark-
ably simple form

1:(0,0,B) = Foo(0) — 1/2F2(0) P} (cos B)
— 15F(0)P3(cos f) cos 2¢
— 15Fy(0) P (cos B) cos ¢ = Fi1 (0) P} (cos B) sin ¢
)

Here ¢ = 0 corresponds to the plane defined by the molecular
and light propagation axes, + refers to light helicity and P} are
the associated Legendre polynomials. The five one-dimensional
Fix functions encapsulate all the dynamical information about
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the PI process and are expanded as:

!
Linax

Fin(0) = > Cuin Py (cos 0) (10)
L/

where the Cp/n are expressed in terms of the dipole matrix
elements' and L’ runs from 0 up to twice the maximum orbital
angular momentum carried away by the photoelectron. It is
noteworthy that except for the F;; function which is specific to
circularly (or elliptically'”) polarized light, the four other Fy
functions are identical to those obtained from an experiment
with linearly polarized light.'® Therefore a single measurement
using circularly polarized light provides the complete accessi-
ble information. CDAD (or LDAD) is expressed simply in terms
of the Fiys."”” The expansion of the MFPAD in eqn (9) is
particularly relevant when studying dissociative photoioniza-
tion of an assembly of randomly oriented molecules with a 4n
angle collection of photoelectrons and photoions, and it sub-
tends the extraction of Fyn(0) functions by performing a (f,¢)
Legendre-Fourier analysis of the I(0,¢,Q) measured angular
distribution,*>*®*# also extended to electron frame EFPADs."
It is worth noting that the complete set of emission directions
and molecular orientations thereby contributes to the Fyx(6)
determination, obtained with an optimal statistical quality.
Eqn (9) (or the related one for linear polarization) then enables
to reconstruct specific MFPADs for any polarization geometry at
a similar statistical level. This methodology has been applied
for several photoionization schemes, involving linear or non-
linear molecules of different symmetry, MFPADs and recoil
frame RFPADs, one-photon or multi-photon ionization.®>°
Here we stress that the coefficients Ay in eqn (7), or Cp/in
in eqn (10), depend on the dipole matrix elements through the

(=) g0 ()
products dpy, dyyye SO dpyy,

defined in MF are the basic
quantities that connect the wavefunctions to the angular dis-
tribution and theoretical calculations to experimental results.
-)

From the computed d}(ilmy one can derive a theoretical MFPAD,

and compare to the experiment, or from the experiment one can
derive Ay or equivalent parametrizations, and with sufficient
data reconstruct complex dipole matrix elements, up to a so-
called complete experiment.'”**>* In principle the (Im) expan-
sion goes to infinity, in practice it converges fast at low kinetic
energies. The quadratic nature of the correspondence may give
spurious solutions, but generally physical arguments, or even a
comparison with theoretical values provides a unique answer. It
is also important to remark that the dependence of the A;,; on
the molecular orientation is linear in a rotation matrix Dk,(Q),
with K = 0, 1, 2 limited by the recoupling of two angular
momenta of the photon spin. The so-called polarization aver-
aged (PA) MFPAD,* corresponding to averaging the MFPAD over
all orientations of the radiation, is simply obtained integrating
over Q, which lets surviving the single term relative to Dy, = 1.
If complete orientation is not achieved, averages over the
distribution of molecular axes have to be performed. A typical
situation occurs in two-body dissociation of polyatomic mole-
cules, giving a so called (recoil frame) RFPAD. Then an average
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of the MFPAD around the recoil axis has to be performed.*® If
the axis coincides with the MF Z axis, this requires just an
integration over («,(). The RF axis is often assumed to coincide
with a molecular bond which breaks, but fast nuclear relaxation
may change the direction of recoil. In any case the cylindrical
symmetry gives a RFPAD of the same structure as that for a
linear molecule.

In general it will be necessary to rotate the MFPAD result to a
new reference system before the average, giving

Yim(0, 0) = Z Yo (0 0') D (27 (11)
M/

and arrive at

dO'F[(a)) B ’ Y
ado = 4n “w%\;ALMYLM(Gv‘P)

(12)
Again the coefficients A4} ,, depend linearly on a rotation matrix
Dpq- The same logic applies to rotation back of MF to LF.
Averages over molecular orientations are now possible.”” In
general the molecular orientation in the sample can be described
by a distribution function P(Q), which we assume normalized
[P(Q)dQ2 =1, that can be expressed as a series of rotation
matrices, with expansion coefficients (multipole moments)

P(Q) = CarsDRs () (13)
QRS
and it is then easy to derive average coefficients
Aiv = JA'LM(Q)P(Q)dQ (14)

Common cases are that P(Q2) depends only on (o,f), then P(Q) is

expressed as a series of spherical harmonics, or a pure cylindrical

distribution of Z around Z' (free molecular rotation around Z)

with P(f8) = > CLPy(cos f3). In the latter case also the LFPAD will
L

be a function of the single 0’ angle (from now on we shall omit the
primes for LF angles, understood from the context)

do - o
FTi ; AL Py(cos0) = in

1+ > BiPr(cos 0)} (15)
L

that defines the angular asymmetry parameters commonly
denoted by f,..

