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Dissociative ionization of CO, in XUV pump and IR or visible probe pulses

Van-Hung Hoang ® and Uwe Thumm
J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506, USA

® (Received 21 August 2023; revised 7 February 2024; accepted 8 March 2024; published 25 March 2024)

Following the sudden single ionization of CO, in ultrashort extreme ultraviolet pump pulses, after exposure to
delayed 780- or 400-nm probe-laser pulses, we propagate the coupled nuclear motion in CO,™ on the A 2I1,,
B2z, €?%,", a*%,”, and b*Tl, potential-energy surfaces of the excited molecular cation, including all
vibronic degrees of freedom. We calculate potential-energy surfaces, diabatic couplings, and probe-laser-induced
dipole couplings ab initio and heuristically model spin-orbit couplings. Based on our numerical results, we
scrutinize the relative importance of diabatic, dipole, and spin-orbit couplings during the dissociation of CO,"
into OCP,) + CO*(X2%™) and O*(*S,) + CO(X ' =), provide rovibrational-excitation distributions of the
CO™ fragments, and discuss pump-probe-delay-dependent kinetic-energy-release spectra. Addressing the nu-
clear dynamics near the conically intersecting A >IT, and B 23, " states of CO,*, we reproduce the valence-hole
oscillation period of 115 fs measured by Timmers et al. [Phys. Rev. Lett. 113, 113003 (2014)]. In addition,
we predict and characterize, in terms of quantum beats between specific stationary vibronic states, a 3.1-ps

fragment-yield oscillation.
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I. INTRODUCTION

The forces exerted on molecular electrons by intense
sources of electromagnetic radiation can be comparable to or
outcompete intermolecular Coulomb interactions and thereby
change the molecular electronic structure and dynamics. The
strongly perturbed intramolecular electron dynamics can re-
sult in electronic excitation and ionization and typically
affects the intramolecular nuclear motion. This leads to a
variety of basic light-molecule-interaction phenomena, in-
cluding nuclear configuration changes [1], dissociation [2—4],
Coulomb explosion [5-8], bond softening and hardening
[9-11], and valence-hole transfer [12]. Detecting, modeling,
controlling, and understanding these dynamical processes in
detail, i.e., at the timescale of the nuclear and electronic
motion in molecules, is a key goal in ultrafast molecular
physics and promotes our understanding of the intricate inter-
play between electronic and nuclear motion during chemical
reactions. More specifically, these investigations promise to
enable new efficient photocatalysis [13] and coherent-control
schemes [14,15] for optimizing the desired outcome of chem-
ical reactions and provide valuable insights for the synthesis
of “designer” materials with desirable chemical and optical
properties [16].

The most successful method for detecting the bound and
dissociative dynamics in molecules is realized in pump-probe
experiments [17-25]. Such experiments allow the resolution
in time of the nuclear motion by first exciting and/or ionizing
molecules in ultrashort pump pulses and then destructively
imaging the excited nuclear dynamics in delayed ultrashort
probe pulses. Scanning the preset delay t between the intense
pump and probe pulses over a sufficiently long time interval
and detecting photoelectrons and/or molecular fragments as a
function of 7, a stroboscopic sequence of electronic and/or
fragment-momentum spectra can be recorded that resolves
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the intramolecular dynamics at the natural timescales of the
electronic (attoseconds [20]) or nuclear motion (femtoseconds
[24,26]) in matter.

The initial nuclear motion produced by intense femtosec-
ond (or shorter) pump pulses is frequently modeled in the
Franck-Condon (FC) approximation as instantaneous exci-
tation or ionization of the parent molecule [27,28]. This
approximation represents the vibrational-state distribution of
the excited or ionized molecule in terms of its wave-function
overlap with the parent molecule, which is usually assumed
in its electronic and vibronic ground state. The follow-
ing coherent evolution of the excited cationic nuclear wave
packet on a selected set of (adiabatic) Born-Oppenheimer
(BO) potential-energy curves can, for small molecules, be
traced in pump-probe experiments and numerically by solv-
ing the time-dependent Schrodinger equation (TDSE). This
theoretical approach has been successfully compared with
measured fragment kinetic-energy-release (KER) spectra for
small molecules using ultrashort pump and probe pulses in
different spectral domains. In particular, such pump-probe
investigations have enabled the distinction of nuclear exci-
tation and dissociation pathways in numerous experimental
and theoretical studies with various diatomic molecules, for
example, H, and D, [10,17-20,25,29-32], N, [7,21,22], O,
[2,4,7,11,21,22,24,26,33], CO [7,21], and noble-gas dimers
[23,34], using infrared (IR)-IR [7,17,19,21,29,33], extreme
ultraviolet (XUV)-IR [20,24,26,31], vacuum ultraviolet-IR
[32], XUV-XUYV [4,22], and IR—soft-x-ray [35] pump-probe-
pulse combinations.

We here extend our numerical modeling of dissociative
ionization in XUV pump and IR or visible (VIS) probe
pulses of diatomic molecules [2,10,11,18,23,34] to triatomic
molecules [3,12,36—46]. Applying our model to the dissocia-
tive ionization of CO, by 18-eV central-photon-energy XUV
pump pulses [12] and 780- or 400-nm probe-laser pulses,
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we provide pump-probe-delay-dependent KER spectra, scru-
tinize two dissociation pathways, and discuss the imprint of a
conical intersection on the nuclear dissociation dynamics and
observable fragment yields. Our analysis of the CO,* nuclear-
wave-packet evolution reproduces the valence-hole oscillation
period of 115 fs measured by Timmers et al. [12], reveals this
period as a quantum beat between specific stationary vibronic
states, and predicts a strong 3.1-ps oscillation contribution.

We organized this paper as follows. In Sec. II we review
our numerical model for solving the TDSE, including all three
nuclear degrees of freedom, in order to calculate fragment
KER spectra. In Sec. III we discuss numerical results for
the dissociative ionization of CO,, validating our calculation
of relevant adiabatic potential-energy surfaces (Sec. IIIA)
and discussing diabatic, electric dipole, and spin-orbit cou-
plings between adiabatic states of CO," (Sec. III B). Next
we focus on details of the nuclear dynamics leading to
OCP,) + COT(X 2L T)and O (*S,) + CO(X ' =+) fragmen-
tation (Sec. III D). We conclude with a brief summary and
outlook in Sec. IV. Unless indicated otherwise, we use atomic
units (a.u.) throughout this work.

II. NUMERICAL MODEL

A. Pump step: XUV ionization

Our theoretical model addresses a common implemen-
tation of time-resolved dissociative ionization experiments,
in which a femtosecond XUV pump pulse rapidly ionizes
a molecule and generates a vibronically excited molecular
cation [4,12,22,24,31]. For the intensity range and wavelength
we consider, the pump pulse primarily populates the X *IT,,
A2I1,, and Bzilu+ states of CO,™ [27,37,47,48], i.e., the few
lowest electronic states of the molecular cation. Assuming
instantaneous single ionization of CO, by such an ultrashort
pump pulse, an estimate for the population of specific vibronic
levels of the molecular cation can be obtained in the FC
approximation, i.e., for vertical electronic transitions at time
t = 0 from the electronic and vibronic ground states of CO,.
This is indicated by the vertical gray band in Fig. 1. The figure
depicts a lineout of the lowest potential-energy surfaces for
linear (¢ = 180°) CO, " cations as a function of R, with one
C-0O distance fixed at the equilibrium distance R, = 2.24 a.u.
[Fig. 2(a)].

