
Strong-Field Molecular Ionization from Multiple Orbitals

Marija Kotur,1 Thomas C. Weinacht,1 Congyi Zhou,2 and Spiridoula Matsika2

1Department of Physics, Stony Brook University, Stony Brook, New York 11794, USA
2Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122, USA

(Received 22 August 2011; published 28 November 2011)

We demonstrate strong-field ionization from multiple orbitals of excited-state uracil molecules. The

molecules are excited to the first bright state by an ultrafast laser pulse in the deep ultraviolet and then

ionized with a strong-field laser pulse in the near infrared during ultrafast relaxation back down to the

ground state. We measure time- and angle-dependent ion yields for multiple fragments created by strong-

field ionization, and interpret the temporally and angularly resolved yields via ab initio electronic

structure calculations. We find that the angular distribution for the electron removed from the lowest

unoccupied molecular orbital follows the symmetry of the molecular orbital, whereas ionization of the

molecule by removing electrons from deeper bound orbitals is more complicated.
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I. INTRODUCTION

Strong-field molecular ionization has drawn significant
attention over the past few years as a probe of electronic
orbitals and dynamics. It has been used as a critical com-
ponent of imaging molecular orbitals [1–3] and to launch
nuclear and electronic wave packets, which evolve on
attosecond time scales [2,4–6]. There has been a focus on
diatomic molecules because of their relative simplicity and
the ability to align them relative to the laser polarization
[7]. For the case of single-photon ionization, or recombi-
nation leading to harmonic emission, it was shown that the
measurements reflect the Dyson orbital associated with the
ionization [8]. In the case of tunnel ionization of ground-
state diatomic molecules, while there is no direct formal-
ism that relates the angle-resolved ionization yields to the
molecular orbital structure, the ionization yield as a func-
tion of the angle between the laser polarization vector and
the molecular axis has been shown to reflect the shape of
the orbital from which an electron was removed, i.e., the
hole left following ionization [9–12]. The angle-resolved
yields show that ionization is suppressed for cases where
the laser polarization lies along the nodal plane of the
molecule as a result of destructive interference of the out-
going electron wave [13]. This observation has been used
to follow dissociation dynamics in a diatomic molecule
[14]. In addition to the influence of orbital symmetry
(i.e., the location of nodal planes), the extent to which
the wave function samples the saddle point of the potential
may also play a role in the ionization yield [15].

In the case of polyatomic molecules, the size of the
molecule has been shown to play an important role in the

ionization yield [16], although it is not yet clear to what
extent the ionization yield as a function of the angle yields
information about the shape of molecular orbitals. An
important issue is electron correlation, which may lead to
a breakdown of Koopmans’ correlations between neutral
and ionic electronic configurations [17]. These have
proven to be very useful in time-resolved measurements,
which make use of single-photon or weak-field ionization
[18]. Calculations that take electron correlation into ac-
count and go beyond the strong-field approximation are
now beginning to address this [19,20].
In this work, we study the angle- and time-resolved

ionization of excited uracil molecules into different final
states of the molecular cation in an effort to isolate the
contributions of individual molecular orbitals, and relate
the angle-resolved ionization yields to the shape of the
relevant orbitals. A deep ultraviolet (UV) pump pulse (�0 ¼
262 nm) prepares the molecules in the first bright excited
state of the molecule (S2), and is followed by a strong-field
pulse in the near infrared (IR) (�0 ¼ 780 nm). The pump
pulse leaves the sample of excited molecules partially
aligned through selective excitation as molecules whose
S0 ! S2 transition dipole moments (TDM) are aligned
with the pump-pulse polarization are preferentially excited.
The TDM for the S0 ! S2 transition in uracil is shown in
Fig. 1. The probability of exciting any molecule in the
randomly oriented sample is proportional to the square of
the cosine of the angle between the pump-pulse polarization
vector and the S0 ! S2 TDM. The full time-of-flight mass
spectrum (TOFMS) for fragment ions produced by the probe
pulse is measured as a function of the pump-probe delay and
angle. We use ab initio electronic structure calculations to
obtain the energies and electronic configurations of the
neutral and ionic states, as well as energetic requirements
for fragmentation from accessible ionic states. Our calcu-
lations allow us to associate fragments in the TOFMS with
the final states of the cation, and to compare the energies and
electronic configurations of the neutral and ionic states.
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II. EXPERIMENTAL APPARATUS