Often the distribution P(Q) is generated by a laser pulse.
For instance, in the most common pump-probe experiment a
random molecular sample is excited with a pump pulse to an
excited state, whose dynamic will be further followed. In this
case the pump generates a molecular alignment with a simple
distribution cos® y where y is the angle between the LF polar-
ization axis of the pump and the molecular axis defined by
the dipole transition moment of the excitation. Alignment or
even orientation with laser pulses has become increasingly
effective.®® In particular the creation of rotational wavepackets
by tailored pulses generates a time dependent distribution
P(t,Q) and related Cqrs(t) coefficients which induces a time
dependent PAD with A (t) coefficients.>! The distribution can
be computed by solving the time dependent Schrodinger

28,29
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equation (TDSE) for a rigid rotor in an appropriate resonant
pulse, or can be experimentally characterized, e.g. via Coulomb
explosion. As the Apy(f) depend linearly on the products

diy)

lmyd(f)* , that gives a large set of data which in principle

El'm’y/
allow the determination of the dipole matrix elements, with the
limitations mentioned.

Finally in the case of completely random orientation the

integration over £ produces the well known result

do o
a0 &[1 + B2 P2(cos 0)]

or

% = % 1+ fcosf — %ﬁzPQ(COS 0) (16)
for LP or CP left respectively, with f; non zero only for chiral
samples.

Generally MFPADS and related averages are sensitive to the
nature of the ionized orbital, that is both to its composition
in terms of atomic orbitals and to the geometrical structure of
the molecule, which makes difficult to disentangle the two
contributions. A particularly simple case is for core ionization,
where the initial orbital reduces essentially to a single atomic
orbital localized on the relevant center (or equivalent centers if
more than one chemically equivalent atoms are present).
Especially at relatively high kinetic energies (some hundreds
of eV) also the final wavefunction becomes simpler, and can be
approximated by a single scattering by the neighboring atoms
in a multiple scattering approach (vide infra). This photo-
electron diffraction limit enhances the geometrical content of
the PADs and is better suited for geometry determination. Also
the use of PA MFPADs has been claimed to enhance geometry
determination, as the typically large forward peaks towards
neighboring atoms are averaged out, maximizing contrast of
the interference fringes. Ideally one would like to invert the
photoelectron patterns to get real space images.>>** At very
high energies Fourier transforms could be used, and proposals
for improvement have been put forward.** As a matter of fact,
these are hardly quantitative, and best results are obtained by
trial and error fitting to full wavefunction calculated MFPADS.

When more complex mechanisms are responsible for the
ionization, most of the discussion remains unaltered, with the
substitution of an appropriate operator in place of the dipole
interaction. For the higher multipoles of the radiation they can
be just added to E-d, in particular the magnetic moment (M1)
and electric quadrupole (E2). For randomly oriented molecules
the corresponding first order PAD (with LP) has been derived,*®
involving two additional parameters, usually denoted as y and J,

do _i[
d0de ~ 4n

1+ ByP2(cos 0) + (6 +ycos®(0)) sinOcos @] (17)

with related expressions for MFPADs.®

In the case of very high energies it is probably easier to work
directly with the full plane wave form of the photon field and
compute the transition matrix and the cross section as a
function of the k, vector of the radiation. The PAD can be
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always expressed as a series of spherical harmonics, but the
coefficients have to be evaluated separately for each orientation
of k,.

The case of multiphoton ionization (MPI) has recently
attracted great interest. While a nonresonant ionization can
be treated via lowest order perturbation theory (LOPT), much
used in the atomic case, the most common situation is reso-
nant, especially REMPI(n + 1), also because of the high density
of states in molecules. The simplest treatment assumes a
sequential ionization step from the previously reached excited
state, and the PAD can be then described considering the
molecular alignment of the excited state, like in the (1 + 1)
pump-probe scheme already considered. In any case, for
randomly oriented initial system, the PAD will be a series*®*’

do o

do ~ 4n (18)

2n
1+ Z B Pi(cos 0)}
i=1

where n is the total number of absorbed photons, and odd
coefficients appear only for chiral molecules.

