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Orientation-resolved attosecond photoionization delays in the N,O molecule
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We present a thorough theoretical and experimental investigation of photoionization time delays in the
N,0 molecule. Our theory provides actual XUV+IR time-resolved photoelectron spectra as measured in real
reconstruction of attosecond beating by interference of two-photon transitions (RABBIT) experiments. This
requires not only accounting for the interaction between the XUV field and the neutral molecule, but also
between the IR field and the ejected electron, which is only possible through explicit evaluation of a large
number of dipole couplings between molecular electronic continuum states. To compare with the results of
these calculations we have performed RABBIT experiments in which the ejected electron and the resulting
ionic fragments are measured in coincidence, thus allowing us to obtain photoionization delays for a particular
orientation of the molecule with respect to the polarization of the XUV and IR fields. We have found very
good agreement between calculated and measured RABBIT spectra for both nondissociative and dissociative
ionization channels. In particular, we unambiguously show a photoionization delay of about 60 as in the vicinity
of a well-known shape resonance of N,O in the nondissociative ionization channel. More importantly, we show
a dramatic effect of the IR field in the orientation-resolved ionization delays in the whole photon energy range
investigated in this paper (18-40 eV), even at the level of relative ionization delays (i.e., delays referred to
an internal reference delay) where the effect of the IR field is generally assumed to cancel out. Finally, we
explicitly show that the problem of spectral congestion inherent to most molecular systems, which usually
prevents extraction of photoionization delays, is substantially alleviated by resolving the molecular orientation
or, ideally, by resolving both the molecular orientation and the electron emission angle, where access to perfectly
isolated ionization channels is possible at specific angles.
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I. INTRODUCTION

Attosecond science has opened the way to access the natu-
ral time scale of electronic motion in atoms and molecules [1].
In this respect, attosecond pump-probe schemes, in which an
XUV or x-ray attosecond pulse resulting from high-harmonic
generation (HHG) or x-ray free electron lasers, respectively,
is used to induce coherent electron dynamics that is subse-
quently probed by a second ultrashort pulse, have emerged as
very promising tools to visualize and eventually control such
dynamics [1-4]. In particular, streaking and interferometric
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methods in which single attosecond pulses and attosecond
pulse trains (APTs) respectively overlap in time with a long
femtosecond IR pulse have been used to retrieve photoioniza-
tion delays [5-9]. These delays can be as short as a few tens
of attoseconds depending on the system and the energy of the
ionized electron. Among interferometric methods, probably
the most popular one is reconstruction of attosecond beating
by interference of two-photon transitions (RABBIT) [10,11].
In this method, a target gas is ionized in the presence of both
an IR pulse and XUV APT, with a certain time delay between
them, and the photoelectron spectrum is recorded as a function
of the IR-XUV delay. Typically, the spectrum exhibits two
types of bands, main bands or harmonic bands, which are due
to the absorption of a single XUV photon and are therefore a
replica of the XUV photoionization spectrum at the harmonic
energies, and sidebands (SBs), which appear in between the
main bands as a consequence of the additional absorption or
emission of an IR photon. The two-photon paths involving
the harmonic lying just above a given SB and the harmonic

Published by the American Physical Society
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lying just below it contribute to the same final state (i.e., the
same SB), so that they interfere. Because of this, the amplitude
of the SBs exhibits a periodic modulation with respect to
the delay Ar between the XUV and the IR pulses, with a
frequency equal to twice the IR frequency wir:

S(At) = A+ Bcos Qwr At — Apmol — Agxuv). (1)

When the phase difference given by the laser A¢xyy (due
to the attochirp) is known, Eq. (1) allows one to extract the
intrinsic phase difference between the two interfering paths,
A@mol, and hence the two-photon ionization delay given by
Tmol = A@mol/2wir. RABBIT has been widely used to re-
trieve ionization time delays in atomic systems (see, e.g.,
Refs. [12—-16] and references therein) and there is an increas-
ing interest in applying it to molecules [17-25].

Two-photon ionization times resulting from the fit of the
SBs to the above formula include the natural ionization time
associated with absorption of the XUV photon, the so-called
Wigner delay [26], and the effect of the probing with the
IR field, which mainly interacts with the ejected electron
and therefore leaves its signature in the measured ioniza-
tion delay. In atoms, several approximate methods have been
proposed and successfully applied [7], which allow one to
approximately remove the effect of the IR pulse and, there-
fore, to access the intrinsic one-photon ionization delays. In
molecules, the presence of the additional nuclear degrees
of freedom, which are responsible for molecular vibrations
and dissociation, further complicates this analysis. Indeed,
as previous experimental and theoretical work in diatomic
molecules has shown [19,21,23,25], the ionization times can
significantly depend on how the excess photon energy is
shared between electrons and nuclei. Furthermore, the mul-
ticentric nature of the potential felt by the escaping electron
may also have a strong influence on the way the IR probe pulse
interacts with the electron previously ionized by the XUV
field [23], especially at low photoelectron energies, where
most RABBIT experiments making use of APTs from HHG
are performed. Finally, the proximity in energy of the different
ionization channels inherent to most molecules usually leads
to spectral congestion, in which harmonic bands and side-
bands associated with different ionization channels overlap in
the photoelectron spectra, often preventing one from extract-
ing channel-resolved ionization delays. These complications
are also inherent to any attosecond pump-probe experiment
in molecules, not only RABBIT, so understanding them is
crucial for the advancement of attosecond chemistry (or at-
tochemistry), which seeks for new concepts and paradigms in
chemistry [27,28].