For the X Tl,, AI1,, and B2x," states CO,", we cal-
culated the FC factors, given by the square of the overlap
between the wave functions of the CO,(X 12g+) vibronic
ground state and a given CO, ™ vibronic state. We obtained the
largest FC factor, 0.86, for the COf[BzEqu(O, 0, 0)] state,
in fair agreement with the value 0.92 measured and calculated
in Ref. [37]. We found the second largest FC factor 0.82 for
the CO,™[X 2l'Ig(O, 0, 0)] ground state. This state lies 3.537
and 4.300 eV below the lowest vibronic CO»" (A 2I1,) and
CO,"(B2x,T) levels, respectively, which are populated by
dipole transitions in the probe-laser pulse. For the 780-nm
(1.59 eV photon energy) and 400-nm (3.10 eV) probe pulses
considered in the present work, dipole excitations from the
CO, " [X 21,(0, 0, 0)] to the CO>™ (A %I1,) or Cco,* (B2,
state require the absorption of three photons and in general
affect the population evolution in the A *IT, and B 2y, " states
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FIG. 1. Adiabatic potential energies of CO," in internuclear co-
ordinates for R, = 2.24 a.u. and ¢ = 180° [cf. Fig. 2(a)]. The gray
vertical band indicates the FC region, which is centered around the
equilibrium configuration of CO,(X 12;). Quartet spin states are
represented by dashed lines. The green arrow shows the dominant
relevant FC transition to the initial COZ[BZZM+(O, 0, 0)] level as-
sumed in our propagation calculation. The threshold energies for
0" (*S,) + CO(X '=*) and OCP,) + CO™ (X X ) dissociation rel-
ative to B 2Zf(O, 0, 0) level are 0.994 and 1.393 eV, respectively.

of interest in the present work. Furthermore, for the assumed
initial alignment of the molecular cation with the laser-pulse
polarization, X >TT, = C 2%, transitions are forbidden by
dipole selection rules [49]. For this reason, for the dominant
initial CO,*[B 22u+(0, 0, 0)] excitation in the pump step and
for the probe-pulse intensity in our numerical applications,
we neglect excitations from the occupied vibronic levels in
the X 2T, state of CO,", assuming its population to remain
permanently trapped and irrelevant within the context of this
work.

The FC overlap of the CO, ground state with the lowest vi-
bronic level in the CO,*(B2x, ") state strongly dominates the
FC factors with all other vibronic levels in the CO," (A 211,
state. While the net initial population of the CO,™ (A %I1,)
state is comparable to the net initial CO,* (B2%, ") state pop-
ulation, due to the weak coupling between these two states, in
our numerical application below it merely forms a background
whose effect on the fragmentation we neglect. We therefore
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r

FIG. 2. (a) Internuclear and (b) Jacobi coordinates.
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may assume the pump pulse to prepare the molecular cation
in the B 22u+ vibronic ground state [27,37,47].

Besides the FC factors, we note that the actual population
by the pump pulse of specific cationic states depends on
the electronic transition amplitudes and is more accurately
reflected in the partial cross sections for single ionization of
COs,. Indeed, the partial single-ionization cross sections com-
piled in Ref. [50] show that, for the pump-pulse parameters
in Fig. 1 of the Supplemental Material in Ref. [12] of interest
here, vibronic levels in the X 2T1 oA 11, and B? E,ﬁ states of
CO,™" receive comparable initial populations. This confirms
the conclusions reached within the FC approximation.

B. Probe step: IR- or VIS-induced dissociation

The probability density of the initially populated lowest vi-
bronic level in the CO, " (B2 Z,,Jr) electronic state overlaps the
conical intersection of the cationic A2I1, and B 22u+ states
(cf. Fig. 1). Therefore, immediately after being populated by
the pump process, the B 2y, " state starts getting partially
depleted by nonadiabatic population transfer to the A >, state
and gives rise to an oscillating nuclear wave packet in the
potential well of the cationic A *IT, potential-energy surface.
The ensuing nuclear dynamics in CO,% is altered by the
femtosecond IR or VIS probe-laser pulse, which reaches its
peak intensity Ej at a tunable delay 7 after the pump step.

We model the electric field of the linearly polarized probe
pulse with a Gaussian temporal profile

r—t\*
):|cos[a)(t—r)], €))

IFWHIM

E(t) = Epexp |:—21n2(

where fpwumv designates the full pulse width at half its in-
tensity maximum. Exposed to the probe pulse, the CO,"
molecular ion can absorb and release probe photons. Assum-
ing the molecular cation is aligned along the polarization
direction of the probe pulse, parallel electric dipole transi-
tions are allowed between the B 22; and C2% g+ states and

forbidden between the A2I1, and C2X," states of CO,*.
The delayed IR or VIS pulses destructively probe the cationic
nuclear dynamics through dipole transitions to the predisso-
ciative CO, ™ (C2 % g+) state, subsequent spin-orbit coupling to
the dissociative CO, " (b*I1,) state, and eventual dissociation
along one of the following paths [36,38,51,52]:

b1, — OCP,) + COT (X *=") (path1),
b, — a*s, — OT(*S,)+COX'E") (pathIl),
b*M, — a*s, — X’ - OCP,) + COT(X?2™)

X (path III). (2)

The probe process thus necessitates dipole transitions in
the probe-laser field and spin-changing transitions between
spin-doublet and spin-quartet states. In addition, it is sensitive
to nonadiabatic (non-BO) coupling at the conical intersection
of the A2T1, and B2%," states.

In comparison to path I, path III [cf. Eq. (2)] requires
two additional transitions, mediated by the spin-orbit cou-
pling between the a42g7 and X 2l'lg states and coupling of

the spin-quartet states. Due to this more convoluted coupling
scheme, path III is expected to contribute very little to the
O(3Pg) +COT(X2zH) yield and will not be included in our
numerical application in Sec. III.

C. Nuclear dynamics

For the initial-state preparation by the XUV pump pulse
and including the influence of the delayed IR or VIS probe-
laser field (1), we solve the TDSE for the evolution of the
CO, ™" nuclear wave function out of the lowest vibronic level in
the B22u+ state in full [three-dimensional (3D)] dimension-
ality. Within the subspace spanned by the relevant electronic
states A2T,, B2%,”, €2%,%, a*%,”, and b*I1, of CO,*
(alternatively identified as A, B, C, a, and b, respectively), the
TDSE assumes the coupled-channel representation [53-55]

Ya Ya
9 wB I/fB
i& Yo | =H| ¥c |, (3)
Yp Y
Ya Ya
with the Hamiltonian
T+Vy Vag E(t)dac 0 0
Vag T +Vs Et)dge 0 0
H=|E@t)dse E@dse TH+Ve VS 0
0 0 VS T+V, ys¢
0 0 0 Ve T+,
)

This representation fully accounts for symmetric stretch,
bending, and antisymmetric stretch vibronic excitations of
CO,™ in the body frame of the molecular ion. In diabatic
representation, the potential energies of the states A and B,
and their diabatic coupling, are designated as Vj, Vp, and
Vap, respectively. In addition, Ve, V,, V,, VEC, and V3¢ are
the adiabatic potential energies of the states C, a, and b, the
spin-orbit couplings of state C with state b, and the angular-
momentum-changing coupling of the quartet states a and b,
respectively. The probe-laser electric field E (¢) of magnitude
(1) is assumed to be oriented along the symmetry axis of
the initially unbent molecular ion. It gives rise to parallel
laser-dipole couplings dac and dgc of states A and B with state
C, respectively. We note that similar representations of the
Hamiltonian matrix, referring to both adiabatic and diabatic
basis states, have been successfully applied to study photo-
electron spectra of SO, and N, [40,56].

We solve Egs. (3) and (4) in Jacobi coordinates (r, R, 6),
where r is the C-O distance, R the distance between O and
the center of mass of CO, and 6 the angle between 7 and R
[Fig. 2(b)]. In Jacobi coordinates, the nuclear kinetic-energy
operator can be split as

IT=T+1+Ty, 4)

1 9 1 o

=——-—2__- <%
! 2u1 2 2us OR2

(6)
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with the reduced masses

momc

pi = (€))

mo + mc ’
and the carbon and oxygen nuclear masses in atomic mass
units (amu) mec = 12.0107 amu and mg = 15.9994 amu.

The rovibronic kinetic energy 7;, depends on the total
angular-momentum quantum number of the molecule J and
the quantum number K that specifies the projection of the
total molecular angular momentum on the internal molecular
figure axis, where —J < K < J. The full expression for Tj,
includes off-diagonal terms in K. These off-diagonal Cori-
olis couplings tend to be small for small bend angles and
low-lying bending modes [cf. [57] and Eq. (20) in [53]].
They were found numerically to be negligible in KCN and
ArHCI (see [53] and references therein) and are not included
in the present work. We note that the specific form of the
kinetic-energy operator in Eq. (6) refers to our use in all
numerical calculations of the scaled nuclear wave function
Y (r,R,0) = rRY(r, R, 0), rather than W(r, R, 0).