A powerful technique, that can deal also with arbitrary
complex pulses, which are at the forefront of current research,
is the numerical solution of the TDSE for the pulse.>’™*° At the
end T of the pulse, the initial state ¥4(0) is transformed into
Y(T) = U(T,0)¥,(0) and the final probability amplitude of
observing the final state is given by the scalar product

A(T) = <lP<F;>\U(T,0)|qu> - <lP‘F;)|lFI(T)> (19)

That can be converted to a cross section in the case of
sufficiently long and weak pulse,*"** or just an ionization
probability, also in the nonperturbative regime. Although com-
putationally expensive it is presently a popular approach, with
several techniques available for the numerical solution of the
TDSE, and will certainly occupy an important place in future
research.

We may finally mention Auger decay. It is actually a double
(or multiple) electron ionization, which is a large topic outside
our present scope. In most situations it is however well
described as a two-step process, i.e. the decay of an isolated
resonance (the core hole state) in the continuum, caused by the
interelectronic coulomb term. At this level Auger intensities are
obtained by Fermi golden rule, or Wentzel ansatz*®

1
< ik ‘Pl>
r

12

that can be treated like the previous dipole moment
amplitude.** Here ¥} is the continuum wavefunction relative
to a double ionized state ¥y and the Auger continuum electron.
The direct photoelectron and Auger electron pair is however
entangled, and if both are measured in coincidence their
distributions are not independent, as discussed in a formula-
tion including both electrons.*>*®

2

Tya = 2n|[(Yi|H — E|P1)|* ~ 21 (20)
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The description of electronic states

The description of electronic states in photoionization involves
many-electron bound and continuum states. For the latter
an essential ingredient is the calculation of single electron con-
tinuum wavefunctions in the nonspherical molecular potential.
The calculation of bound states is a central theme of
quantum chemistry,*”~*° highly developed, and dominated by
the treatment of electron correlation, or many-body effects, that
is deviations from the predictions based on the mean field
Hartree-Fock (HF) approach. Bound states are important per se,
as initial, intermediate or final ionic states of the system, and
for the calculation of transition amplitudes. Moreover they
enter in the formulation of the final continuum, together with
the photoelectron wavefunction. The reference point is the HF
single determinant (configuration) description of the ground
state (GS), with optimum orbitals variationally determined
(by the self consistent field, SCF procedure). Orbitals are efficiently
obtained by basis set expansion, employing a set of functions
(atomic orbitals, AOs, mostly built from Gaussian type functions,
GTOs) centered on the various atoms. These provide the occupied
orbitals as well as a complementary set of excited state molecular
orbitals (MOs). From the full set of occupied and excited orbitals,
excited configurations can be constructed, and linear combinations
(configuration interaction, CI) may be determined by diagonalizing
the Hamiltonian, to describe both excited states and introducing
correlation. Taking all configurations into account, so called full CI,
is prohibitive except for the smallest orbital spaces, and truncations
have to be introduced, which strongly affect the quality of the
results. The simplest is truncation on the order of excitation, like
Singles (S), doubles (D) and so on (T, Q). Going beyond the singles
and doubles (SD) excitation level is very expensive, but an accurate
choice is to generate SD excitations starting from a selected set
of strongly interacting configurations, called multireference CI
(MRCI). If in addition orbitals are optimized then multiconfigura-
tional SCF (MCSCF) wavefunctions are obtained, the most common
variant being CASSCF (complete active space, ie. full CI over a
restricted orbital space) or RASSCF (restricted active space, ie. one
or two electrons outside the CAS space). Corrections due to
configuration mixing can be obtained by perturbation theory
(PT), and often PT is included on top of CI, to correct for the next
layer of configurations omitted (MRCI-PT, CAS PT2, RAS PT2).°>!
A different expansion based on an excitation operator in exponen-
tial form generates the coupled cluster (CC) expansion like CCSD,
CC3, which includes products of lower order excitations, via non-
linear optimization, satisfying important formal requirements
(size extensivity) and a more complete treatment of correlation.
A different approach is based on the response (linear, quadratic,
etc.) of the system to an external perturbation, or to the calculation
of propagators (or closely related green functions (GF) or equation
of motion (EOM)), which directly approach the excited (ionized)
states and the relevant transition amplitudes without explicitly
computing excited state wavefunctions. The lowest order approach
is random phase approximation (RPA) for excitation. Widely used
are OVGF (outer valence Greens function)**** and the algebraic
diagrammatic construction (ADC(n)),>*>® where n is the order of PT
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employed, which has been recently reformulated as a wavefunction
approach (note that different formalisms are required for excita-
tion, ionization, etc.) and the LR or EOM approaches based on the
CC ground state (EOM-CC)”” at different excitation levels.>®”°
A similar approach is the SAC CI wavefunction, specifically
designed for excitation and ionization.®® These approaches are very
effective for a balanced treatment of correlation, but suffer when a
multireference treatment is required. Finally a different theoretical
approach is density functional theory (DFT),*"®* although most
common implementations, based on the Kohn-Sham (KS)
approach are formally similar to HF, differing in practice for the
HF exchange potential substituted by an exchange-correlation
potential Vxc, partly theoretically derived, which includes some
correlation. In practice DFT works quite well, and in case of local
Vxc potentials it is also computationally easier. It is difficult
however to treat multiconfigurational states. Also fully time depen-
dent DFT equations are computationally viable and often
employed. The linear response approximation, TDDFT,* formally
identical to RPA, is widely employed for the treatment of excited
states, as well as for continuum calculations.®*