A full understanding of the physics of ionization in
molecules thus requires the support of accurate theoretical
treatments in which both electronic and nuclear motions,
as well as the coupling between them, are fully taken into
account in a quantum mechanical way [29]. This has been
shown to be especially important in the vicinity of narrow
resonances [30], where ionization is significantly delayed
with respect to nonresonant ionization, or at energies close
to the ionization threshold, where the nuclei have enough
time to move significantly before the electron can com-
pletely escape from the molecular potential. In addition, for
a direct comparison with the experimental observable, the

photoelectron spectrum, theory must not only account for the
bound-continuum transitions induced by the XUV field, but
also for continuum-continuum transitions induced by the IR
field [31]. A complete theoretical description of RABBIT in
molecules, including both electronic and nuclear degrees of
freedom, has only been achieved for diatomics, where only
one nuclear degree of freedom, the internuclear separation, is
at play [19,30], and for CF, [23] and CHy4 [25] by reducing
the number of nuclear degrees of freedom to just one.

In this paper we have considered the N,O molecule,
for which there exist some synchrotron radiation literature
[32-35] and one of the earliest molecular RABBIT experi-
ments [18]. Relative ionization delays reported in this early
work were obtained by integrating over electron emission
angle and for randomly oriented molecules. Theoretical cal-
culations reported in that work have provided Wigner delays,
i.e., delays obtained in the absence of the IR field. In the
present paper, we have theoretically revisited RABBIT in
N, O and explicitly calculated RABBIT photoelectron spectra
by including the effect of both the XUV and the IR fields.
Due to the unaffordable computational cost of accounting for
the four vibrational degrees of freedom in combination with
the effect of the IR field, we have performed calculations in
the fixed nuclei approximation (FNA). For obvious reasons,
this approximation may fail for those channels where ion-
ization is strongly coupled to nuclear motion, as, e.g., in the
vicinity of Feshbach resonances or conical intersections, but
is expected to provide a reliable description of nondissociative
ionization channels, where the resulting NoO™ ion remains
intact, or fully dissociative ionization channels that can uni-
vocally be associated to specific ionic fragments. To show
that this is the case, we have performed RABBIT experiments
where both electrons and ionic fragments, either intact NoO™
or smaller molecular cations, like N, NO™,N*, and O, have
been detected in coincidence. The advantages of combining
RABBIT with multicoincidence detection methods to study
molecular systems has been highlighted in previous works
[19,20,23,25,36,37]. The good agreement between theory and
experiment for the nondissociative channel shows that one can
rely on the FNA to interpret the origin of the measured delays
in the nondissociative N,O" channel and to quantify the role
of the IR field in such delays without the use of any ad hoc
model. Then, we have used this theory to obtain orientation-
and/or angle-resolved information about photoionization de-
lays. Our results confirm that, indeed, in this way, one can
minimize the effect of the spectral congestion and retrieve
ionization times for individual ionization channels. In partic-
ular, we show that the calculated photoionization delays for
molecules oriented perpendicular to the polarization direction
are in good agreement with the measured ones in most of
the photon energy range covered by the present experiment.
Surprisingly, we have found a dramatic effect of the IR field in
the orientation-resolved ionization delays in the whole energy
range investigated, even at the level of relative ionization
delays where the effect of the IR is expected to approximately
cancel out.

The paper is organized as follows. We first present the
calculated photoionization delays and compare them with the
present experimental results for the cases in which (i) neither
the electron emission direction nor the molecular orientation
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FIG. 1. Potential energy curves of N,OT as a function of the NO distance (a) and the NN distance (b). The y axis on the left refers to the
minimum of the potential energy surface in the ground state of the cation, XTI, while on the right it refers to the ground state of the neutral.
The vertical dotted lines indicate the values of the NO and NN distances in the neutral molecule at the equilibrium geometry (see text). In both
cases, the values of the frozen coordinates are those of the neutral molecule at the equilibrium geometry reported in Ref. [38]. The inset in
panel (b) shows the squares of the Dyson norms for N,O™ states obtained at the geometry indicated by the dotted vertical line. Labels in the

inset indicate the vacant orbital in the one-hole states.

is resolved and (ii) the molecular orientation is resolved. Then
we present our theoretical predictions for orientation- and
angle-resolved photoionization delays and discuss in detail
how such measurements would allow one to identify ioniza-
tion into specific channels. We conclude with a summary of
the most important findings of the present paper.