To numerically solve the TDSE (3), we apply the split-
operator wave-function-propagation method [6,58], advanc-
ing the nuclear wave function ¥ = (Y4, ¥z, ¥, ¥p, ¥a)' in
increments of small time steps At,

—iAt(V+TW)> (—iAtT2>
exp

2 2
—iAtT2>

Yt + At) = exp (

x exp(—iAtT))exp (

X exp (W)wm +0(AP).
(10)

Including the coherent nuclear dynamics in the five coupled
electronic states of CO," in Eq. (4), the potential-energy
matrix in (10) is given by

Va Vag E@)dye 0 0

Vag Vg E(t)dge 0 0
V=\|E®)dsi E@)dsc Ve Vi€ o |- (D

0 0 S A0

0 0 0 Ve v,

We implemented the wave-function propagation (10) us-
ing a matrix decomposition for the exponentiated potential
operator exp[—iAt(V + T,y)/2] [58], a discrete-variable rep-
resentation (DVR) based on Legendre polynomials for the
kinetic-energy operator exp(—iAtT,/2) [55,59,60], and a fast
Fourier transformation algorithm for the kinetic-energy op-
erator exp(—iArT,) [61,62]. For the numerical applications
in Sec. III, we propagated in time steps of 3 a.u. We repre-
sented the Jacobi coordinates on a numerical grid covering

the intervals r € [1.5, 12] a.u., R € [2.5, R, = 20] a.u., and
0 € [0°, 180°], with 448 and 640 equidistant grid points for r
and R, respectively, and 180 DVR points for 6.

We note that the state designations used above for the
few lowest states of CO,™, rigorously regarded, lose their
meaning for asymmetric (R; # R;) and bent (6 > 0) molec-
ular ions, for which parity labels (g and u) and electronic
angular-momentum projections (X and IT) are not (or not
well) defined. Moreover, the twofold degeneracy of the A 11,
and b*T1, states of the linear CO, " is lifted in the bent geom-
etry [36,38]. In each of these two states, we neglect the state
with the higher energy, with the following justifications.

By bending the molecular ion, the reduction in symmetry
from Dy, to C; leads to the substitution of the unbent de-
generate A °I1, state by the states A 2IT,(A’) and A >IT,(A")
and replaces the nondegenerate unbent Bs,* by the bent
B22u+(A/) state. For the asymmetric and bent geometry, the
vibronic motion only couples the lower A ?IT,(A’) term to the
B 2E,ﬁr(A/) state of equal symmetry. This is confirmed by our
numerical applications that are based on the multiconfigura-
tional self-consistent-field (MCSCF) quantum-chemistry code
GAMESS [63].

With regard to the b*Il, state of the linear molecular
ion, symmetry reduction leads the two states b*IT,(*B;) and
b*T1,(*A;). The upper *A; term shifts upward in energy for
increasing bent angles, while the lower *B; term shifts down-
ward towards the lowest dissociation threshold [36]. The *B;
term is thus expected to be dynamically populated and essen-
tial for dissociation into the two lowest dissociation channels
considered in this work. In contrast, the *A; term is of little
relevance and neglected in our calculations [36,51].

D. Fragment yields

As observables, we calculated the fragment yields in the
dissociation channels I and II in Eq. (2). Referring to these
channels with indices i = I and II, respectively, the yields for
obtaining CO™ (i =1I) and CO (i = II) fragments with vibra-
tional quantum number v and rotational quantum number j
are obtained by projecting the numerically propagated nuclear
wave functions 1; onto asymptotic states,

R . Fmax
/ dR e R / dr xivj(r)
Runin

Fmin
2

. (12)

. 1293
Si(Ex,vj, 1) = —
(Ex,vj, T) ok

X /ﬂ dOsinf y;(r,R, 0, t)p;(0)
0

The asymptotic states ¢;(0) = /(2] + 1)/2P;(cosf) and
Xi,vj(r) represent free-rotor states and rovibrational states of
CO™ or CO fragments, respectively. The plane-wave factor
exp(—ikR) represents the asymptotic relative fragment mo-
tion (at R — o0) with net KER E; = k?/2u,. The net KER
in channel I is related to the asymptotic fragment energies
EQ and EkCO+ by Ex = 4moEQ /j1n = 4mCO+E,So+/M2, with
an obvious interchange of the fragment charges in channel
II. The ¥; is equal to the nuclear-wave-function components
in the dissociation channels, i.e., ¥ = ¥, and Yy = ¥,. We
numerically propagated the TDSE for a sufficiently long time
past the probe pulse to ensure convergence of the yields S;.
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For all numerical applications in Sec. Il we set 7y, = 1.5,
Tmax = 12, and Rpi, = 6 a.u., after testing numerically that
further extension of the ranges of r and R does not noticeably
change S;. The minimal distance Ry,;, needs to be large enough
so that the overlap of the fragment nuclear wave functions can
be neglected.

In the experiments we model, the internal energies E,; of
the CO and CO" fragments are not resolved. We therefore
compute the yields in channels I and II as functions of the
KER E; and pump-probe delay t as sums over all rovibra-
tional internal dimer excitations,

Si(Ei, T) = Y Si(Ei, vj, ). (13)

vj

The total fragment yields as a function of the time delay
follow by integration,

Si(t) = /Si(Eks T)dEx. (14)

The fragment power spectrum allows the analysis of the
dissociation dynamics in the frequency domain in terms
of quantum beats between the vibronic nuclear-wave-packet
components [28,33]. It is obtained as a function of the
quantum-beat frequency f from the coherent fragment yield

SEN(Ex, T) = Si(Ey, T) — SMON (), (15)

as the windowed Fourier transformation
Tmax 2
P(f,E) = ‘/ SeNEy, Tyexp(i2m f)H (T)dT| , (16)

Tmin

where the incoherent delay-independent term is given by

) 1 Tmax
S;HCOh(Ek) — T/ Si(Ex, T)dr. a7

ma Tmin

For our numerical applications in Secs. III B and III D, we use
the window function

H(T):cosz|: d (r — tmin—i_fmax)] (18)
Tmax — Tmin 2

in order to suppress nonphysical transient frequencies related
to the finite delay range [Tmin, Tmax]-

III. NUMERICAL RESULTS

In order to provide pump-probe-delay-dependent KER
spectra for the dissociative ionization of CO,, we calcu-
lated potential-energy surfaces and dipole-coupling matrix
elements for CO," by applying the MCSCF quantum-
chemistry code GAMESS [63]. The fixed-nuclei molecular
electronic-structure calculations were performed in the full
3D dimensionality on equidistant grids with spacing of 0.02
a.u. (R; and R,) and 2° (¢) [cf. Fig. 2(a)]. We carried out
the MCSCEF calculations with six frozen K-shell electrons and
15 active electrons in 12 active orbitals, thereby including
all atomic valence orbitals in the active space. The employed
cc-pVTZ basis set, contracted to the orbitals {4s, 3p, 2d, 1f},
provides 30 atomic orbitals for each C and O atom and
188760 configuration-state functions. For these specifications,
we calculated X *T1,, AZI1,, B2y, , C22g+, a*%,”, and
b*I1, adiabatic electronic states. The total energy of CO,*

was minimized by linearly combining these states with equal
weights.

While the detailed dissociation dynamics of CO,* in the
probe-laser field can only be assessed by numerically propa-
gating the nuclear wave function, first clues to the expected
nuclear motion on the coupled potential-energy surfaces are
discussed in Secs. III A and IIIB by examining adiabatic
potential-energy surfaces and their coupling. Clearly, the sug-
gested propensities and most conclusions drawn with regard to
the dissociation dynamics require confirmation by full nuclear
dynamics calculations and experimental data, for which we
refer to Sec. III D.

A. Adiabatic potential-energy surfaces

Figure 3 shows our numerical results for the potential-
energy surfaces associated with the adiabatic electronic states
A%m,, B2y, C 2):)g+, b*Tl,, and a*%, of CO,", deemed
relevant for the present investigation. The left column displays
the dependence of the potential energies as a function of the
C-0 distances R; and R, for unbent molecular cations (¢ =
180°). The black dashed line in Figs. 3(a) and 3(b) retraces
the conical intersection of the A 2T1, and B2X," states. The
potential well in Fig. 3(a) is more elongated along the main
diagonal (R; = R;) than the well in Fig. 3(b), suggesting that
the A 2T1,, state is more supportive of symmetric stretch modes
than the B2%,” state. Similarly, the shape of the Bs,"
well appears to slightly favor antisymmetric stretch modes.
Nonadiabatic transitions near the conical intersection of these
states are therefore expected to change the ratio of symmetric
and antisymmetric vibronic modes in the nuclear-wave-packet
dynamics. In contrast, the left graphs in Figs. 3(d) and 3(e)
have narrow wells at unequal C-O separations that extend
to infinite distances R; and R,. This is consistent with the
antibonding character of the spin-quartet states that is also
seen in Fig. 1. While the linear molecule in the a*%, " state
has a shallow potential-energy well, centered at R; = 2.111
and R, = 3.819 a.u. below the lowest dissociation threshold
[cf. Figs. 1 and 3(e)], the b*I1, state can transiently trap
population in a well at R; = R, &~ 2.45 a.u. [cf. Figs. 1 and
3(d)].