Our amplified Ti:sapphire laser system produces 30 fs
pulses in the near IR (�0 ¼ 780 nm) at a repetition rate of
1 kHz and with an energy of 1 mJ. The laser pulses are
directed into a bichromatic Mach-Zender interferometer in
order to generate the pump and the probe pulses with a
variable time delay. Approximately 20% of the laser output
is directed into the probe arm, which contains a delay stage
and a variable ND filter used to vary the delay and energy
of the IR probe pulses. The other arm of the interferometer
contains a series of nonlinear crystals used to generate the
pump pulses at about 262 nm. The pump pulses traverse an
AOM-based pulse shaper [21] and half-wave plate, which
allow us to control the power, polarization, and shape of the
pump pulses. The pump pulses from our pulse shaper have
a pulse duration below 50 fs and a pulse energy as high as
2:5 �J. The peak intensities of the pulses were about
0:3 TW=cm2 for the UV (low enough to avoid saturating
the S0-S2 transition or producing any ion signal) and
about 10 TW=cm2 for the IR. The experimental setup is
described in more detail in [22].

Powdered uracil is sublimated in a stainless steel oven at
140�–150�C, and introduced into the vacuum chamber as
an effusive molecular beam through a heated, continuously
open 0.5 mm nozzle. The laser beams are focused into the
molecular beam inside a time-of-flight mass spectrometer
with dual slope extraction and a mass resolution �m=m
greater than 200.

III. CALCULATIONS

Doublet ionic states for uracil were calculated using
the multireference perturbation theory (MRPT2) method
[23,24], perturbing one state at a time. Molecular or-
bitals from a state-averaged, complete-active-space self-
consistent–field calculation with a complete active space
(13,10) which includes all eight � orbitals and two lone-
pair orbitals from the two oxygen atoms were used. Eight
ionic states were averaged. This active space is sufficient to
describe all the low-lying ionic states since it includes all

the valence, high-level � and lone-pair orbitals from
which the electron is most likely to be removed. The
6-311+G(d,p) basis set was used. More details about
the cationic states can be obtained in the original
publication [25].
The singlet neutral excited states and the corresponding

transition dipole moment were calculated using a multi-
reference configuration interaction (MRCI) wave function.
The orbitals used in the MRCI were taken from a state-
averaged complete active space self-consistent field calcu-
lation with an active space of 12 electrons in 9 orbitals,
denoted as (12,9), including all eight � and one lone-pair
orbital from the oxygen atom. It has been found that the
second lone pair is not important to describe the first two
singlet excited states [26]. The MRCI expansion included
single excitations out of this active space. Including all
double excitations is prohibitive for such a large system.
Details have been published previously [26]. The transition
dipole moment was calculated at the MRCI level since this
property was not implemented at the MRPT2 level.
However, for the calculation of the ionic states, MRPT2
was preferred over MRCI, as the former includes a more
dynamical correlation in this case and is thus expected to
perform better than the latter. This is because MRCI here
only includes single excitations. The dynamical correlation
is usually more balanced between the open-shell ionic
states, and MRPT2 is quite appropriate to describe these
states.
The calculations reported here were conducted using the

computational packages COLUMBUS [27] and GAMESS [28].
Visualization was rendered with MACMOLPLT [29] and
MOLDEN [30].

IV. RESULTS AND DISCUSSION

Figure 2 shows the time-of-flight mass spectrum of
uracil at positive and negative pump-probe delays. In the
case of negative delays (probe-pump), the intense IR pulse
probes the ground state (S0) of the molecule and is ac-
countable for all of the ionization signals observed. For
ionization of the molecular ground state at probe-pulse
intensities well below saturation, the ionization is domi-
nated by removal of an electron from the least bound,
or highest occupied molecular orbitals (i.e. HOMO,
HOMO-1, . . .) [31], and projects the molecule onto the
lowest states of the cation (D0;D1; . . . ). According to our
calculations,D0 andD1 are not dissociative when produced
at the Franck-Condon point, and lead only to the parent
ion. However, the next several lowest lying states predomi-
nantly produce the fragment at 69 amu (C3NOH

þ
3 ) upon

dissociation. Based on energy barriers to dissociation, frag-
ment 69 is the easiest to produce, requiring about 2 eV
above the minimum of the D0 [32]. Our measurements for
negative pump-probe delays are consistent with this, show-
ing the parent ion and 69 amu dominating the TOFMS.
For IR intensities even lower than that used for the

FIG. 1. Geometry of ground-state uracil and transition dipole
moment for the S0 ! S2 electronic transition.
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measurements shown in Fig. 2 the TOFMS shows no ions
other than the parent ion, which is consistent with ioniza-
tion to the two lowest ionic states, D0 and D1. As the UV
pulse follows the ionization pulse at negative delays, these
data show no angular dependence.