II. POTENTIAL ENERGY SURFACES AND
PHOTOIONIZATION CROSS SECTIONS

To clarify the relation between ionization channels and
dissociative and nondissociative ionization paths in the pho-
toionization of N,O in the energy range considered in this
paper, which is crucial for a proper comparison with the ex-
perimental results, we have calculated potential energy curves
for several N,O™ states, as a function of (i) the NO distance
with the NN distance fixed and (ii) the NN distance with
the NO distance fixed. For the fixed distances, we have used
the values for the neutral molecule at the equilibrium ge-
ometry reported by Rathbone et al. [38]: Reqgno = 1.19A
and Reqnw = 1.14 A. We have performed a state-averaged
restricted active space self-consistent field (RASSCF) calcu-
lation with three inactive orbitals (lo, 20, and 30), eight
orbitals in RAS2, and six orbitals with a maximum of four
electrons in RAS3: RASSCF(14,15). Our electronic states
slightly improve on those previously reported by Chambaud
et al. [39], who used a complete active space self-consistent
field approach with full valence. The main difference is that
we have included two extra v orbitals, which contribute to the
NO bond and are, therefore, important to properly describe
the dissociation limit and to perform a correct assignment
of the states that are expected to contribute to the dissocia-
tive ionization channel. With the chosen basis, the calculated
excitation energies at the equilibrium geometry are slightly
higher than the experimental ones, however this basis provides
a rather uniform accurate description over a wide range of
internuclear distances. The results are shown in Fig. 1. As can
be seen, the presence of several conical intersections makes

it difficult to perform a one-to-one correspondence between a
specific ionization channel and a specific dissociative ioniza-
tion channel. However, it is rather clear that ionization leading
to the XIT and A7 states should lead almost exclusively to
nondissociative ionization: the position of the minimum in the
corresponding potential energy surfaces is similar to that of
the ground state of the neutral molecule and the dissociation
energy is of the order of 3 eV in both cases. Indeed, in a
vertical transition from the ground state at the equilibrium
geometry, represented by the vertical dashed line in Fig. 1,
one can see that such line intersects the potential energy sur-
face of the A2E* (70~!) state close to the minimum of the
corresponding potential energy surface. This means that only
the lowest vibrational states of the A2X T (70~!) state (v =
0, 1, 2,...) will be significantly populated due to the strong
Franck-Condon overlap with the initial vibrational state of the
neutral molecule (v = 0). As v increases in the A2X+ (76~
state, the overlap with the initial vibrational state decreases
exponentially and becomes completely negligible above the
dissociation limit. This is a well-known feature in molecular
spectroscopy. In contrast, in Fig. 1(b), the vertical dashed line
intersects the potential energy curve of the B*TT (1 ~!) state
far from the minimum, in an energy region that lies very
close to the dissociation limit. Taking into account that the
B?T1 (17 ~') state is not exclusively populated at the inter-
section point between the dashed line and the corresponding
potential energy curve, but in an energy region below and
above this point, in many cases dissociation will effectively
proceed without any barrier. As the probabilities to populate
the A2X+ (7o~!) and BIT (1 ') states (proportional to their
corresponding cross sections shown in Fig. 2) are compara-
ble in magnitude, one can safely conclude that most NO™
+ N dissociation will exclusively come from the B>IT (17 ~!)
state.

Although evaluation of the electronic continuum states of
N,O at the same level of accuracy as the bound states of
the N,O* cation and inclusion of correlation between the
ejected electron and the remaining ones can be done with
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FIG. 2. Partial photoionization cross sections for randomly ori-
ented N,O molecules. Theory: full lines. Experiment: open and
closed circles, Ref. [35]; crosses, Ref. [33]. No renormalization of
the experimental data has been done. The ionization potential is
12.9 eV [46].

methods such as XCHEM [40,41], UK-Rmol+ [42,43], and
others, this is impossible in the context of RABBIT due to
the enormous computational cost associated with the need to
perform a dense scan in XUV-IR delays. The static-exchange
density-functional theory (DFT) method we have used in this
paper (see Methods) is, in contrast, much cheaper but at the
price of providing a poorer description of electron correlation.
For instance, this method is only able to describe ionization
leaving the remaining cation in a one-hole state. To check
if this is a reasonable approximation in the present case, we
have evaluated the Dyson amplitudes at the above-mentioned
RASSCEF level between the ground state of N,O, which has
N electrons, and the states of the corresponding cation, which
has N — 1 electrons, by using the usual formula

o = VN(wY ! [wh), )

The squares of the corresponding norms, |yx|> = (@x|@x), are
related to the probability of ionization in the kth channel: if
they are zero or very small, ionization in these channels will
be negligible; if they are large, ionization will likely occur
in these channels, although their relative importance cannot
be guessed without evaluating the associated dipole transi-
tion matrix elements [44,45]. We have calculated the Dyson
norms for several ionic states using the same state-averaged
RASSCEF(14,15) as above. The results depicted in the inset
of Fig. 1 show that the larger Dyson norms are always as-
sociated with the one-hole states lying at the lower energies:
X2 2r 1, A22* (707 1), B’IT (17~ 1), and C*T* (607 1).
Among them, the B>IT (1 ~') state is expected to be respon-
sible for most of the NO™ production because it is the only
one-hole channel for which there is no barrier for breaking
the NN bond [see Fig. 1(b)]. Therefore, one can expect that
the static-exchange DFT method works reasonably well for
this molecule. This conclusion is also supported by the good
agreement between our calculated photoionization cross sec-

tions and those obtained in synchrotron radiation experiments
[32,34] (see Fig. 2). Based on this result, we have calculated
the RABBIT spectrum by assuming that the N,O molecule
can be ionized from four possible orbitals leading to the
one-hole states X>IT 27~ "), A2Z* (7o~ 1), B?IT (17 ~'), and
C’xt (607 1).