The right column of Fig. 3 reveals the variation of the po-
tential energies as a function of the bend angle ¢ and one C-O
intermolecular distance R,, while the other C-O distance R; is
kept at the equilibrium distance of the CO, ground state, 2.24
a.u. [64]. The graphs on the right-hand side of Figs. 3(a)-3(c)
show potential wells along the R, and ¢ axes that are centered
at the unbent configuration (¢ = 180°). Along the ¢ axis, the
well in Fig. 3(b) is comparatively narrow, suggesting that the
B2x,” state is less susceptible to the excitation of bending
modes than the A 21, and C >%," states. The potential well in
the b*T1,, state is centered at ¢ &~ 110° [Fig. 3(d)], suggesting
that dissociation along path I in Eq. (2) proceeds via the
excitation of bending modes. In contrast, as seen in Fig. 3(e),
the bending well in the a 4Eg7 state is aligned with the unbent
molecular ion. This tends to imply that dissociation path II
relies to a lesser degree on molecular bending than path I.

To assess to the accuracy of the potential-energy surfaces
we obtained applying the GAMESS molecular structure code
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FIG. 3. Adiabatic potential-energy surfaces of the (a) AZ2II,,
(b) B22,”, (¢) C?%,", (d) b*I1,, and () a*S, states of CO,*
as functions of the C-O distances R, and R, for linear molecular ions
(¢ = 180°) as functions of R, (left column) and the bend angle ¢
for Ry = 2.24 a.u. (right column). The black dashed lines in (a) and
(b) retrace the conical intersection of the A 2IT, and B> Zu+ states.

[63], we calculated rovibronic excitation energies in the A 2IT,
and BzEuJr states of CO,™ relative to the X 12g+(0, 0,0)
ground state of CO,. To get the vibronic energy eigenval-
ues, we diagonalized the Hamiltonians in the corresponding
adiabatic channels using a discrete Fourier basis for the Ja-
cobi coordinates r and R [65] and a Legendre-DVR basis
for the bend angle 6 [59,60]. Table I shows our numerical
results for rovibronic excitations (v, vp, v,) in the A %I, and
B 22u+ electronic states in comparison with the synchrotron-
based pulsed-field-ionization photoemission experiment of
Liu et al. [37]. For symmetric stretch, bending, and antisym-
metric stretch excitations with vibronic quantum numbers up
to vy =6, v, =7, and v, = 2, respectively, our calculated

TABLE 1. Energies in eV of CO," rovibronic levels (vy, vy, v,)
relative to the X lE;(O, 0, 0)(J = 0) ground state of CO,. Here vy,
vy, and v, designate quantum numbers of the symmetric stretch,
bending, and antisymmetric stretch modes, respectively. The experi-
mental energies are from Liu et al. [37] (column 2). Our results for
adiabatic A %T1,(J, K) and B2X, " (J = 0) states of CO," are based
on MCSCF calculations with GAMESS [63] for rotational quantum
numbers J and K (column 3). The differences between our calculated
and the experimental energies are given in column 4. Column 5
contains the calculated energies of rovibronic levels relative to the
B2%,7(0,0,0) level of CO,*, which are proportional to quantum
beat frequencies f.

Expt.  Theory (J, K) Theory minus Expt. hf
State V) eV) (meV) (meV)
A(4,0,0) 17.8708 17.8740 (0,0) 32 —202.0
A(0,0,2) 17.9742 17.9765 (0,0) 2.3 —99.5
A(5,0,0) 18.0091 18.0089 (0,0) —0.2 —67.1
A(1,0,2) 18.1119 18.1097 (0,0) 22 33.7
A(6,0,0) 18.1480 18.1430(0,0) -5.0 67.0
A(2,0,2) 18.2406 18.2424 (0,0) 1.8 166.4
A(4,1,0) 17.9230 17.9299 (1,1) 6.9 —146.1
A(5,1,0) 18.0691 18.0654 (1,1) —3.7 —10.6
A(2,3,1) 18.0773 (1,1) 1.3
AG, LD 18.1127 (1,1) 36.7
A(6,1,0) 18.2006 18.2001 (1,1) —0.5 124.1
A(L,3,1) 18.0393 (3,3) —36.7
A(0,7,1) 18.0756 (3,3) —04
A2, 1, 1) 18.0809 (3,3) 49
B(0,0,0) 18.0760 18.0760 (0,0) 0.0 0.0
B(0,2,0) 18.2228 18.2151 (0,0) =77 139.1
B(1,0,0) 18.2352 18.2325 (0,0) —2.7 156.5
B(0,0,1) 18.3105 18.3103 (0,0) -0.2 234.3

excitation energies agree with the experimental values within
1-8 meV.

B. Couplings between adiabatic states

Dissociative ionization into the lowest fragmentation chan-
nels I and II, distinguished in Eq. (2), requires electric dipole
and spin-orbit interactions between adiabatic states and is
sensitive to the diabatic coupling near the intersection of the
A1, and B2%,” states. These couplings are included in the
Hamiltonian (4) for the nuclear dynamic in CO,* and will be
examined next.

1. Diabatic coupling

The Born-Oppenheimer approximation breaks down near
intersections of adiabatic potential-energy surfaces, where the
interaction between electronic and nuclear motion becomes
important, allowing nonadiabatic processes [66]. Relevant for
the present study is the intersection between the A *IT, and
BzEu+ adiabatic states of CO, ™. This crossing is located
in the Franck-Condon overlap region, indicated by the gray
vertical band in Fig. 1, and therefore is accessed immediately
after the initial ionization of the neutral parent molecule by
the XUV pump pulse. Due to the absence of other energeti-
cally close degenerate states, the localized non-BO vibronic
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FIG. 4. Diabatic coupling V45 in meV as a function of (a) the
C-O distances R; and R, for the OCO angle ¢ = 170° and (b) R, and
¢ for Ry =2.24 a.u.

coupling can be analyzed within a two-state model, based
solely on either the two adiabatic states A >IT, and B 22,,+
two corresponding diabatic states. In this adiabatic or diabatic
two-state model, the nuclear potential-energy or kinetic-
energy operators are diagonal, respectively. The adiabatic
potential energies are given in Fig. 3. Including symmetric
stretch modes and a bilinear approximation for the coupling
between the bending and antisymmetric stretch modes, the
crosstalk between the adiabatic A2TI, and B2X," states
through the vibronic nuclear motion was addressed in an
insightful theoretical study by Zimmermann et al. [67]. In
the more recent experimental and theoretical investigation
of Timmers et al. [12], these vibronic couplings and related
quantum beats between rovibronic levels were identified as
the cause for their measured oscillations in the CO™ yield
during the dissociative ionization of CO5.

We include the influence of vibronic coupling near the
intersection of the A 2IT, and B 2Eu+ adiabatic states of CO, ™
on the dissociation dynamics by diabatizing the potential-
energy surfaces of the adiabatic A 2TT, and B2, states. For
this purpose, we applied the MCSCF quantum-chemistry code
GAMESS [63], which implements the diabatization method
described by Nakamura and Truhlar [68,69]. The resulting
off-diagonal diabatic coupling V45 as a function of the C-O
distances R; and R, for the fixed OCO bend angle ¢ = 170°
is shown in Fig. 4(a). This graph shows that the diabatic
coupling vanishes along the diagonal, where R; = R, and
thus complies with the symmetry selection rules. These re-
quire couplings to be mediated by antisymmetric and bending
vibronic modes [67]. Plotted as a function of R, and ¢ for
Ry =2.24 au., in Fig. 4(b) V45 is seen to be zero for the
linear molecular ion (¢ = 180°) and for Ry = R, = 2.24 a.u.
The results in Fig. 4 thus satisfy the symmetry requirement
of antisymmetric vibration and bending being prerequisite for
diabatic coupling between the A ’I1, and B 22u+ states [67].