For positive time delays, the total ionization yield in-
creases significantly, as the ionization potential of themole-
cule in S2 is much lower than in S0. In addition, the
fragmentation pattern shifts towards the production of
smaller fragments in the TOFMS—most notably 28
(H2CN

þ), 41 (H3C2N
þ), and 42 (H2C2O

þ) amu. The asso-
ciation of structures with the masses measured in our
TOFMS is discussed in [32]. The shift in the mass spectrum
is evident from Fig. 2, but this figure does not reflect the
increase in ion yields since both spectra shown in it are
normalized to the parent ion. The top panel of Fig. 3 shows
how the yields of several fragments increase for positive
delays relative to negative ones.

The time- and angle-dependent yields of 28, 41, and 42
are shown in Fig. 3. The angle and time dependence of the
yields for 28, 41, and 42 are very similar, although they are
distinct from the yields for other fragments such as the
parent and 69. These three fragments are thus produced
from the same ionic state or states. In order to determine
which cationic state(s) of the molecule can lead to the
production of these fragments, we calculated the dissocia-
tion energies and barriers to dissociation for these frag-
ments on the ground ionic state of the molecule. Given a
high density of ionic states, a molecule ionized to a higher
ionic state will tend to undergo a rapid radiationless decay
to D0, and dissociation will proceed from the vibrationally
hot D0 potential-energy surface. This fast radiationless
decay is similar to that occurring in neutral molecules
upon excitation. Even if highly excited states are accessed,
fluorescence most often originates from the first excited

state after relaxation to it. This is a common occurrence in
photochemistry, called Kasha’s rule, first proposed by
Kasha in 1950 [33]. The electronic energies of the excited
ionic states indicate how much energy will be stored in the
cation after ionization to these states. Radiationless decay
will convert electronic energy to vibrational energy on D0,
which can then be used to dissociate the cation.
While radiationless decay may, in principle, compete

with rapid fragmentation in an excited state of the ion,
many of the fragmentation energies we calculate are com-
parable to the difference in energy between the excited and
ground states, implying that dissociation on the excited
states is not energetically favorable. Furthermore, parallel
experiments that we have carried out on other molecules
with a velocity-map-imaging apparatus show that ioniza-
tion to excited states of the cation is predominantly
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FIG. 2. Time-of-flight mass spectra of uracil for negative and
positive time delays (þ=� 200 fs). Both spectra are normalized
to the parent-ion yield.
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FIG. 3. Top panel: Pump-probe signals from 42, 41, and 28
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Bottom panel: Pump-probe ion yield vs pump polarization at
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relative polarization between the pump and the probe beams,
while the radial distance is the ion count in arbitrary units.
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followed by dissociation on the ground state of the cation,
where fragments are ejected with the maximum possible
kinetic energy [34]. Finally, we note that if the molecule
does not relax all the way to the ground state prior to
dissociation, we expect the barrier to dissociation to be
comparable to the ground-state–dissociation barrier in or-
der to avoid curve crossings that would facilitate relaxation
to the ground state prior to dissociation.

The calculated energies of the first six excited ionic
states are 0.44, 0.98, 1.40, 3.01, 4.01, and 4.18 eV above
D0 at vertical ionization (S0 minimum) for D1, D2, D3, D4,
D5, and D6, respectively, [25,32]. The calculated barriers
and measured appearance energies [35] for creating frag-
ments 28, 41, and 42 are above 3 eV [32], indicating that
these fragments cannot be created from states below D5.
Fragmentation in D5 and D6 is energetically allowed and
expected since these states lie over 4 eV above D0 and this
energy can be used for dissociation over the barriers. As the
variation in yields of these fragments with the time delay
and angle is not sensitive to the IR laser intensity around
the value for the measurements in Fig. 3, and we worked at
the lowest IR intensity where the fragment yields had a
sufficient signal-to-noise ratio, we argue that the fragment
ion yields are dominated by the lowest state which can
dissociate to form them. In this case, we consider both D5

and D6 as the possible source of these fragments since they
are nearly degenerate and have electron configurations
that correspond to removing an electron from a single
orbital of S2.