Figure 2 includes a zoom of the A>X* (70 ') photoioniza-
tion cross section in the shape resonance region, which will
be the object of a detailed analysis in the following section.
In the calculated cross sections, the maximum of the reso-
nance peak appears at 28.8 eV, to be compared with 29.4 eV
[33] and 30.8 eV [35] from the two existing synchrotron
radiation experiments. The width of the peak extracted from
the calculated cross section is approximately 8 eV, which is
compatible with the values obtained from the experiments, ap-
proximately 5 eV [33] and 10 eV [35]. A detailed comparison
with earlier theoretical calculations of the cross sections in
this energy region [38,47] is given in the Supplemental
Material [48].

II1I. RABBIT SPECTRA FOR RANDOMLY ORIENTED N,O

In order to compare our results with those of the present
experiment, the XUV and IR pulses were chosen to repro-
duce the experimental ones. Specifically, we have used an
XUV APT whose harmonic comb is basically identical to
the experimental one (see Fig. 1 in [48]). The APT has a
global Gaussian envelope, 20-fs duration and peak intensity
5 x 10'©W/cm?. The IR probe has the same Gaussian en-
velope, central frequency 1.59 eV, 20-fs duration, and peak
intensity 5 x 10" W/cm?. In a few selected cases, we have
checked that the calculated photoionization delays do not
change significantly by reducing the intensity down to 1 x
10" W/cm?. For a meaningful comparison with experiment,
in all RABBIT simulations, we have shifted the theoretical
ionization potentials (IPs) to the experimental ones [49], since
DFT is known to give an overall displacement of the states of
the cation.

Figure 3 shows the calculated photoelectron spectrum ob-
tained with the APT only [Fig. 3(a)], with both the APT and
the IR pulses integrated over all APT-IR delays [Fig. 3(b)],
the difference between the former two [Fig. 3(c)], and the
photoelectron spectrum with both the APT and the IR pulses
as a function of the APT-IR delay after subtraction of the XUV
spectrum [Fig. 3(d)]. As can be seen, due to the proximity in
energy of the different ionization channels, the main bands
and the sidebands of several channels overlap with each other,
making very difficult a correct assignment of all the observed
features in a real experiment. Nevertheless, for those side-
bands that are well isolated from other bands, one can see
clear oscillations with the expected frequency 2wk, which
would allow one to retrieve the ionization phases by using
Eqg. (1). Harmonic and sideband peaks below a photoelectron
energy of 2 eV are nearly invisible.

As a result of the use of the fixed nuclei approximation in
our calculations, for a meaningful comparison with the present
experiment we will first consider nondissociative ionization
channels. Figure 4 shows the measured time-of-flight spectra
with the XUV APT only and with both the XUV APT and
the IR pulse at zero delay. As can be seen, most of the signal
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FIG. 3. (a) Calculated photoelectron spectrum obtained with the XUV APT only. (b) Calculated photoelectron spectrum obtained with both
the XUV APT and the IR pulse integrated over all APT-IR delays. (c) Difference between the former two spectra. (d) Calculated photoelectron
spectrum obtained with both the XUV APT and the IR pulse minus the XUV APT spectrum as a function of the APT-IR delay.

comes from the nondissociative path, i.e., NOT (note the
logarithmic scale). As mentioned above, the channels leading
to a molecular cation in the ground X 2T (27~ ") and excited
A2%* (707" states, following ionization from the 27 high-
est occupied molecular orbital (HOMO) and 70 HOMO-1
orbitals, respectively, are expected to be the most important
contributors to the nondissociative process in the investigated
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FIG. 4. Time of flight with highlighted sections corresponding to

different fragments.

energy range. So, in Fig. 5, we have compared the calculated
RABBIT spectrum for the sum of the X2IT (27 ~') and
A?%* (70~") channels [Fig. 5(b)] with the experimental one
for the nondissociative ionization signal [Fig. 5(a)]. A more
quantitative comparison is provided by the difference between
the APT-only and APT+IR spectra integrated over all delays
[Fig. 5(c)], since such difference highlights the contribution of
the sidebands, which are the ones containing the information
about the ionization phases. The agreement is good. This
means that time delays extracted from the calculated spectra
can be used for further physical analysis.

In Fig. 5(d) we have plotted the photoionization delays
extracted from the calculated sidebands associated with the
nondissociative X*IT (2 ~!) and A>Z+ (7o ~') channels over
the whole range of photoelectron energies. As can be seen,
the calculated delays are negative [except for SB18 and SB20
in the A2X* (70~!) channel], indicating that the electrons
escape more rapidly in the presence of the molecular potential
than if they were free. At first sight, this may seem counter-
intuitive, but one should not forget that the extracted delays
correspond to two-photon ionization and thus include the ef-
fect of the interaction of the IR field with the ionized electron,
which in this case leads to an acceleration of the electron (see
below). For the X2IT (27 ~") channel, the photoionization de-
lay monotonically increases from approximately —40 to —20
as in the investigated energy range, while for the A2+ (70 71)
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channels. Notations are as in (a). (¢) Comparison between theoretical and experimental delay-integrated spectra. For the sake of clarity, the
XUV-only spectrum has been subtracted. (d) Theoretical delays extracted from the individual X2TT (27 ') and A’Z* (70 ~!) contributions to

the spectrum shown in (b).

channel, it rapidly increases at the lower photoelectron
energies, then reaches a maximum at around 12-15 eV, and
then decreases at higher energies. This abrupt variation of the
photoionization delay is due to the presence of a well-known
shape resonance in the A2X* (70 ~') ionization channel at
~ 28-eV photon energy (see Fig. 2).