2. Laser-dipole coupling

We calculated the dipole-coupling matrix elements in
Eq. (4), d4c and dpc, using converged MCSCF wave func-
tions generated by the molecular-dynamics code GAMESS [63]
together with (and for the same numerical parameters as) the
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FIG. 5. Electric dipole couplings of the three lowest excited
CO," adiabatic states as functions of (a) and (c) the C-O distances
R, and R, for linear molecular ions (¢ = 180°) and (b) and (d) R,
and the bend angle ¢ for R; = 2.24 a.u. (a) and (b) Perpendicular
coupling dy¢ between A *I1, and C 22g+ states. (c) and (d) Parallel
coupling dpc of the B2X,” and C2%," states.

potential-energy surfaces discussed in the preceding section.
Exposed to the linearly polarized field of the IR or VIS probe
laser and for the assumed parallel orientation of the probe-
laser electric field and initial O-C-O molecular axis direction,
the initially (at time ¢ = 0) populated C02+(BZEM+) state
couples to the CO, ™ (C 22g+) state by absorbing an odd num-
ber of IR or VIS photons. The corresponding coupling matrix
element dpc for linear molecular cations is shown in Fig. 5(c).
This coupling is most significant for comparable internuclear
distances R; and R,, which suggests its propensity for exciting
symmetric stretch modes in the CO,™(C 22g+) state. Due
to the symmetries of the coupled states ¥," and X,*, the
electric dipole coupling is strongest for the parallel orientation
assumed in the present work. It is forbidden for perpendicular
orientation [49]. Its broad well in the direction of the bend
angle in Fig. 5(d) indicates that the strong symmetric coupling
is maintained if bending modes are excited. This tends to
support combined, symmetric stretch and bending, vibronic
excitations during the dissociation process.

Following the ionization of the neutral CO, molecule in
the XUV pump pulse, the CO,* (B 22u+)(0, 0, 0) level feeds
probability density into the CO," (A %I1,) state by nonadia-
batic coupling of the electronic and nuclear dynamics. This
makes the excitation of bending modes in the A ?I1,, state pos-
sible. Nonparallel A *TT, — C 22g+ excitations by the probe
pulse then become dipole allowed, while being forbidden for
parallel orientation [49]. The corresponding dipole-coupling
matrix element in Fig. 5(a) is minimal at R; = R, and favors
extremely unequal C-O distances R; and R, which tends to
promote the excitation of antisymmetric stretch modes. As
seen in Fig. 5(b), the bending excitations may extend over a
large range of bend angles ¢. For very intense probe fields, this
may lead to self-amplified bending of the molecular cation, as
population is driven out of and back into the A >I1, state.
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Comparing the dipole couplings in Figs. 5(a) and 5(b) and
Figs. 5(c) and 5(d), we note that in the FC region (near R; =
R, = 2.24 a.u.) and for linear molecules, dgc exceeds dac by
more than an order of magnitude. For this reason, we expect
Bz, - C?x g+ parallel transitions to be significantly more
prolific than A2M, — C2%,” perpendicular excitations in
determining the fragment yields along the dissociation paths
I'and IT in Eq. (2). As dgc emphasizes smaller C-O distances,
it tends to promote excitations to lower symmetric stretch
modes. In contrast, the influence of dyc strongly increases
once antisymmetric modes have been excited. We therefore
expect a small contribution of self-reinforcing vibronic heat-
ing into antisymmetric and bent modes due to A2IT, <—
(6RD> g+ coupling in the probe-laser field.

3. Spin-orbit coupling

For the XUV-pump-pulse parameters assumed in the
present investigation, the fragmentation of vibronically ex-
cited CO," molecules into the two lowest dissociation
channels in Eq. (2) requires spin-changing couplings be-
tween the spin-doublet state C 22; and the spin-quartet state
b*T1,, as well as angular-momentum-changing transitions
between the quartet states b*IT, and a*X, . These cou-
plings are designated as VCSbC and belc in the Hamiltonian (4),
respectively. They were calculated within a complete-active-
space configuration-interaction self-consistent-field approach
by Liu et al. [38] as functions of one of the C-O distances
R, for linear CO,™ molecule, with the other C-O distance
kept fixed at the equilibrium distance of the ground-state CO,
molecule, R, = 2.20 a.u.

The spin-orbit couplings provided by Liu et al. [38] vary
as a function of approximately 2 < R; < 4 a.u., but tend to
stabilize for larger Ry at V3¢ ~ —40 cm™! = —4.96 meV
and V¢ ~ —30 cm™' = —3.72 meV. Since these spin-orbit
couplings are stronger for vibronically excited (and thus
stretched) CO, " (C 2 Eg+) states, we adopted the values Vi< =
—4.96 meV and Vb‘zc = —3.72 meV for our numerical appli-
cations in Sec. III C2 and subsequent sections. In numerical
tests we found that varying V3¢ and V3¢ by £50% does not
change the 115-fs electron-density oscillation period found
experimentally [12], but modifies, as expected, the branching
ratio for dissociation along paths I and II in Eq. (2).

C. Dissociation dynamics

Throughout this work, we assume the pump process to
solely populate the B 25,70, 0, 0) level of CO,™* at time ¢ =
0 by single ionization of the CO, (X 1Eng) parent molecule.
During the action of the pump pulse, the molecule is assumed
to remain aligned with the XUV-pulse polarization direction
with rotational quantum numbers J = K = 0.

1. External-field-free non-BO nuclear dynamics

To track the nuclear dynamics at the intersection of the
AT, and B2%, " states of CO,™* during the XUV-pump-IR-
probe dissociative ionization process, we first investigate the
external-field-free evolution of the nuclear CO," wave func-
tion out of the B 22;(0, 0, 0) state in the absence of a probe
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FIG. 6. (a) Probability of finding CO,™ in the A *II, electronic
states during external-field-free nuclear-wave-packet evolution out
of the initial B 22;(0, 0, 0) vibronic level. (b) Fourier transform of
the A 21, probability evolution. Blue and red circles show transition
probabilities from the B 2Equ(O, 0, 0) level based on perturbation
theory (PT). Amplitudes for frequencies above 20 meV /h are multi-
plied by a factor of 100.

pulse. Due to the comparatively large energetic separation of
other electronic states (cf. Fig. 1), we can restrict the nuclear-
wave-function evolution to the coupled A ’IT, and BZEL,+
states. Due to the overlap of the initial B ZEL,+(O, 0, 0) nuclear
probability density with the region of strong diabatic coupling
Vap, nuclear probability density transfers to vibronic levels
in the CO,"(A2I1,) state. For ¢ > 0, this coupling results
in an evolving nuclear wave packet and oscillating vibronic
population transfer in the coupled electronic two-level system.

Figure 6(a) shows the probability of finding CO,* in the
A’TI, electronic states with different values of / = K as a
function of time. The probability oscillation amplitude is sig-
nificantly larger for odd values of J/ = K and for the excitation
of bending modes with odd quantum numbers vj than for even
values, in agreement with Zimmermann et al. [67]. The dom-
inant 3100-fs oscillation period (blue curve for J = K = 1) is
imprinted on the entire dissociation process and agrees with
the CO™ fragment-yield oscillations measured in two inde-
pendent recent pump-probe experiments [70]. A windowed
Fourier transformation within the delay range [Tmin, Tmax] =
[0, 6200] fs of the nuclear probability-density evolution in
the electronic Bzqur state reveals this 3100-fs oscillation
as a dominant peak at a beat frequency of f = 1.33 meV/h
[Fig. 6(b)]. We assign this frequency to the beating between
the B2%,7(0,0,0) and A%I1,(2,3, 1)(J = K = 1) vibronic
levels, based on their energy difference most closely matching
hf (cf. Table I). This strong coupling of the A ’I1,(2,3, 1) and
B 22u+(0, 0, 0) levels was identified before by Zimmermann
et al. [67].
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Similarly, we can assign a sequence of weaker peaks in
Fig. 6(b) to specific vibronic levels in the A *IT,, state beating
against the B22u+(0, 0, 0) level. The second highest peak
probability is reached at Af = 36.7 meV, corresponding to a
beat period of 113 fs. As for the dominant 3100-fs beating,
this frequency transcends the molecular dissociation process.
It was identified experimentally as a superimposed 115-fs
oscillation in the CO* fragment yield by Timmers et al. [12].
Based on the differences between the vibronic energies in
Table I, we assign it to the interference of the
AL,G3,1,1)(J =K =1) and B2%,7(0,0,0) levels (blue
line), with a small contribution from the A 2IT,(1, 3, 1)(J =
K = 3) level beating against the B2Eu+(0, 0,0) level (red
dashed line). Within the bilinear nonadiabatic coupling
model of Zimmermann et al. [67], the multiconfigurational
time-dependent Hartree calculation of Timmers et al. [12]
indicates quantum beats between the A%I,(3,1,1) and
BZEM+(O, 0, 0) states with the frequency f = 37.6 meV/h,
corresponding to a period of 110 fs, in good agreement with
our results.

