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Abstract

We present a theoretical model to investigate double core hole states formation in
molecules through sequential absorption of two x-ray photons from a femtosecond laser
pulse. A complete time-dependent quantum description taking into account x-ray absorp-
tion and nuclear dynamics explicitly and Auger decay phenomenologically is established
within the local approximation. Using this model, we assess the impact of the nuclear
dynamics on double core photoionization processes in the case of the carbon monoxide
molecule. We show that sequential absorption of two x-ray photons modifies significantly
the vibrational distribution of the photoelectron spectra of the double core hole states com-
pared to direct single x-ray photon absorption. Depending on the shape of the potential
energy curves involved in the sequential absorption processes, lower or higher vibrational
levels may be favoured. Furthermore, in case the final state is dissociative, the electron

spectrum is further broaden and blue-shifted in the two-photon process.



I. INTRODUCTION

The unprecedented radiation intensity of x-ray free electron lasers (XFELs) of-
fers the possibility to create double core hole (DCH) states with a single femtosecond
pulse via sequential two-photon absorption [I} 2]. This new spectroscopic tool, called
x-ray two-photon photoelectron spectroscopy (XTPPS) [3], involves the absorption
of a first photon, producing a single core hole (SCH) state with one electron vacancy
in the K shell and the emission of a photoelectron. Different pathways are then ac-
cessible for the cationic species. It can deexcite radiatively or through the emission of
an Auger electron which is the dominant process for light elements [4]. On the other
hand, the cation may absorb a second photon leading to the formation of a DCH
state. The two core holes are either located on the same atom (single-site DCH) or
on different atomic sites (two-site DCH).

Due to the very recent development of XFELs, only few observations of DCH states
have been carried out. Most investigations concern atoms [2], 5H9], or multiply core
ionized small molecules [10H16].

DCH states can also be produced in synchrotron experiments through single x-ray
photon absorption followed by the simultaneous ejection of two electrons [I7HI9].
However, since double ionization events produced by the absorption of a unique
photon entirely depends on electronic correlations, the cross sections are low. Fur-
thermore, in such processes the cross sections for two-site DCH states are orders of
magnitude smaller than for single-site DCH states.

On the theoretical side, the first studies on DCH states formation were limited to the
calculation of the binding energies of SCHs, single-site and two-site DCHs. These
computations were realized at different levels of theory, for example using second
order algebraic-diagrammatic constructions - ADC(2) [20H22], the Green’s function

formalism [23], the complete active space self consistent field (CASSCF) and density
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functional theory (DFT) methods [24H28)], as well as post Hartree-Fock configuration
interaction formalisms [29, [30].

Time-dependent treatments are more delayed, and usually limited to classical rate-
equation models describing the time evolution in the different ionization pathways
[1H3, 5, 15, B1H34]. However, a complete time-dependent quantum description of
DCH states creation in molecules is still missing.

In the present work, we assess for the first time the influence of the nuclear motion on
the dynamics of DCH states formation induced by the sequential absorption of two x-
ray photons from a single femtosecond laser pulse. For this purpose, a time-dependent
quantum treatment of the nuclear motion accompanying x-ray absorption and tak-
ing into account phenomenologically the Auger decay is established. This quantum
model is applied here to the prototype carbon monoxide (CO) molecule which was in-
vestigated in several major experimental and theoretical studies [11], 17, 24} 28], 35].
Studies of single- and two-site doubly core ionized CO molecules formed through
single-photon absorption are reported in Refs. [17, 28]. Two-site DCH states of CO
produced upon sequential two-photon absorption using XFEL pulses were identified
for the first time by Berrah and coworkers [11].