For the nondissociative channel, a direct comparison of
the absolute delays shown in Fig. 5(d) with experiment is
not possible because in order to do so one should remove
the effect of the APT attochirp from the measurements. As
the attochirp is usually not known, the usual way out is to
consider an internal reference and provide relative ionization
delays instead of absolute ones, so that this unknown quantity
cancels out. Due to the spectral overlap between different
channels in molecules, this is not always easy to do in practice.
However, in the present case, since only the X*IT (27 ~')
and A>X* (76~") channels contribute to the nondissociative
spectrum, their individual contributions to the spectrum can
be reasonably extracted. As can be seen in Fig. 5(a), around a
photoelectron energy of &~ 18 eV, the SB20 and SB22, asso-
ciated with, respectively, the X>IT 27 ~!) and A+ (7o~ 1)
channels, nearly overlap, leading to a broad oscillatory band
with a rather complex structure. In particular, in the borders of
such band one can distinguish two different phases in the os-
cillations, each one corresponding to one of the two channels.

The same can be observed around 15 eV for the corresponding
SB18 and SB20 bands, and around 12 eV for the correspond-
ing SB16 and SB18 bands. This is confirmed by the presence
of two narrow plateaus in the Fourier transforms, separated by
a slowly decreasing phase in the region where the respective
SBs overlap [see bottom panel of Fig. 5(a)]. At higher ener-
gies, the SBs are exclusively associated to the X*IT (27 ~")
channel, so identification is straightforward. Extraction of the
corresponding phases from theory is easy since one has access
to the separate contributions to the RABBIT spectrum from
each individual channel.

Figure 6 shows the calculated relative ionization delays
between the X2IT (27 ~!) and A’X* (76~!) channels as a
function of photon energy, which are compared with the corre-
sponding relative Wigner delays and the present experimental
results. One can see a maximum of the ionization delay at
around 28 eV, which is due to the presence of the shape
resonance in the A channel. The shape resonance leads to an
increase of the ionization time in the A channel, which does
not occur in the X channel [see the flatness of the X ionization
delay in Fig. 5(d)]. Therefore, if one assumes that the effect of
the IR field is the same in the two channels, one can roughly
estimate the lifetime of the shape resonance in the A state,
which according to this figure is & 60 as, in good agreement
with the value extracted from the width of the peak observed
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FIG. 6. Relative photoionization delays between the X>IT(27 ")
and A’Z*(70~") channels. Blue rhombus: present theoretical re-
sults. Black circles: present experimental results from the average
over three different runs; the bars indicate the statistical error. Dotted
blue curve: relative Wigner delays.

in the synchrotron radiation spectrum at around 28 eV for this
channel (see Fig. 2).

This analysis is supported by the fact that the general trend
of the relative one-photon Wigner delays is similar to that of
the full calculation or the experiment at photon energies above
25 eV. Nevertheless, the former are systematically lower (by
as much as 30 as at around 32 eV) than those directly extracted
from the sidebands. At photon energies below 25 eV, i.e.,
below the shape resonance, the relative Wigner delays also
fail in describing the variation of the two-photon delays with
photoelectron energy. In fact, as can be seen, in this region
the contribution of the IR field to the measured photoioniza-
tion delay is much larger than the one-photon Wigner delay.
The rapid change of the relative two-photon delays in this
low-energy region mainly reflects the rapid evolution of the
difference of the absolute molecular phases with photoelec-
tron energy as one approaches the ionization threshold. The
large discrepancy with the Wigner results suggests that the
continuum-continuum phases introduced by the IR field vary
similarly or even more rapidly near threshold. These results
show that, even though one might have expected the effect of
the IR field to be the same in both channels and hence to can-
cel out in the relative delays, this is not the case irrespective
of the fact that the difference in photoelectron energy between
the absolute delays at a given photon energy is only 3.5 eV.
Therefore, in order to compare with experimental measure-
ments, one should incorporate the effect of the IR field in the
ionization process, even at the level of relative delays. This
conclusion goes along the same spirit as that reported in [50]
based on a simple model.

To disentangle the different contributions in the spec-
trum of Fig. 3, we have explored two different strategies.
One requires orientation of the molecule and the other one
electron-ion coincidence detection. In either scenario, we have
first considered several molecular orientations to separate dif-
ferent channels by electron energy (or, equivalently, sideband
order). Then, we have studied the relevant channels at dif-

ferent emission angles of the ejected electron, in addition to
molecular orientation. Each strategy has its own advantages
and disadvantages from the experimental point of view, as we
will discuss throughout the rest of the paper. For instance,
the first one provides better statistics, as one does not need
to resolve the electron emission angle. In contrast, the second
one has the potential to provide the most complete information
about individual channels and the molecular landscape [23].