It must be recognized however that the ability to use a very
accurate approach is often restricted to rather small systems
because of the computational demands, and that may still
represent a limitation in the case of molecules with complex
electronic structures where correlation effects play a prominent
role, like systems with open shells, excited multiconfigurational
states, or with transition metal atoms.®>®® Correlation effects
appear very clearly in photoelectron spectra by the presence of
final states (satellites) relative to multiple electronic excitations,
forbidden at the HF level.®”%®

The situation is significantly more complex for the final
continuum states. The final state has to obey scattering boundary
conditions which pose significant problems both for the descrip-
tion of the photoelectron and the structure of the many electron
wavefunction. The current strong interest in the description of
ionization processes, both in the few photon and strong-field
regimes, and the time resolved processes that can be addressed by
the ultrashort pulses available with new laser/FEL sources have
prompted several groups to propose new algorithms and compu-
ter codes.*®7*

In principle a very accurate representation of the continuum
states can be achieved by the so-called close-coupling form of
the wavefunction

Ve = Z Ve dpyy + Z CekaPx (21)
o K

where o includes the index F of target (ionic) states and the rest
of labels needed to specify independent continuum channels.
It generalizes the CI approach to the continuum states, satisfying
the required boundary conditions. It includes a sum over all
target states Wp strongly interacting times a corresponding
continuum orbital ¢, and a sum over bound state wavefunc-
tions @k to describe short range correlations and possibly
autoionizing states, although there is some freedom to move
bound state components between the two expansions, and
special constraints are needed to ensure a unique solution.
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Many specific approximations are possible depending on the type
of target states employed and the quality of their description. The
single channel (SC) approach limits the expansion to a single term

Ve = Yrdry

including only the ionic term of interest (thus neglecting
interchannel coupling and short range correlations). In this
case defining the Dyson orbital as the overlap between the
N-particle initial state and N — 1 final target

(22)

OB = VN PN (eay o xp )P (31, 29, .., xy)dxg - dxy

which is readily calculated from the bound wavefunctions ¥
and ¥, relative to the ion and the initial state,>>*®°%7 the
transition dipole moment (4) reduces to a good approximation
as a single particle transition moment between the Dyson and
the continuum orbitals

iy = (hnldislof)

In the simplest approach, with bound states described by single
Slater determinants, Dyson orbital reduces to the orbital in the
initial state which is ionized, i.e. removed in the ionic state. So
in the static exchange approximation (SE), the continuum is
calculated in the frozen HF potential of the ion, and the dipole
transition between the latter and the corresponding HF orbital.
In the similar static DFT approach the same procedure is
applied with orbitals solutions of a frozen DFT (also called
Kohn-Sham) Hamiltonian describing the ground state. These
are the most commonly used approximations employed for
larger systems, or for large scale calculations. They can be
generalized to a linear response theory, which includes inter-
channel coupling, giving the random phase approximation
(RPA) in the ab initio framework or time dependent DFT
(TDDFT) approaches, the latter more commonly employed in
molecules.®® It is however easy to include a highly correlated
target state, if correlation within the bound states is important.
It is also viable to couple via Dyson orbital a continuum
electron wavefunction separately obtained, at a simpler level,
e.g. analytical,”® or DFT (TDDFT).>