The outline of the paper is as follows: In Sec. [[I] we present the full quantum model
to describe DCH states formation. In Sec. [[IIl numerical details on the calculations
of the ab initio potential energy curves of SCH and DCH states of CO as well as
on the nuclear wave packet propagation algorithm are provided. The impact of the
nuclear dynamics on core photoionization processes for the different ionization path-
ways is discussed in Sec. [[V] More specifically, the photoelectron spectra of DCH
states created either by single-photon absorption or by sequential absorption of two
x-ray photons are compared, together with the spectra obtained by neglecting the

nuclear motion. Finally in Sec. [V] we draw conclusions on the study.



II. QUANTUM MODEL TO DESCRIBE DOUBLE CORE HOLE STATES
FORMATION

In this section, we consider the dynamics of formation of DCH states through the
sequential absorption of two x-ray photons, which is the dominant process in the

XFEL regime. Atomic units are used throughout the article unless stated otherwise.

A. Equations of motion

The impact of the nuclear motion on the dynamics of SCH and DCH states for-
mation is investigated by solving the time-dependent Schrédinger equation (TDSE)

for the total wave packet

d

(B +W®O)[w) =iz 90). (1)

H is the unperturbed Hamiltonian given by the sum of the nuclear kinetic energy T
and the electronic Hamiltonian h. W(t) describes the interaction of the molecule
with the laser pulse. Within the Born-Oppenheimer formalism, the total wave packet

|W(¢)) is expanded as:
[W(t) = [xas(t)) ® |GS) + Z/dgl)(SCHi(l;, 1)) @ |SCH,, B e~ i+t

+> / / dkdK [xDon,, (B, K, 1)) @ [DCH;,, KRy e e ed)t, (2)

i7j7S

|GS), |SCH;, k) and |DCH?, kk') are the ground, the intermediate and the final

ij>
electronic states, produced by the absorption of two photons successively. The
momenta of the two photoelectrons are k and K , and their energies are ¢ and ¢’

The vertical electronic energies are denoted w; for the SCH states and wfj for the
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DCH states, where S denotes the spin of the DCH states. |yas(t)), |xscu, (K, )
and |X%CHZ_J_(E, k7, t)) are the nuclear wave packets associated with the ground, the
SCH and the DCH states, respectively. Satellite states are not considered in the
present work even if they can be found in the same energy region as DCH resonances
[10, 13| 36], because they can be circumvented by measuring in coincidence the two
photoelectrons.

The interactions between the photoelectrons and the remaining bounded electrons or
between the photoelectrons produced in each step are neglected in our model. Thus
the first ejected photoelectron is a spectator for the second photoionization event.
The order of the indices ¢ and j in the quantities relative to the DCH states is mean-
ingful. Indeed, in the case of CO, a couple (i,j) arranged in that order, indicating
a first ionization on the atom ¢ and a second ionization on the atom 7, is related to
a unique couple of photoelectron energies (,&’). Moreover, the (g,&’) couples are
well separated in all cases, such that quantum interferences between two different
pathways leading to the same CO DCH state are negligible.

Within these approximations, a set of coupled time-differential equations is obtained

for the nuclear wave packets after integration over the electronic degrees of freedom:

—

d -
—_ * —i(e+w;)t
1dt Ixas(t)) = has Ixas(t)) + E /dk W, R t)e Ixscn; (k,t))

.d

- -

2
D —i(e'4ws —w; .
+3 [ A Wi, R e e

.d . -
1&|X%0Hij(ka ') = <hDCH” QFDCH” 5) |X1830Hij(k?,k’at>>

+st(k R, t)el i ~o) |vgem, (K, 1)) .

(3)

e Ixscm (k, 1)) = <iLSCHi — _fSCHi - Wz’) Ixsc, (K, 1)) + Wik, R, )0 [y as(t))



The nuclear Hamiltonians for the ground state, the SCH; state with a core hole on
atom 4, and the DCHfj states with a spin S and two core holes made successively
on atom ¢ then on atom j, are given by iLgs, iLSCHi and iL]‘%CHU, respectively. The
population leakage of SCH and DCH states due to the finite core hole lifetimes is
described phenomenologically through the complex potential terms f‘SCHi and fDCHfj ,
respectively [37]. Here fCHi is taken to be the Auger decay width of the i*" electronic

state because in light atoms Auger decay dominates over radiative relaxation.