IV. RABBIT SPECTRA FOR ORIENTED N,O

We first consider an experimental scenario in which neither
the electron emission angle is resolved nor the atomic and
molecular ions resulting from ionization are detected. We as-
sume, however, that the experiment can resolve the molecular
orientation, even for the nondissociative channel.

We define the orientation of the molecule as the angle
B between the molecular axis and the polarization direction
of the laser pulses, which is the same for both XUV and
IR. For simplicity, we have considered two cases: the par-
allel orientation (8 = 0°) and the perpendicular orientation
(B = 90°). To begin with, in the RABBIT spectrum for the
parallel case [see Fig. 7(a)] we only have contributions from
the C?22+ (6071), A’ZT (767"), and X°IT (27~ !) chan-
nels, but the B>IT (17 ') is not present at all, as expected
from the photoionization cross sections for this particular
orientation (see Fig. 2 in [48]). This is already a simpler
scenario than in Fig. 3 for the case of random orientation.
Furthermore, the sidebands of these three channels appear at
different electron energies. Thus it is possible to isolate the
time delay of the C>X% (60~!) and A’Z* (70 ~') channels,
on the one hand, and the X2IT (27 ') channel, on the other
hand, just by looking at the sidebands at the electron energies
where they are dominant. Figure 7(c) shows a comparison
between ionization delays extracted from the total spectrum
(i.e., including the contribution from all channels) and those
extracted separately from each individual channel. As can be
seen, delays extracted from the total spectrum at around 5 eV,
where the C22+ (607') and A2+ (76~") channels domi-
nate, are similar to the individual delays in these particular
channels, while delays extracted from the total spectrum at
around 22 eV, where the X?IT (27 ~') channel dominates,
basically correspond to delays in the X2IT (27 ~') channel. It
is worth mentioning that the time delay changes significantly
at around 15 eV of photoelectron energy as a consequence
of the shape resonance mentioned above [50]. In this region,
the three channels have a significant contribution to the total
spectrum, so that delays extracted from this spectrum do not
correspond to any of the delays of the individual channels.

In the perpendicular case, we have a similar situation but
now the main contributions to the RABBIT spectrum come
from the B2IT (17 ~') and X2IT (27 ~!) channels, as we can
see in Fig. 7(b) (see also the one-photon ionization cross
sections in Fig. 2 in [48]). Also, the variation of the delays
with electron energy is much smaller [see Fig. 7(d)], due to the
smoother variation of the cross sections (see Fig. 2 and Fig. 2
in [48]). At lower energies the delays extracted from the total
spectrum reflect those in the B2IT (17 ~') channel, while at
higher energies they reflect those in the X2IT (277 ~!) channel.
We note that the differences in the time delays between the
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fully overlaps with the weak SB22 band for the B channel.

parallel and perpendicular orientations reflect the anisotropy
of the molecular potential due to its multicentric nature.
When the molecular orientation is determined by measur-
ing in coincidence photoelectrons and fragment ions, as in the
present experiment, one only has access to the dissociative
ionization channel. As discussed above (see Fig. 1), disso-
ciative ionization leading to NOT fragments should almost
exclusively proceed through the B>IT (1z~!) channel. This
is because, in a vertical transition describing ionization from
the ground state at the equilibrium geometry, this is the only
channel leading to dissociation into NOT™ + N [the DI state
lying at slightly higher energy, which can also dissociate in
the same way, is barely populated by ionization because it
is not a one-hole state; see the corresponding small Dyson
norm in the inset of Fig. 1(b)]. As mentioned above, in this
channel, dissociative ionization is expected to be compara-
ble in magnitude to or even dominate over nondissociative
ionization. The fixed-nuclei approximation has been shown
to provide accurate photoionization cross sections when dis-
sociative ionization is the dominant ionization process, as,
e.g., in the CF4 molecule, where the resulting ground-state
molecular cation CF} fully dissociates. This has also been
shown to be the case for CF, in the context of RABBIT, even
at the level of electron angular distributions (see, e.g., [23]).
Thus, we have compared our calculated RABBIT spectra for
the B>I1 (17 ~!) channel with the experimental one obtained
by measuring the photoelectron and the NO™T fragment in
coincidence, both of them for § = 90°. The experimental and
calculated spectra are shown in Figs. 8(a) and 8(b), and the

retrieved photoionization delays, referred to the delays of the
nondissociative channel X2IT (2 ~!), are shown in Fig. 9. As
can be seen, the agreement between theory and experiment
is good, thus showing that coincidence measurements indeed
allow one to isolate individual channels. A similar comparison
with experiment at 8 = 0° is not possible due to the lower
statistics. Figure 9 also shows the calculated Wigner delays
for the B?IT (1 ~!') channel referred to the Wigner delays
in the nondissociative channel X2IT (27 ~!). As can be seen,
except at the higher photon energies, the one-photon Wigner
delays do not agree with the actual delays extracted from
the RABBIT spectra. In fact, the Wigner delays are always
positive, while the latter are always negative.