In any case the most important issue is the calculation of the
continuum orbitals, which lie outside the Hilbert space and are
solutions of an (integro)differential equation with appropriate
boundary conditions. Simple approximations like plane waves
(PW) or Coulomb waves (CW) and orthogonalized variants
(OPW, OCW) are often quite poor at low to moderate electron
energies, especially for angular distributions. In the atomic
case the problem reduces to a set of, possibly coupled, ordinary
differential equations (ODE) in the radial variable, that can be
efficiently solved by finite difference techniques. In the case of
nonspherical molecular potential the situation is more difficult.
A one (single) centre expansion (OCE or SCE) can be employed
with finite differences, still giving coupled ODEs which are
reasonably good for small molecules, but converge very slowly
in the case of heavy atoms far from the expansion centre.
Alternatively cartesian grids have been employed, especially for
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time dependent problems via TDSE, but again rather restricted
grids can be employed, and pseudopotentials have to be used to
describe the inner cores. A grid approach is computationally very
efficient employing the so called Muffin-Tin (MT) approximation
to the potential,’® which divides space into atom centered
spheres plus an outer sphere encompassing the whole molecule,
where a spherical approximation to the potential within each
sphere is invoked, and an interstitial region in between, with
constant potential. The Multiple Scattering (MS) approach”®””
allows then to join solution across the various boundaries. This
approach has been abandoned for the evaluation of bound
states, being rather inaccurate, but is still quite useful for conti-
nuum states. A so called full potential MS approach, eliminating
the MT by employing cells filling the whole space has been
implemented, but it becomes computationally much more
demanding.”® A completely different alternative if the use of
basis sets to expand the continuum orbitals, following the very
successful approach for bound state orbitals employed in Quan-
tum Chemistry. However both new basis functions (GTOs have
met limited success at low energies) and different solution algo-
rithms have to be employed. A long range OCE basis is typically
supplemented by additional atom centered (LCAO) functions. For
the OCE B-splines or finite elements are mostly employed, while
for the LCAO part either GTOs or again B-splines are common.
Different choices and hybrid combinations are employed in
actual codes. For the determination of continuum states, also in
the CC multielectron case, different algorithms are employed, like
variational principles for the continuum (Schwinger,”® Kohn®°),
the R-matrix approach,®® or the Galerkin method.®*** In prac-
tice all lead to an accurate solution of the relevant equations.
Returning to the complete treatment of photoionization, at
the DFT level, one of the first general molecular approaches has
been the widely used MS-Xo approach based on the MT and the
Xo Vyxc potential.”” A full potential MS approach has been
implemented more recently and used in this context.”® Note
that in the literature Multiple Scattering is referred both to the
computational scheme which originates from the MT approxi-
mation, and to the development based on a Born series for the
scattering amplitudes, especially appealing in the case of core
ionization, where a primary photoelectron wave is emitted by a
strictly localized centre, and then interferes with secondary
waves scattered by the neighbouring centres. It is mostly useful
at relatively high kinetic energies, where the series converges
very rapidly, so that the sum of the zero and first order terms is
already sufficiently accurate.®® A full potential multicentre
implementation using B-splines has been widely used, employing
both DFT and TDDFT hamiltonians, and extended also to SC
formulations via the Dyson orbital formalism.”* DFT and real
time TDDFT (TDSE) are implemented with a cartesian grid in the
Octopus code.?’ In the ab initio framework one of the first widely
used full close coupling implementation is the Schwinger Iterative
approach,®®”® limited to linear molecules. A number of other
programs have been implemented very recently,”*”**¢%” most
with still rather limited applications. One may note that the
R-matrix approach was one of the oldest available for the atomic
case, later extended to molecules, but only recently generalized.”

24620 | Phys. Chem. Chem. Phys., 2022, 24, 24614-24654

View Article Online

Perspective

The bound state components ¥y, Pk, are taken from Quantum
Chemistry approaches, often of the CASSCF type. It may be noted
that the close-coupling structure eqn (21), needed to satisfy
boundary conditions, is not trivial to implement, and that makes
it difficult to generalize to propagator like approaches, except to
the lowest order RPA, which has prevented their application to
this problem. The same applies to MCSCF implementations,
which have been successfully developed but restricted to solving
the TDSE with short pulses.®® Besides the solution of the coupled
equations for the continuum orbitals, also the evaluation of
the Hamiltonian matrix elements, if a basis set is employed
for the continuum,’>®* or the reduction to the set of coupled
equations, are complex and computationally demanding with
complex correlated target states. This has restricted the full
close-coupling approach to rather small systems. For larger
systems often the wavefunction is restricted to the pure SE
approach, or to the SCI form, which includes interchannel
coupling at the lowest level.