To further validate our assignment of beating vibronic
levels in Fig. 6(b), we evaluated the transition probabilities
between the B2X, (0,0, 0) and A 2T1,,(v,, vy, v,) levels due
to the diabatic coupling Vyp in first-order perturbation theory,

2
W2z, 0.00VaslVazn,w,v.00)

Prop=2 (19)

Ep2s, 0.0.0) — EA2M, (00000

These are shown as blue and red circles and match the ratios
of the quantum-beat peak heights.

Based on the vibronic energies in Table I and consistent
with the perturbative transition probabilities (19) in Fig. 6(b),
we assign the beat energy 4.93 meV, corresponding to a beat
period of 839 fs, to the interference of the B22u+(0, 0,0)
and A%T1,(2, 1, )(J = K = 3) levels [Fig. 6(b)]. In the same
way, we relate the next weaker peak in Fig. 6(b) to the
beating between the BZEM+(O, 0,0) and A%I1,(0,7, H(J =
K = 3) levels. The peak at 36.7 meV, corresponding to an
oscillation period of 113 fs, overlaps the BZEqu(O, 0, 0)-
A,GB,1, DI =K=1) quantum beat we analyzed above,
and is assigned to beats between the BZEMJr(O, 0,0) and
A’T1,(1,3, 1)(J = K = 3) levels.

We note that all quantum beats identified in Fig. 6 involve
A2I1, (v, vp, v,) levels with K > 0, odd bending quantum
numbers v, and antisymmetric stretch quantum number
v, = 1. This complies with the symmetry properties of the
AT, and B?x%,” states and diabatic coupling Vs [e.g.,
Vap(R1, Ry, ) = —Vap(R2, Ry, ¢)] and also with the results
obtained in bilinear vibronic coupling approximation by
Zimmermann et al. [67]. The contribution

K ( L ) 20)
2sin20 \2u172  2usR?

in the rovibrational kinetic-energy term 7}, in Eq. (8) becomes
strongly repulsive near the straight configuration at 8 = 0 for
K > 1, promoting these bending excitations.

2. Dissociation dynamics for a fixed pump-probe delay of 110 fs

Immediately after the sudden single ionization of the
COx (X 12;) parent molecule at time t = 0 by the pump

pulse, the initial B22u+(0, 0, 0) state of CO,™ starts to co-
herently populate several vibronic levels in the electronic
CO,"(A2I1,) state due to the nonadiabatic coupling enabled
by its overlap with the conical intersection between the two
cationic electronic states. The ensuing nuclear wave packet in
the A 211, state expands the cation, since the conical intersec-
tion lies in a repulsive region of the A 2I1, potential-energy
surface [cf. Figs. 1, 3(a), and 3(b)]. The A %I, state compo-
nent of the nuclear wave packet subsequently reflects at the
outer classical turning of the A *IT, potential well and starts
to oscillate and dephase between the inner and outer turning
points of this well.

Depending on the probe-pulse delay, the nonadiabatically
coupled motion in the cationic A2IT, and B2%," states is
sooner or later subject to electric dipole transitions. For the
parallel initial molecular orientation assumed in this work,
the main effect of the probe laser consists in transferring
population from the B2X," to the predissociating C2X,"
state of CO, ™, with a propensity of exciting symmetric stretch
modes [cf. Fig. 5(c)]. The fragmentation process then pro-
ceeds through spin-orbit coupling to the dissociative b*IT,
state, following either path I or I in Eq. (2).

Our numerical solution of the nuclear TDSE, given by
Egs. (3) and (4), is based on the potential surfaces for J =
K = 0 for the B2%,”, C22g+, a*%,”, and b*I1, states. For
the A *T1,, state, we calculate the potential-energy surface for
J = K =1, in order to maximize the A >I1, state population
and best match the experimentally observed quantum-beat fre-
quencies, as discussed in the preceding section. We assumed a
probe-laser pulse of the functional form (1) with either 780- or
400-nm central wavelength, corresponding to photon energies
of 1.59 and 3.10 eV, respectively. In either case, we chose a
peak intensity of 3 x 10'> W/cm? and temporal pulse width
tewaim = 45 fs. Its carrier electric field as a function of time
is shown in Fig. 7(a) for a pump-probe delay of r = 110 fs,
together with the occupation probabilities for the five coupled
CO,™" states [Fig. 7(b)] and the expectation values in the
nuclear-wave-packet components y; of the molecular Jacobi
coordinates (r);, (R);, and

_ [Pdcos00 [dR [ dr|y(rR,0)]

(0)i 0
[, dcos6 [dR [ dr|y;i(r, R, 0)|?

21)

in Figs. 7(c), 7(d), and 7(e), respectively. Here the subscript i
refers to all five (bound and dissociating) channels in Eq. (3).
Due to the dominant excitation of symmetric stretch vibronic
modes (cf. Sec. III C), (r); and (R); behave very similarly in
Figs. 7(c) and 7(d).

In accordance with the discussion in the preceding section,
our numerical results in Fig. 7(b) show an immediate small
population transfer from the B2%," to the A 21, state due to
the diabatic coupling Vyp, before the onset of the pump-laser
field, that lasts for about 22 fs [blue solid line in Fig. 7(b)]
and expands the molecular ion [blue solid lines in Figs. 7(c)
and 7(d)]. The increase of the expectation values relative to
their initial values near# = 0 is due to the equilibrium distance
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FIG. 7. CO," nuclear dynamics in a 45-fs, 3 x 10'> W/cm?,
780-nm probe-laser pulse. The probe-pulse center is delayed by 110
fs from the sudden initial population of the CO,*[B2Z," (0, 0, 0)]
level by the XUV pump pulse at time zero. (a) Laser electric field.
(b) Populations in the A2I1,, B*%,", C?%,", a*%,”, and b*II,
states. Expectation values (c) (r);, (d) (R);, and (e) (0); of the nuclear
Jacobi coordinates (r, R, 6).

of the A %I1, potential well being larger than the equilibrium
distance of the B2%,” state (cf. Fig. 1). Subsequently, the
nuclear-wave-packet component in the A 2IT, state moves to
the outer turning point of the A2II, potential well, where
it starts to reflect onto itself at + ~ 22 fs, contracting the
molecule.

The expectation value of the bend angle (9); is a mea-
sure of the angular width of the nuclear probability density
|i(r, R, 0)|? [blue solid line in Fig. 7(e)]. It undergoes cycles
of small-amplitude angular spreading and contraction. These
cycles are nonuniform in period due to the onset of the probe-
laser pulse [Fig. 7(a)] and dephasing of the nuclear wave
packet [10,18]. The smaller amplitude of this oscillation after
t =~ 90 fs is consistent with partial population back transfer
from the A 2T, to the B2X," state, when the A>T, state
broadened nuclear wave packet revisits the conical intersec-
tion. In Sec. III D 3 we will more accurately characterize these
oscillations in terms of quantum beats between vibronic levels
in specific electronic states of CO, ™.

With the onset of the pump-laser electric field at ¢ & 60 fs,
the initial B2 2u+ state population starts to quickly decline due
to electric dipole transitions into the C 22g+ state [green and
brown solid lines with markers in Fig. 7(b)]. This population
transfer from the B23," to the C 22g+ state occurs over a
large part of the probe-pulse temporal profile. It is fastest
a few femtoseconds before the probe-pulse reaches its peak

intensity. Very rapid and barely resolved small oscillations in
the B2%," and C?%," state populations are superimposed
(femtosecond scale) Rabi flops between these two states in the
probe pulse. Since the equilibrium distance of the potential
well in the potential-energy surface of the C22g+ state is
smaller than the equilibrium distance of the B22u+ state,
electric dipole transitions into the C 2% g+ state tend to initially
contract the molecular cation, leading to a decrease of the (r);
and (R); C 22g+ state expectation values during the first ap-
proximately 90 fs [brown solid lines with squares in Figs. 7(c)
and 7(d)]. This contraction overcompensates for the expansion
of the molecular cation promoted by nonadiabatic population
transfer, due to the persistently comparatively small occupa-
tion of the A 2I1,, state.

Continued population transfer into the predissociating
(0R)> g+ state causes a proportionate population increase in the
b*T1, state, due to the spin-orbit coupling VCSIS: [black dashed
line with circles in Fig. 7(b)]. While the b *I1, state population
remains more than five orders of magnitudes smaller than
the C 22g+ state population, it is required for fragmentation
along paths I and II in Eq. (2). The coupling V3¢ between the
b*Il, and a*%,” states leads to a small delayed buildup of
population in the a*%, " state, starting at approximately 150
fs. The a“Zg_ state population remains orders of magnitude
below the b *I1,, state population [red dashed line with squares
in Fig. 7(b)]. The branching ratio of dissociation paths I and
II thus strongly favors path I, as expected in view of the
additional coupling V¢ in path II.