The sum over ¢ in Eq. [3] covers the carbon and oxygen SCH states. In Eq. []
the sum over j spans single-site DCH states as well as singlet and triplet two-site
DCH states. Considering a single active electron and approximating the electronic

wavefunction by an atomic 1s orbital, the transition matrix elements are given by

Wi(k, R, t) = (SCH;, k|W (£)|GS) ~ (k|W (¢)|1s;) (SCH; s, GS)
Wiss(K, R,t) = (DCH;,, kk'|W (t)|SCH,, k) o~ (k'|W (t)|1s;/;) (DCH;|ass, . SCH;) ,
(6)

where a5, is the operator for the annihilation of an electron in the 1s orbital of the
atom ¢ and ays, )i 18 the operator for the annihilation of an electron in the 1s orbital
of the atom 7 in the presence of an electron vacancy in the 1s orbital of the atom 1.
The photoelectron energies considered here amount to several hundreds of eV, such
that photoelectrons can be described as plane waves. Moreover, the matrix elements
are evaluated in the frozen orbital approximation [38], taking the overlap integrals
equal to one. Dipolar matrix elements normalized per unit energy are derived from
the dipolar matrix elements normalized per unit momentum written in equations [6]

after a change of variables detailed in the appendix [A2] They are calculated in the
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velocity gauge (see Ref. [39]) within the rotating wave approximation [38]:

~5/2 2
Wos(e 1) = 162, nswa V21 om(plr)
UEE w  V3FWHM, (22, + 2¢/)2 2 '

(7)

In this expression w is the photon angular frequency, « is the fine structure con-
stant, Zj si is the effective nuclear charge seen by the 1s;/; electron which is removed.
According to Slater’s rules the following values are taken: ZC/GS = ZC/O = 5.7,
ZO/GS = ZO/C =17.7, Zc/c = 6, ZO/O = 8. The laser pulse is described by a sinu-
soidal electric field linearly polarized along 2 in the laboratory frame, centered at t.,
with a temporal gaussian envelope defined by a full width at half maximum FWHM,.
The laser pulse intensity is defined as I = ng x w x FWHM, ! with ng the number
of photons per unit surface.

The equations of motion are further simplified by introducing photoionization decay
widths derived in the local approximation [40]. These decay widths describe the
depopulation of the ground and SCH states induced by photon absorption. Using
the change of variables given in appendix [A] one obtains the following set of coupled

differential equations for the nuclear wavepackets normalized per unit energy:

. d 7 1 oto
15 Des(0) = (s = 5T (®)) es(o) ®)
. d ~ (3 1. 1 rphoto
i— |Xscu, (6,t)) = ( hson, + € —w — =T'scn; — 51Sen, »pens(t)
dt 5 5 SCH,
X |Xscr (6, 8)) + Wei(e, ) [xas(t)) 9)
d ) i . .
157 [WBm, (6:2'0) = (R, + €+ &' = 2 = 51cn, ) ¥Bm, 6:6'0)
+ Wijs(e', 1) |Xscm (6, 1)) - (10)

Total photoionization decay widths can be decomposed in partial decay widths, one



for each open core photoionization pathway:

rphoto rphoto T
s scns(t) = Z T son, (t) = 27 Z (Wei(tiei = w —wi) %, (11)

)

for the ground state, and

TR pon(t) = DT s (1) = 21 3 [Wigs(tf = 2w —w — =), (12)
3,5 3,8

for the SCH state with a core hole on atom 7. ¢; and 6;-5; are the resonant photoelectron
energies. For the local approximation to be valid, the transition dipole moments
should weakly depend on the photoelectron energy in a large interval around the
resonance defined by [e;— E, £;+ E] for the first ionization step and by [}, — E, £+ E]
for the second step. Furthermore, the parameter E should be chosen such that 27/ E
is small compared to the pulse duration (see [40] for more details). In our model, the
transition dipole moments change by less than 10% within an energy interval of +
20 eV around the resonances. Moreover, we consider in this work a pulse duration
of 40 fs. Both conditions are therefore satisfied.