A brief summary of the current close coupling approaches
for accurate photoionization calculations are the Schwinger
variational approach, either static-exchange (ePolyScat)’®®' or
multichannel Schwinger configuration interaction (MCSCI),*°
with the molecular R-matrix’”> and XCHEM”> more recently
developed. Also the TREX code’ belongs to this family, but
has been mostly employed for strong field applications. Some
capabilities are available also in the OCE codes.”®®® All are
employed at the lower static exchange level for larger systems.
At the SC level the B-spline Tiresia code” and the MS-Xu
approach””°?™* are the most used, the former also offering
TDDFT and Dyson capabilities. All calculations on chiral molecules,
of current interest, have employed the latter two approaches, or the
OCE(SCE) code,”®®” with large angular momentum expansion. The
single channel proves reasonably accurate except for the first few eV
close to threshold, as for very slow electrons correlation (polariza-
tion) of the ionic core is generally important. Most of the
approaches can also be used in the TDSE context to describe
strong field and ultrafast electronic processes.

This quick overview has considered only single point, fixed
geometry calculations. To take into account nuclear motion,
one of the present challenges, entails repeating calculations, up
to some order of magnitude more times, for the description of
vibrational states, nonadiabatic couplings, large amplitude
motions involved in the dynamics of excited states, like in the
current pump-probe processes as described in the companion
paper on time dependent processes.” This is why an array of
approaches, offering reasonable compromise between accuracy
and computational cost, is going to be in use also in the near
future. The joining of current electronic continuum algorithms
and computer codes with those currently developed for the
description of the nuclear motion is a pressing issue which is
just being developed. Initial steps towards implementation of
the description of vibrationally resolved spectra in large polya-
tomics beyond the Franck-Condon (FC) approximation have
been undertaken®® as well as the calculation of time resolved
spectra in pump-probe experiments with the surface hopping
dynamical approach,”®®” or the multiple spawning approach®®
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or Multiconfigurational Time Dependent Hartree (MCTDH).”’
For more details see the companion perspective.'

Improvements both in algorithms and computer implemen-
tations also exploiting hardware development and massive
parallelism, is certain to take place, to improve accuracy and
increase speed, and make them available to a wider commu-
nity, like is the present case with highly developed Quantum
Chemistry programs for bound states.

In conclusion there is a tight dialogue between theory and
experiment. Experiment is a constant challenge to theory, to
refine formulations and approximations, both to devise a
correct description of novel processes and to push for increased
accuracy. Theory helps experiment by building bridges between
observables and the underlying structure of the systems studied,
by deepening understanding and by providing some missing data.

Experimental methods and tools

In this section we focus on two major directions characterizing
the instrumental methods which value angle-resolved studies
of molecular photoionization in the laboratory and in the
molecular frame, namely the continuous advancement in electron
(and ion) momentum imaging spectrometers of large angular
acceptance, and the flourishing laser-induced molecular align-
ment and orientation techniques. At the core of photoelectron
science naturally stands the impressive development of advanced
light sources, new generations of free electron laser and synchro-
tron radiation facilities, table-top femtosecond lasers at infrared
(IR) and mid-infrared (mid-IR) wavelengths, high-order harmonic
generation (HHG) laser based sources of attosecond XUV pulses:
their key role and their adequacy for the research projects cover-
ing different light-matter interaction regimes and employing
different techniques are addressed and referenced in relation
with the experiments evoked in this perspective and related
publications. Another aspect, underlying the extending field of
photoelectron studies towards molecular systems of increasing
complexity, is the chemical and physical handling of the samples.
While supersonic expansion and seeded molecular beams, con-
tinuous or pulsed using mostly an Even-Lavie valve,'*® are central
for setting a localized, rotationally cold sample of molecules, a
number of challenging issues are at play to bring large molecules
e.g. organic or biomolecules from liquid or solid to the gas phase,
control their quantum state, discriminate isomers, conformers,
clusters, etc., involving a variety of sophisticated methods. For
these aspects, complementing recent reviews and results,'** %
we refer as well to the relevant publications.