After about three quarters of the initial BZE”JF(O, 0,0)
population is depleted at r ~ 120 fs, the transfer rate into
the C 2Eg+ state noticeably decreases, and the BZEM+ state
population eventually saturates at 9.98% of its initial value
[green solid line with circles in Fig. 7(b)]. The weak A I,
population continues to slowly increase, due to ongoing dia-
batic coupling with the B 2):)”+ state.

The angular widths (0) 25, + 2 S in the dominantly pop-

ulated B2%, " and C2x," states remain constant for the first
approximately 90 fs, before starting to oscillate. Overall, the
angular width of the C 22g+ state slightly increases [brown
solid line with squares in Fig. 7(e)]. The (0); in the dominantly
populated B2%, " and C 2%, states remaining limited within
a rather narrow angular range indicates a small internal-
energy conversion to excited bending modes, as discussed in
Sec. I B2. The molecular cation mainly retains its linear
configuration, in agreement with experimental data in Ref. [3].
We further analyze the oscillation of tens of femtoseconds in
(8)i, (r)i, and (R); after approximately 120 fs in Sec. III D 3.

D. Fragment KER spectra
1. Fragment yield and CO%* fragment-excitation distribution
for a fixed pump-probe delay of 110 fs
Starting in the aligned B2%,%(0,0,0) state of CO,™,
dipole-allowed excitations to the predissociating C 2% g+ state
in 780-nm (1.59 eV photon energy) or 400-nm (3.10 eV

photon energy) probe pulses require the absorption of
one, three, or more photons to overcome the threshold
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FIG. 8. Fragment yields as a function of the total energy E rel-
ative to the CO, " [B2%, (0, 0, 0)] ground state for 45-fs (FWHIM),
3 x 10" W/cm? peak intensity probe pulses with wavelengths of
(a) 780 nm and (b) 400 nm. The pump-probe delay is 110 fs. Here
E\y is the sum of the fragments” KER and internal excitation energy,
given in units of the respective probe-pulse photon energy. The in-
sets illustrate the three- and one-probe-pulse-photon absorption steps
during fragmentation.

energies for dissociation into the O(3Pg) +COT(X2xzH)
and O (*S,) + CO(X '%) channels of Egg = 1.393 and
Egiss.o = 0.994 eV [38], respectively.

Numerically, the number of absorbed photons can be
clearly seen by plotting the fragment yields S;(Ey, vj, T) in
Eq. (12) as a function of the total energy E = Ex + E,;,
rather than the KER E}. A fixed value of E directly relates to
the energy transferred from the pump pulse to the molecular
cation and allows for variable sharing between the KER and
internal rovibrational excitation energies {E,;} of the CO or
CO" fragments. Accordingly, the yields for fragmentation
into the OCP,) + COT (X 2E") and O*(*S,) + COX '=+)
channels for a pump-probe delay of 110 fs in Fig. 8(a) show
pronounced peaks corresponding to the absorption of three IR
photons, while virtually no yield is calculated for one-photon
excitation. While for 780-nm probe pulses dissociation by
single-photon absorption surpasses the dissociation threshold
Eliss.1, it produces no discernible fragment yield at the peak
intensity of 3 x 10> W/cm? considered here. This is ex-
plained by the corresponding photon energy (1.59 eV) being
much smaller than the excitation energy, approximately equal
to 5.9 eV [37,38], for vertical transitions at the equilibrium
geometry from the CO,[B2%, (0, 0, 0)] to the b*T1,, state
in paths I and II of Eq. (2). Thus, only the lowest vibronic
levels in the C 2 Zg+ state are excited, which effectively do not
couple to the b*T1,, state.

In contrast, for 400-nm probe pulses, with identical pulse
length (45 fs) and peak intensity (3 x 10'> W/cm?), the
absorption of a single photon with an energy of 3.10 eV
far surpasses the dissociation thresholds and excites higher
vibronic levels in the C22g+ state that expand the molecu-
lar ion and effectively couple to the b*II, state, leading to

fragmentation. In this case, three-photon absorption practi-
cally does not contribute at the given intensity [Fig. 8(b)].

The branching ratio for dissociation into the O(3Pg)+
CO*(X2xz+) and O (*S,) + CO(X ' =) channels, obtained
by integrating the yield in Fig. 8(a) over E; [cf. Eq. (14)],
is 275. This is in sharp contrast to a branching ratio of ap-
proximately 4 obtained experimentally in Ref. [3] for 70-fs,
800-nm, 5 x 10'* W/cm? pump pulses and 30-fs, 800-nm
probe pulses with significantly higher peak intensities of ap-
proximately (3-5) x 10'* W/cm?, for which single-photon
absorption dominates. A comparably small branching ratio
of 4 was calculated for 19.626-eV pump and 800-nm probe
pulses in Ref. [38]. In addition, by scanning the pump-pulse
photon energy between 19.0701 and 19.7560 eV, the authors
found increasing branching ratios for increasing photon en-
ergy. This trend of increasing branching ratios with increasing
excitation energy of the molecular ion is supported by our
smaller numerical branching ratio of 198 for 400-nm probe
pulses. While for 400-nm pulses we reach a total energy (rel-
ative the ground state of the CO,) of Epay, + 90, + 3.1 eV =
21.176 eV, for 780-nm pulses we attain a slightly higher
energy of Egay +(,0) + 3 x 1.59 eV = 22.846 eV. We note
that the spin-orbit coupling matrix elements V3¢ and V3¢
affect the branching ratio between between the CO™ and O+
dissociation channels, without influencing the dissociation dy-
namics otherwise. In view of our approximate inclusion of
VSE and V€ (cf. Sec. IIIB 3 above), future refined calcula-
tions of the final spin-orbit coupling step in the dissociation
dynamics are needed to accurately model this branching ratio.

As a function of the KER, the yield for fragmentation into
O(CP,) + CO™ (X 2= 7) in Fig. 9(a) displays internal fragment
excitations as a sequence of peaks. For the assumed 780-nm
probe-pulse wavelength, three photon excitations in the probe
pulse result in KERs up to 3w — Egiss,; = 3.377 and 3.776 eV
for OCP,) + CO*(X2ET) and O*(*S,) + CO(X '=7T) dis-
sociation, respectively, for the vibrational and rotational
fragment quantum numbers v and j. As expected and dis-
cussed above, the yield in the O (*S,,) + CO(X ' £*) channel
[Fig. 9(b)] is much smaller than for OCP,) + COT(X 2X )
breakup. Increasing belc by a factor of 2, we find a branching
ratio that is four times smaller.

Figure 9(c) shows the same fragment yields as Figs. 9(a)
and 9(b) for probe-laser pulses of identical lengths (45 fs) and
peak intensity (3 x 10'> W/cm?), but with a shorter wave-
length of 400 nm. At 400 nm, one-photon excitations yield
KERSs up to 3w — Egs.i» equal to 1.707 and 2.106 eV for
OCP,) + COT(X2ET) and OT(*S,) + CO(X ' =) dissocia-
tion, respectively. These maximal KERs are 1.67 eV less than
for 780-nm probe pulses. Accordingly, for 400-nm pulses, less
energy is available to dissipate into internal dimer-fragment
excitations. The 400-nm fragment KER spectra in Fig. 9(c)
therefore display less structure and fewer peaks than the 780-
nm spectra in Figs. 9(a) and 9(b).

For the dominant O(P,) + CO"(X 2 7) channel, distri-
butions of the internal rovibrational CO™ fragment excitations
(v and j) are shown in Fig. 10 for the two fragment KERs
indicted by vertical black arrows in Fig. 9(a), Ex = 0.21 eV
[Fig. 10(a)] and 0.71 eV [Fig. 10(b)]. Overall, these distri-
butions are characterized by energy conservation (magenta
dashes in the j — v plane) for the absorption of three pump-
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FIG. 9. Fragment yields for dissociation into (a) and

(c) OCP,) +CO*(X2?E7) and (b) and (c) O (*S,) + COX '=F)
at a pump-probe delay of 110 fs as functions of the fragment
kinetic energy E;. The probe-pulse lengths (FWHIM) and peak
intensities are 45 fs and 3 x 10'> W/cm?, with wavelength of (a) and
(b) 780 nm and (c) 400 nm. The vibrational quantum numbers v and
rotational quantum number j for selected internal CO* excitations
are indicated on the internal axis and colored lines in (a).

pulse photons, requiring

3w — Egiss,1 — Ex — Eyj|l < A, (22)

within the spectral width A =0.15 eV of the 45-fs probe
pulse.