The energy differential cross section for the creation of a specific DCH;SJ- state and

two photoelectrons of energy ¢ and €’ is (see Ref. [41])

d*oji(ee) g e )
W = n_s gCHij /_ dt <XgCHij(g7€,7t>|XgCHij(67€/7t)>' (13)

For a one-site process g = 2, for a two-site process leading to a singlet state g = 1
and for a two-site process leading to a triplet state g = 3.

In order to highlight the effects of the nuclear dynamics in the intermediate SCH
states, we compare the results from the sequential absorption of two x-ray photons
with that from direct single photon absorption. We therefore integrate the doubly
differential cross section (Eq. along lines of constant sum of the energies of the
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two photoelectrons (i.e. er = € + ¢’=cte). The cross sections obtained through this

integration are given by:

dO’l (5T) +oo ~
dng = FDCH” / de/ XDCH (e,er — at)|XgCHij (e,er —e,1)).
(14)

These cross sections are compared with the following cross sections for the single-
photon pathway

dO‘fj (ET>
d€T

+OO 1 1€ 7AS
“/ dt (xes(t = 0)]e "o’y s (t = 0)) 7 TBoms)t - (15)

o0

where we assume a direct broadband excitation from the ground electronic state to

the DCH state.

III. NUMERICAL DETAILS

A. Ab initio potential energy curves and Auger lifetimes of SCH and DCH

states of CO

Potential energy curves (PECs) are calculated for the ground, the SCH as well
as the single-site and two-site DCH states at a configuration interaction level of the-
ory including single and double excitations (CISD) to take into account electronic
correlations properly. Molecular orbitals are calculated using the Hartree-Fock pro-
cedure and include the large relaxation effects upon core ionization [29, B0]. The
correlation-consistent polarized valence quadruple-zeta (cc-pVQZ) basis set of Dun-
ning [42] is opted for all states. Calculations are performed with the GAMESS-(US)
2013 program package.

The calculated PECs are shown in Fig. [Tl All electronic states have a bound PEC,
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Core hole state Vertical electronic energy [eV]
Present Ref. [24] (Theo.) Ref. [11] (Exp.)

[CK O[T 206.81 | 296.358 206.5£0.5

[COK1)* 542.50 | 542.820

[C(K-2)0]2+ 666.11 | 664418 667.9+3.6

[CO(K-2)]2+ 1176.00, 1176561
[CK~HO(K ]2+ (S = 0)] 855.00 | 854.743
(CK-O(K-1)2+(S = 1)| 855.34 | 855.200 859.3%1.2

TABLE I: Vertical electronic energies of SCH (w;) and DCH (wj}) states of carbon
monoxide.

except the oxygen single-site DCH state which exhibits a repulsive PEC. In the case
of core-holes on the carbon atom the equilibrium internuclear distance shortens as
core electrons are successively removed. In contrast, the equilibrium distance of the
singly core ionized oxygen state is larger than that of the ground state. The singlet
and triplet two-site DCH states have nearly identical PECs with an equilibrium dis-
tance close to the ground state value. Owing to the different shapes of the PECs,
distinct effects of the nuclear dynamics are expected for the different two-photon
pathways.

The vertical ionization potentials are summarized and compared with values from
literature in Table [l Our calculated vertical ionization potentials show a very good

agreement with experimental results.