V. RABBIT SPECTRA FOR ORIENTED N,O WITH
ANGULAR RESOLUTION

We consider now the experimental scenario in which both
the photoelectron emission direction and the molecular orien-
tation can be determined, but without detection of the ionic
fragments. This is possible, e.g., by orienting the molecule
with a laser. We have calculated the spectra for both parallel
and perpendicular orientations of the molecule and for each
photoionization channel. Then, we have integrated over the
time delays between the pulses, the azimuthal angle of the
emitted electron (¢), and around each sideband (£0.6 eV).
We have also integrated over a cone of 8 = £30° to account
for the hypothetical experimental error, as such cone would be
necessary to obtain enough statistics for angular resolution.
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FIG. 8. (a) Experimental RABBIT spectrum of N,O molecules oriented perpendicular to the polarization direction leading to NO*t
fragments (central panel). Upper panel: spectrum integrated over XUV-IR delay. Lower panel: Phases extracted from the Fourier transform of
the RABBIT spectrum. Labels indicate sideband orders. Vertical dashed lines indicate the energy intervals used to extract the photoionization
delays. (b) Theoretical RABBIT spectrum for the B>IT (17 ~') channel at 8 = 90°. Notations are as in (a).

Figure 10 shows the resulting spectra as a function of the
polar angle of the emitted electron (6) for several sidebands,
for both parallel [Figs. 10(a) and 10(c)] and perpendicular
[Figs. 10(b) and 10(d)] orientations. We can see that the emis-
sion angle 6 has a strong effect on the amplitude of the spectra,
which show a clear anisotropy for all channels. For instance,
we can see that in every case the amplitudes of all channels go
to almost zero around the emission directions perpendicular
to the lasers, i.e., 8 = 90° when 8~ 0° and 6 = 0°, 180°
when 8 ~ 90°. It is also important to highlight the fact that
in some cases there are only significant contributions from

e . . . . . . ,
8 —-Theory (RABBITT
= 60F v e Theory (Wigner) 1
'Tk  Experiment
o 4or |
N; I R _
g O L e, I i
B 18 3 H
Yy |
i 24
z 16 )
,E -40 | -
) 14
N: -60 I |
o,
S -80r |
1]
= 100 L— . ' I : I I | |

22 24 26 28 30 32 34 36 38
Photon energy (eV)

FIG. 9. Experimental (circles) and theoretical (rhombus) pho-
toionization delays extracted from the spectra shown in Figs. 8(a) and
8(b), respectively, referred to the delays of the nondissociative chan-
nel X2IT 27 ~") extracted from Figs. 5(a) and 5(b), respectively.
The experimental values result from the average over three different
runs; the bars indicate the statistical error. Labels indicate sideband
orders. Dotted blue curve: Wigner delays for the B>IT (1 ~!) channel
at B = 90° refer to those in the X?IT (27 ~") channel for randomly
oriented molecules.

one or two relevant channels. For example, when g = 0°,
the 6 ranges [0—10]° and [170-180]° are dominated by the
C?2xt (607 1) and A2Et (70~ !) channels for most of the
sidebands [see Fig. 10(a)]. This is of course related to what
we have already discussed in the previous section [Fig. 7(a)]
but now we can get rid of the X2IT (27 ~") contribution too
by selecting the mentioned angular ranges. However, the most
striking result is that for 8 ~ 90° and 6 = [80-100]° the only
relevant contribution comes from the B>TT (17 ~!) channel for
all sidebands [see Fig. 10(b)], proving that this channel can be
completely isolated at specific angles.

Figure 11 shows the calculated two-photon delays as a
function of electron emission angle for the parallel and the
perpendicular orientations. For comparison, the correspond-
ing one-photon Wigner delays are also shown. As can be seen,
the two-photon delays are extremely sensitive to both electron
emission direction and orientation, and so are the Wigner
delays. However, the latter barely catch the actual variations
of the two-photon delays with these parameters. In particular,
the Wigner delays have very often the opposite sign to the
two-photon delays. Both kinds of delays show the pronounced
anisotropy of the molecular potential that holds the shape
resonance, in agreement with the results of recent RABBIT
experiments on CF, in which electrons and ions were detected
in coincidence [23].

VI. CONCLUSIONS

We have performed a detailed theoretical investigation of
photoionization delays in the N;O molecule by simulating
actual RABBIT spectra as measured in real experiments. This
requires accounting for the interaction between the XUV field
and the molecule, but also between the ejected electron and
the IR field, which has a significant effect in the measured
delays. Due to computational limitations, calculations have
been performed within the fixed nuclei approximation, which
restricts comparison with experiment to the nondissociative
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ionization channels leading to a bound N,O" molecular ion
or to the dissociative channel leading to NOT fragments. To
compare with the results of these calculations we have per-
formed RABBIT experiments in which not only the ejected
electron but also the produced ionic fragments are mea-
sured in coincidence, thus allowing us to select the desired
nondissociative and dissociative ionization channels. We have
found very good agreement between calculated and measured
RABBIT spectra for the nondissociative channel, showing the
appropriateness of the theoretical treatment in describing the
interaction of the molecule with the two fields. Then we have
gone a step further and shown that the problem of spectral
congestion due to the proximity in energy of the differ-
ent ionization channels, which usually prevents extraction of
photoionization delays from experiment, can be substantially
reduced by resolving the molecular orientation or even better
by resolving both the molecular orientation and the electron
emission angle, totally or partially. Ultimately, this procedure
may allow one to extract ionization delays for individual
channels, as shown here for dissociative ionization leading
to NO" fragments when the molecule is oriented perpendic-
ular to the polarization direction or as suggested by recent
RABBIT experiments performed in CF4 [23] (which disso-
ciates with 100% efficiency after ionization). Importantly, we
have shown that ignoring the effect of the IR field can have
dramatic consequences in the interpretation of the measured
photoionization delays. A similar finding has recently been
reported for the H molecular ion [51]. Combining RABBIT
with multicoincidence detection methods or laser induced ori-
entation is nowadays possible.