As seen in Figs. 9(a) and 10(a), the CO™-vibrational excita-
tion distribution is dominated by low-lying vibrational levels.
Higher vibrational excitations coincide with lower KERs Ej.
At Ey, = 0.21 eV, the fragment-vibrational-excitation distri-
bution is mainly confined to v € [5, 10] [Fig. 10(a)], while at
0.71 eV it is slightly colder with v € [2, 8] [Fig. 10(b)].

2. Delay-dependent fragment KER spectra

Not resolving internal rovibrational excitations for the
CO," and CO™ fragments, we calculated pump-probe-delay-
and KER-dependent fragment yields according to Eq. (13).
Delay-dependent KER spectra for dissociation into the
OCP,) +COT(X2xT) and OT(*S,) + CO(X ' =) breakup
channels are shown in Figs. 11(a) and 12(a), respectively. In
these graphs we subtracted the incoherent yield according to
Eq. (15). As can be seen in Fig. 9, the yields have an intricate
KER dependence, due to a broad spectrum of rovibrational
excitations of the dimer fragments. Figures 11 and 12 show

x107®
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FIG. 10. Distributions of internal rovibrational CO™ fragment
excitations (v, j) for the two fragment KERs (a) E;, = 0.21 eV and
(b) Ex, = 0.71 eV, indicted by vertical black arrows in Fig. 9(a). All
parameters are the same as in Fig. 9(a). The magenta dashes in the
J — v plane derive from energy conservation (see text for details).
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(b) Spectrum in (a) integrated over the KER E;. (c) Fragment contrast
in comparison with the experimental data of Timmers et al. [12]
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FIG. 12. Calculated spectra as in Fig. 11, but for O"(*S,) +
CO(X 'x*) dissociation.

that the relative yields oscillate as a function of pump-probe
delay t.

The 7-dependent relative yield variations in Figs. 11(a) and
12(a) are more clearly seen in Figs. 11(b) and 12(b), after
integrating over Ej according to Eq. (14). For the O(3Pg) +
CO™(X2x+) channel, relative CO' fragment yields were
measured in Ref. [12] with a superimposed, oscillating 115-
fs-period pump-probe-delay dependence. This oscillation is
confirmed by our theoretical model and will be analyzed
below. While the calculated relative CO™' fragment yields
in Fig. 11(b) by far exceed the OT production yields in
Fig. 12(b), the delay-dependent yield variations are very sim-
ilar for the two channels and agree up to an overall factor.
This confirms that details of nuclear dissociation dynamics
are fully imprinted on the evolving fragment-kinetic-energy
distributions by the time the two spin-quartet states get ef-
fectively coupled in the O" production channel [path II of

Eq. 2)].

3. Quantum-beat analysis and nuclear dynamics near the
A2T1,-B%X,” conical intersection in CO»*

The dynamical evolution of the nuclear wave packet can be
traced to quantum beats between pairs of vibronic levels, the
superposition of which constitutes the nuclear wave function
[10,28]. Since the initially populated CO, [B2%, (0, 0, 0)]
level instantly starts depleting at the conical interaction to give
rise to a nuclear wave packet in the A 21, state (and, through
“hole burning,” in the B 22u+ state), the nuclear dynamics in
CO,* involves quantum beats between vibronic levels in the
B 22u+ and A 211, electronic states. These beats explain the
nuclear motion leading to the delay-dependent fragment-yield
oscillations in Figs. 11 and 12.

To separate and characterize these observable fragment-
yield oscillations, we Fourier transform the fragment yields
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FIG. 13. (a) Power spectrum of the OC*P,) + CO* (X 2= 1) yield
as a function of quantum-beat frequency and KER. (b) Spectrum in
(a) integrated over the KER E (black solid line) in comparison with
the power spectrum of the experimental data of Timmers et al. [12]
in Fig. 11(b) (green solid line with squares).

in Figs. 11 and 12 according to Eq. (16), windowed within
the delay range [Tmin, Tmax] = [110, 6310] fs. In the quantum-
beat-energy range below 50 meV, the power spectra in Figs. 13
and 14 reveal the same prominent quantum beat at hf =

Amplitude (arb. units)

O 1 . L [I III_AA o e

0 2 4 6 20 30 40 50
#/h (meV)
FIG. 14. (a) Power spectrum of the O™ (*S,) + CO(X ' %) yield

as a function of frequency and KER. (b) Graph in (a) integrated over
the KER.
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36.7 meV as Fig. 6 for the nuclear-wave-packet evolution
under the sole influence of the diabatic coupling V4p. The
prominence (height) of the A%I1,@3,1,1) peak relative to
the height of the A2I1,(2, 3, 1) peak is more pronounced in
Figs. 13 and 14 than in Fig. 6. This is consistent with the
laser dipole coupling dpc favoring the less bent and more
symmetric A2I1,(3, 1, 1) level over the A%T1,(2, 3, 1) level.
Nevertheless, the subsequent pump-laser-dipole and spin-
orbit couplings do not significantly affect the beating between
A1, and B2%,7(0, 0, 0) levels during the early, pre-pump-
pulse nuclear dissociation dynamics. This applies in particular
to the experimentally confirmed beat periods of approximately
3 ps (hf = 1.364 meV) [70] and 115 fs (hf = 35.73 meV)
[12].

We tentatively assign the oscillations in the BZE,,+
state expectation values (r);, (R);, and (0); in Figs. 7(c)—
7(e), starting at approximately 120 fs, to BZZqu(O, 0,0)-
B?%,7(0,2,0) and B*%,"(0,0,0-B*%,"(1,0,0) quan-
tum beats in CO,*. The B2%,"(0,2,0) and B*%," (1,0, 0)
levels are populated by Raman transitions in the probe pulse.
Our assignment is based on the energy gap between beating
vibronic levels in Table I. These are 139.1 and 156.5 meV,
corresponding to oscillation periods of 30 and 26 fs, respec-
tively. Further evidence for this assignment is provided by
our nuclear dynamics calculation predicting dominant con-
tributions during the interaction with the probe pulse by the
B2%,%0,0,0), B2%,7(0,2,0), and B2X, (1,0, 0) levels
in the BZEL,Jr state nuclear-wave-packet component ¥g in
Eq. (3).

IV. SUMMARY AND OUTLOOK

For single ionization of CO, by intense ultrashort pump
pulses with central photon energies that just open the two
lowest dissociation thresholds of CO,™, we numerically mod-
eled the nuclear dissociation dynamics of the pump-pulse
excited molecular cation, subject to its exposure to delayed
ultrashort probe pulses with a wavelength of 780 or 400 nm.
Our model represents the coherent nuclear motion in the

cation on the A2%I,, B%%,", C22g+, a*%,”, and b*II,

potential-energy surfaces of CO,™ in full (3D) dimensional-
ity. It provides pump-probe-delay-dependent fragment KER
spectra and allows the characterization of the nuclear-wave-
packet dynamics in terms of quantum beats between specific
stationary vibronic levels in different CO,™ electronic states.
In particular, it identifies main contributions to the nuclear
motion from the rovibronic levels in the A 2I1, and BZEL,+
adiabatic states as quantum beats. These confirm measured
valence-hole oscillation periods of 115 fs [12] and approxi-
mately 3 ps [70].

The nuclear dissociation dynamics we scrutinized here in
CO, ™" requires diabatic, laser-dipole, and spin-changing inter-
actions in order to release CO™ and O fragments into the
two open dissociation channels O(P,) + CO*(X £ ) and
O*(*S,) + CO(X '), respectively. The physically rich and
intricate combination of these interactions was shown in the
present work and in Ref. [12] to reveal aspects of the signif-
icant nonadiabatic coupling between nuclear and electronic
degrees of freedom at the conical intersection of the A 2T, and

B 22u+ states of CO,* that warrant further investigation. We
plan to extend the present model by removing its restriction
to initially linear molecules that are aligned with the linear
pump- and probe-pulse-polarization direction. Allowing for
arbitrary molecular orientation entails in particular different
dipole-selection rules and alters the population transfer be-
tween relevant states in the molecular cation. This is expected
to affect the coherent nuclear dynamics and therefore experi-
mentally observable KER spectra and dominant quantum-beat
oscillation periods.
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