Projecting a final (N-1 electron) ionic state onto the
initial (N electron) state of the neutral molecule yields a
Dyson orbital of the n-th ionization channel: c Dyson ¼
hc N

0 ðr1; r1; . . . ; rNÞjc N-1
n ðr2; . . . ; rNÞi, where c N

0 and

c N-1
n are the wave functions of the neutral and the ionic

states. Figure 4 shows the configurations for the neutral
excited states as well as the ionic states. S2 can be de-
scribed as a HOMO-1 ! LUMO excitation. In the case of
uracil, the Dyson orbitals for ionization of S2 to the ionic
states of interest have high degrees of overlap with indi-
vidual molecular orbitals of the neutral molecule, i.e.,
removal of an electron from a single orbital leads to a
single predominant ionic state. Projecting S2 onto D5 or
D6 corresponds to removing an electron from the HOMO-2
or HOMO orbitals, respectively. In other words, removal of
an electron from HOMO-2 or HOMO in S2 leads to D5 or
D6, respectively. In contrast, removal of the LUMO elec-
tron from S2 leads to a state with a hole in HOMO-1, which
correlates well with the ground state of the ion D0.

While projecting S2 onto specific final ionic states al-
lows us to identify orbitals from which an electron is
removed, the magnitude of the Dyson orbitals are only
formally related to the ionization yield to a specific state
in the limit of single-photon ionization. Strong-field ion-
ization from S2 to D1 is, in principle, possible, even though
the magnitude of the Dyson orbital corresponding to this

ionization channel is small (i.e., S2 and D1 are not well
correlated, as shown in Fig. 4). However, the largest con-
tribution to the parent signal will come from D0, and we
expect that any angular dependence of the ionization yields
will be given by the LUMO orbital given the low probe
intensities we used and the lack of intensity dependence for
the angle-resolved parent-ion yields.
Having established a correspondence between ionic

fragments and final cationic states, we now look at
the measured angle-dependent yields for the parent and
fragment ions to see if they reflect the shape of the orbitals
that are determined through projecting S2 onto D0 and
D5=D6. Figure 5 shows angle-resolved pump-probe ion
yields for the parent ion and 42 at several positive pump-
probe delays. Angles of 0� and 180� correspond to parallel
relative polarization between the pump and the probe
beams, while 90� and 270� correspond to perpendicular
relative polarization between the two beams. Experiments
carried out with the probe polarized in the horizontal and
the vertical plane yielded the same dependence on the
relative polarization between the pump and probe. The
data is an average of several (� 20) polarization scans
taken in succession. The ion yield at each angle in the
0�–360� range was measured independently.
The angular dependence of the ionization is expected to

be influenced by the shape of the orbital from which an
electron is removed to yield a product observed in the
mass spectrum. In this work we compare the direct ion-
ization through the removal of a high-lying LUMO elec-
tron, which produces the parent ion, and the ionization
through the removal of an electron from a more deeply

FIG. 4. Dominant electronic configuration and characters for
relevant states of the neutral molecule and the ion. The partic-
ipating orbitals are shown as well. The orbitals are shown for the
molecule in the same orientation as shown in Fig. 1.
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bound orbital, which leads to the production of lighter
fragments.

The LUMO orbital is �-like, having contributions from
the electron density on both sides of the molecular plane
(there is a nodal plane in the plane of the molecule, in
which the TDM lies; see Figs. 1 and 4). Based on mea-
surements of ionization by removal of the most weakly
bound electron in diatomic and linear triatomic molecules
[9–11], we expect suppression of ionization in the nodal
plane of the LUMO orbital. As is evident from Fig. 5, the
creation of the parent ion from the LUMO orbital is indeed
suppressed when the polarizations of the pump and probe
pulses are parallel. Given that the TDM lies in the � nodal

plane, our measurements show that ionization of the
LUMO is suppressed along the plane of the molecule
(0� and 180�) relative to the direction perpendicular to
the plane of the molecule (90� and 270�).
The case of fragments 28, 41, and 42 is more compli-

cated, as suppression along the principal nodal plane of
either orbital is not obvious. According to our previous
discussion, these fragments are expected when ionization
leads to the higher ionic states D5 and D6. In the case that
these fragments arise from removal of a HOMO electron,
associated with the D6 ionic state, the nodal plane of the
main lobe of this orbital contains the S0-S2 TDM. In this
case one would expect suppression of the ionization par-
allel to the TDM. In the case of ionization through the
removal of an electron from HOMO-2, associated with
the D5 state, the principal nodal plane is clearly parallel
to the TDM. There is a second nodal plane for HOMO-2,
which is perpendicular to the TDM. Suppression in this
second nodal plane could contribute to the favoring of
ionization parallel to the TDM, although it is not clear
why the suppression in the second nodal plane should be
stronger than in the primary one parallel to the TDM. Thus,
it seems that the observed ionization from HOMO or
HOMO-2 does not lend itself to a simple explanation in
terms of the symmetry of the orbitals.
The limited contrast between the ionization yields for