As shown in this paper, this can help resolving spec-
tral congestion in molecular systems, which is one of the
main challenges in current RABBIT experiments. In N,O,
the cylindrical symmetry helps by effectively reducing the
number of ionization channels at given molecular orientations.
This is expected to be the case for larger molecules exhibiting
some kind of symmetry, although the larger number of ac-
cessible ionization channels may complicate the analysis. In
the absence of any symmetry, resolving molecular orientation
may not be significantly more advantageous than standard
RABBIT experiments in which molecular orientation is not
resolved. For such molecules, relying on theoretical methods
as the one presented in this paper, which can be easily applied
to molecules containing up to a few tens of atoms, is probably
the most convenient approach. Another alternative to mini-
mize the problem of spectral congestion would be the use of
shorter wavelengths, so that harmonic bands and sidebands
are further apart. We hope that the present paper will thus
spur future experimental work in this direction, knowing that
theory is now ready to provide actual observables for this kind
of molecules, i.e., photoelectron spectra that can be directly
compared with experiment.

VII. METHODS
A. Theory

The theoretical method has been discussed in detail else-
where [9], so here we will only provide a brief summary.
To describe the electronic structure of N,O and its ionization

continuum at the equilibrium geometry [38], we have used
the multicenter B-spline static-exchange DFT method [31,52—
56]. Within this framework, we described the bound states
with DFT, using the LB94 functional, and we included all
the continuum states below the energy cutoff of 40.8 eV. Fol-
lowing common practice, we have performed a close-coupling
expansion of the electronic continuum wave function in terms
of partial waves with well-defined angular momentum of
the continuum electron. The proper asymptotic conditions of
these continuum states have been imposed by means of the
so-called Galerkin approach [57]. For the one-center expan-
sion of the wave functions, we included partial waves with
angular momentum up to Ly.x = 18 and a basis of 1400
B-splines defined in a box of 810 a.u. For the off-center
expansions around each atomic site, we included angular mo-
menta up to 3 and B-splines within a box of 0.4 a.u. From
the calculated electronic wave functions, we have evaluated
bound-bound, bound-continuum, and continuum-continuum
dipole couplings (in the length gauge) as described in [9].
Electronic energies, wave functions, and dipole couplings
were then used to solve the time-dependent Schrodinger equa-
tion [Eq. (3)]

i% &, 1) =[H'+ V()] O, 1) (3)

in the framework of the spectral method and in an all-
electron treatment as described in Ref. [9]. This equation has
been repeatedly solved in a grid of 161 delays between the
XUV APT and the IR pulse to obtain the corresponding
RABBIT spectrum. As mentioned above, in all calculations
we have considered that the geometry of the molecule does not
change with time. We have considered all one-hole electronic
states accessible by the XUV: XM 2n— 1), A2St (7o),
B’T1 (1z7'), and C*>Z* (607"), shifting their ionization
potentials to the experimental ones [49]. Once the above
equation has been solved and the wave function has been
obtained at sufficiently long times, a given observable, e.g., a
photoelectron spectrum associated with a particular ionization
channel, is obtained by projecting this wave function onto the
asymptotic state associated with such observable.

B. Experiment

The XUV pulses were generated by focusing a strong,
linearly polarized IR field (central wavelength 785 nm) into
an argon gas target, which results in an APT centered at
35 eV, which only comprises odd multiples of the fundamental
IR frequency wir. We use a COLTRIMS detector [58,59]
with an attosecond front end [60] to measure electrons and
ions after XUV photon absorption in the 20-45-eV range.
We focused the XUV pump beam onto a cold jet (backing
pressure ~2.5 bars) of N,O molecules. A replica of the photon
spectrum is created in the photoelectron spectrum at energy
of the high harmonics minus the IP for the N,O" ions or
the dissociation limit when the molecules break up and both
nuclear and electron kinetic energy are considered. At the
spatial and temporal overlap of the XUV pump beam with the
IR probe beam (estimated peak intensity ~ 10" W/cm? and
pulse duration ~30 fs) two-photon transitions are induced. As
mentioned above, such a signal appears in the photoelectron
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spectrum as an oscillating SB signal as the delay At between
the pump and probe beam is scanned. Each RABBIT trace
is collected for all (fragment) ions and integrated over the
complete kinetic energy range and all angles of the ionic and
electronic parts of the reaction. We only consider those photo-
electrons emitted within a cone with opening angle o« = + 60°
with respect to the laser polarization axis. We integrate the
spectrum for 3600 s (repetition rate 10 kHz) at each delay
point (spaced by ~0.2 fs). The NO' fragment-ion selection
has been performed solely considering the time of flight be-
tween 12 000 and 13 000 ns. The experimental results of
the relative photoionization time delays were obtained after
averaging over three independent runs measured on different
days and the error bars correspond to the standard deviation of
those runs.
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