Momentum imaging spectrometers

Nowadays, most of the experiments aiming at the measurement
of angular distributions of photoelectrons in a broad kinetic
energy range (from hundreds of meV to hundreds of eV) rely on
efficient momentum imaging spectrometers where charged par-
ticles emitted at the crossing of the light beam and the molecular
beam are driven from the interaction region towards multi-
dimensional position sensitive detectors (PSDs) by electrostatic
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fields ensuring a 4n angular collection. Two main approaches
form the basis of the flourishing developments observed within
the past 30 years, which may be selected according to the
targeted scientific needs, and the characteristics of the light
sources used. We first describe briefly the main features of
electron-ion coincidence 3D momentum spectrometers, referred
to under the generic name of reaction microscopes, at the core of
many experiments addressing molecular frame or recoil frame
photoelectron angular distributions (MFPADs or RFPADs) of
diatomic and small polyatomic molecules, now extending to
larger molecular systems, of the order of 10 atoms. We then
consider devices relying on Velocity Map Imaging mostly used in
photoelectron spectroscopy to measure LFPADs for an assembly
of randomly oriented molecules, described by a set of B asym-
metry parameters, or reaching molecular frame angular features
in presence of laser aligned molecules. Both approaches are
combined in recent “hybrid” spectrometers or end stations to
achieve optimal performance according to the light source and
scientific context, as sketched below.

Building on photoelectron-photoion coincidence detection
methods (PEPICO),'°®'%® and pioneering measurements of
PADs in the molecular frame,"'*°"" double particle imaging
spectrometers encountered a large development since the late
nineties,"""** driven in part by the experimental determination
of MFPADs in dissociative photoionization processes. Electron—-
ion coincidence 3D momentum spectrometers measuring both
the impact position (x,y) and the arrival time (¢) for each particle
arising from photoionization of a single molecule and guided to
the relevant electron or ion PSD using uniform electrostatic
fields,""* " or parallel electrostatic and magnetic fields in COLd
Target Recoil Ion Momentum Spectroscopy (COLTRIMS) set-
ups,''®™*° provide event-by-event acquisition of the correlated
3D initial momenta of all emitted charged particles, featuring a
kinematically complete description of each ionization event. For
dissociative photoionization which prevails for inner-valence
and inner-shell ionization of molecules, the measured correlated
photoelectron and photoion velocity vectors (or momenta) from
initially randomly oriented molecules provide MFPADs when
dissociation of the molecular ion is rapid compared to molecular
rotation ie. within the axial recoil approximation.'**'*' As
defined in the formalism section, for each DPI process charac-
terized by a set of photoelectron energy and kinetic energy
release (KER) of the fragments, the fourfold MFPAD stands here
for the (0,¢) photoemission diagram in the MF, for any orientation
(B,y) of the molecular axis relative to the field frame in the general
case of elliptical polarization. PSDs used in these coincidence 3D
momentum spectrometers consist of a set of multichannel plates
(MCPs) of currently 80 mm or 120 mm (up to 150 mm) diameter
and an anode which relies mostly on delay-line fast timing
technology."*>'** The latter is made of two or three copper coils
coupled with a multichannel time-to-digital converter (TDC), pro-
viding the impact position and the arrival time for each particle
with typically a time precision of 100 ps and a spatial resolution up
to 45 um,">* and few particle multihit capabilities. The ion time-of-
flights (TOF) are typically in the range of several microseconds (ys),
with backward-forward (BW-FW) extension of few hundreds of
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nanoseconds (ns) corresponding to the pz momentum distribution,
while the corresponding values for electrons lie typically in the
range of tens of ns for the TOF, with BW-FW extension of few ns
which often motivates a dedicated time-stamping exploiting the
MCP signal. The detection efficiency, which plays a major role
when performing (multi) coincidence measurements, has been
quite significantly improved recently by the use of “funnel” MCPs,
i.e. MCPs designed with tapered pores increasing the open area
ratio up to 90%.">>1%°

With the additional magnetic field parallel to the extraction
field in COLTRIMS, electron trajectories are constrained to a
spiral motion within the radial dimension of the detector,
thereby using a significantly lower extraction field to achieve
a 4n collection angle than required without magnetic
field."'*'*® This scheme enables detection and momentum
measurement of photoelectrons up to few hundreds of eV,
including specific designs for dedicated purposes such as
Auger electron momentum studies."*’

In order to improve the resolution of coincidence 3D
momentum spectrometers, extra electrostatic focusing lenses
have in several cases been implemented, to reduce the blurring
effect due to the source volume and to allow working with lower
extraction fields."">"'®'?8713% The relationship that thereby
connects in particular the pz component to both the measured
arrival time and position is obtained by e.g. raytracing simulations
of the particle trajectories experiencing inhomogeneous extraction
fields, or by means of detailed calibrations. Discussion of the
ultimate energy and angular resolution achieved in different set-
ups and documented with their description, depending also on
the characteristics of the light sources and the studied electron
kinetic energy range, is out of the scope of this brief description.