perpendicular and parallel polarizations, and the lack of
detailed structure are a result of several limitations in our
measurements. These include the fact that while the mole-
cules are preferentially excited with their TDMs along the
pump polarization vector, this only constrains the molecule
along one angle, and does not result in three-dimensional
alignment [36]. Furthermore, the measurement is propor-
tional to a convolution of the actual ionization probability
as functions of the angle with the distribution of molecules
vs the angle [9]. Finally, there is rotational dephasing
leading to random molecular alignment on a timescale of
about 1 ps for our molecular ensemble at �130�C.
A ‘‘net’’ ionization of a particular orbital can be inter-

preted in several ways. For example, the ionization via the
loss of an electron from a HOMO orbital can be accom-
plished through the direct removal of a HOMO electron, or
indirectly, through the removal of a lower-lying electron
followed by a relaxation of a HOMO electron to take its
place. Another way to describe this in a multielectron
picture is in terms of relaxation from a higher-lying ionic
state to lower ones. This relaxation, or coupling between
ionic states can be due to field-free terms of the molecular
Hamiltonian (e.g., via a conical intersection between ionic
states), or it may be driven by the laser field during ion-
ization, particularly if the spacing between states is close to
the laser frequency, i.e., near resonant interaction [37]. We
argue that fragment ions, which can be produced by the
removal of an electron from a given molecular orbital with
multiple contributions, should not necessarily have an
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angular distribution which reflects the shape or symmetry
of the orbital in which a hole is created at the end of the
interaction, since there can be multiple contributions to the
production of a hole in a given molecular orbital. However,
the parent-ion should still have the angular distribution
dictated by the LUMO orbital, since the removal of a
LUMO electron from the S2 configuration is not only the
most probable process, but also one that can occur without
any configuration changes. Ionization of a LUMO electron
from S2 leading to D0 is not expected to have contributions
from several configurations which can complicate the an-
gular distribution, because the final cationic state is D0,
from which no relaxation in the ion is possible as it is the
lowest energy state. Furthermore, any laser-driven cou-
pling between ionic states would result in the molecule
being left in a dissociative excited ionic state, and would
therefore not lead to parent-ion production which is asso-
ciated with the LUMO orbital.

Our measurements suggest that the ionization of a mole-
cule via the removal of the most weakly bound electron to
produce the parent ion should be dictated by the shape of
the orbital from which that electron is removed, but the
removal of electrons from more deeply bound orbitals can
be complicated by configuration changes during ioniza-
tion, which can involve multiple orbitals in the ionization
process. Configuration changes in the ionization associated
with removal of the most weakly bound electron are not
energetically allowed, whereas such changes are energeti-
cally favorable in the case of ionizing by removal of more
deeply bound electrons. It is therefore natural to expect that
electron correlation plays a more significant role in the
removal of a HOMO or deeper bound electron as compared
with a LUMO or above. This is consistent with our mea-
surement of the parent-ion angular distribution following
the symmetry of the LUMO, whereas fragments resulting
from the removal of more deeply bound electrons do not
simply follow the symmetry of the associated orbital.

Our discussion has focused on measurements of the
angular distributions for small positive time delays, when
the wave packet launched on S2 by the pump pulse is still
near the Franck-Condon region. With increasing time de-
lays, the wave packet can relax down to S1 and S0, and a
detailed analysis of the time-dependent angularly resolved
ion yields may hold important information about this re-
laxation. A detailed analysis of the time-dependent angular
distributions for uracil and other molecules will be the
subject of a future manuscript.

As a further test of our conclusion that the angular
dependence for the ionization by removal of the most
weakly bound electron from an excited-state molecule
should follow the symmetry of the molecular orbital, we
performed angle- and time-resolved measurements of the
ionization of excited CH2BrI with the same apparatus. For
this molecule, at short delays one expects a maximum in
the angle resolved parent-ion yield at zero degrees, given

the S0-S1 TDM and molecular orbitals [38]. Our measure-
ments agree with this expectation. These measurements
and their detailed analysis are the subject of a future
publication.

V. CONCLUSION

In conclusion, we have presented time and angle-
resolved measurements of strong-field ionization of
excited-state uracil molecules. By combining our measure-
ments with ab initio electronic structure calculations, we
are able to establish a link between fragments in the
TOFMS and final states of the molecular ion. By projecting
the initial excited state onto the final states of the molecular
cation, we can isolate molecular orbitals from which an
electron was removed to produce different fragment ions.
We find that the angular distribution for ionization via a
LUMO electron follows the symmetry of the molecular
orbital, whereas ionization involving deeper bound orbitals
is more complicated, and a detailed description of the
ionization process likely requires taking electron correla-
tion into greater account.
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