Since valid electron-ion coincidence detection imposes that
less than one ionization event occurs per shot of a pulsed light
source, electron-ion coincidence momentum spectrometers
have been mostly deployed at third generation synchrotron
radiation facilities, taking advantage of the MHz repetition rate
and of the few bunch mode temporal structure where two pulses
of typically 50 ps width are separated by a duration of few tens of
ns, larger than the typical flight time of photoelectrons from the
interaction center to the PSD, as well as of spectral resolution,
extended tunability, availability of exotic polarization states.

Meanwhile coincidence experiments providing MFPADs
(or RFPADs) were achieved using 1-5 kHz femtosecond laser
sources at typically 400 nm or 266 nm wavelengths, in pioneering
time-resolved photo-dissociation of molecular excited states
probed by photoionization,”**3**32 or eg multi-photon
ionization.”** Electron-ion reaction microscopes have later on
been combined with attosecond XUV pulses'®* generated by
10 kHz NIR driving lasers, mostly based on Ti:Sapphire technology,
to investigate angularly resolved photoionization dynamics at the
femtosecond to attosecond time scale. Most recent breakthroughs
fostering coincidence experiments rely on fiber and optical
parametric chirped pulse amplification (OPCPA) based laser
developments providing intense femtosecond NIR or mid-IR
pulses, and further attosecond pulses at extended photon
energies with repetition rates in the 100 kHz range,'?> '
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together with the remarkable increase up to MHz repetition
rates achieved by intense femtosecond XFEL pulses."*’"** The
XFELs characterized by an unmatched brightness compared to
other XUV or X-ray sources, with up to 10** photons per pulse i.e. a
gain of several orders of magnitude, give rise to nonlinear multi-
photon processes leading to sequential emission of electrons, as
outlined below.

On the other hand, a number of imaging spectrometers
mostly dedicated to LFPADs (or LFPIADs) rely on standard
Velocity Map Imaging (VMI) and related advanced particle
imaging.’*® In VMI the primary observable is the projection
of the 3D Newton sphere onto a (x,y) 2D detector, achieved
under the action of a customized inhomogeneous electrostatic
field map based on open electrodes (repeller-extractor) producing
a lensing effect in the extraction region."*® Inversion methods
such as Abel transform or Basex'*”"'*® allow to retrieve the 3D
momentum distribution of emitted photoelectrons or photoions
from the 2D recorded image, provided that the experiment
possesses an axis of cylindrical symmetry in the plane of the
detector, leading to the respective multiplex kinetic energy and
angular distributions expanded in Legendre polynomials. The
great impact of VMIs in molecular dynamics research originates
from its “deblurring” capacity, enabling a quasi-suppression of the
effect of the finite spatial extension of the interaction volume,
therefore resulting in both excellent energy and PAD’s angle resolu-
tion. Standard VMI set-ups make use of 2D detectors based on a set
of MCPs, and a fluorescent (phosphor) screen anode which is read
by a pixelated CCD (charge-coupled device) or CMOS (complemen-
tary metal-oxide semiconductor) camera with fast readout."*>'>
When the cylindrical symmetry condition is not valid, alternative
methods have been implemented to access the 3D distribution such
as slice imaging techniques,"" or tomographic reconstruction of 3D
photoelectron distributions based on the record of 2D images for a
number of polarization angles.'*>">

The standard VMI configuration enabling high count rates is
widely used for its efficacy and relative simplicity by the PES
community using pulsed laser sources'*® or FELs of rather low
repetition rates (from 10 Hz to 1 kHz)">*'*® producing a large
number of ionization events per shot, in an extended photo-
electron energy range, from low energy (100 meV-5 eV) to high
energy (few hundreds of eV) relying on additional electrostatic
lenses."*%"**">” When combined with efficient molecular align-
ment techniques, the measured PADs give access to MFPADs,
although the retrieved angular distribution, being intrinsically
averaged on the azimuthal angle ¢ by the 2D projection, is
generally restricted to the 0 polar angle dependence for specific
polarization geometries. Well adapted to e.g. XFEL experiments
involving hundreds of events per shot, double sided VMI
spectrometers were implemented to record PADs and MFPADs
while monitoring simultaneously the degree of molecular
alignment"*®*° in real time through 2D Coulomb explosion
ion imaging."®°

In the last decade, beyond standard VMI spectrometers, an
increasing number of applications of VMI electrostatic lensing
have taken as well advantage of time-and-position sensitive
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