Concerning the Auger lifetimes of SCH states of CO, a range of experimental
and theoretical values can be found in the literature [43-5I]. In our model the
Auger lifetimes of SCH states are taken from Ref. [43]. To our knowledge, no
Auger lifetimes of DCH states for CO are reported yet. In this work, the core hole
lifetimes of single-site DCH states are taken to be three times smaller than that
of SCH states as in Refs. [I3] 34, 52]. The decay rate of the two-site DCH state

is defined as the sum of the decay rates of the carbon and oxygen SCH states, in
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FIG. 1: Ab initio PECs for the ground, SCH, single-site and two-site DCH states
of CO, calculated at the CISD level of theory. The equilibrium internuclear
distances are indicated for each electronic state.

the approximation of independent core holes. The Auger lifetimes (7cy) and the
corresponding Auger decay widths (fCH = h/7cu) of the SCH and DCH states of

CO used in our calculations are given in Table [[I]
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Core hole state Auger lifetime ey [fs]| Auger decay width Tepy [meV]
[C(K~HO]F 6.86 96 [43]
[COK )]+ 3.85 171 [43]
[C(K2)0]> 2.29 288
[CO(K 22+ 1.28 513
[C(K™H)O(K™H]**(S =0,1) 2.47 267

TABLE II: Auger lifetimes and decay widths of SCH and DCH states of carbon
monoxide.

B. Implementation of the nuclear wave packet propagation

The nuclear wave packet propagation is performed on a spatial grid defined along
the internuclear distance within the sine- discrete variable representation (sine-DVR)
[53]. In order to obtain the photoelectron coincidence spectra associated with the
DCH states, the equations of motion (Egs. are solved for each pair of values
(e,&") thanks to the fourth-order Runge-Kutta method [54]. Convergence is reached
for a spatial grid step AR = 0.02 A, a time step At = 1072 fs, and a photoelectron
energy step of Ae = 0.02 eV. The laser pulse duration is fixed to FWHM, = 40 fs
(FWHM,, = 91.2 meV). The initial state is the lowest vibrational state (1) of the
ground electronic state. The final time of propagation (240 fs) is chosen such that
the populations in the core hole states are smaller than 1077, i.e. when the electric

field is almost zero and when the population leakage due to Auger decay is negligible.

IV. VIBRATIONALLY RESOLVED PHOTOELECTRON SPECTRA OF
CO DCH STATES

In the following, we want to assess the impact of the nuclear dynamics on core

photoionization processes leading to the formation of CO single-site and two-site
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DCH states. A detailed analysis is carried out for each ionization channel separately.
The photon energy is chosen at 1 keV such that all ionization channels are open.
The number of photons within the single pulse of 40 fs duration is fixed to 4 x 10° for
all the calculations. For a laser pulse focusing area of 1.6 yum?, the photon density is

thus ng =4 Mb™'.

A. Formation of carbon single-site DCH state

We first discuss the formation of carbon single-site DCH state. The corresponding
photoelectron-photoelectron coincidence spectrum is shown in the left panel of Fig.

The axes € and €’ correspond to the energy of the photoelectrons produced in the

0.100 19 E
632.0 N 1’0 cdc¢hba (Reqg, 2w, eT)
631.5 2 s I I
— = - /
- .
Z 6310 L1 0.010 ; 0.6 |
w 6305 5 04 |
630.0 ~ 02}
629.5 H 0.001 0.0 bl - :
7024 7028 703.2 703.6 704 1332 1333 1334 1335 1336
e [eV] er =¢c+ ¢ [eV]

FIG. 2: Left panel: Photoelectron-photoelectron coincidence spectrum for
[C(K~2)O)*" formation (logarithmic scale in arbitrary units). The labels (0-3)
indicate the vibrational level of the SCH state. The labels (a-e) indicate the
vibrational level of the DCH state. See text for more details. Right panel:
Comparison of the spectra of the total photoelectron energy 7. Black full line:
Two-photon process including nuclear dynamics; Green dotted line: Two-photon
process simulated from vertical transitions at the equilibrium internuclear distance
of the ground electronic state; Brown dashed line: One-photon process including
nuclear dynamics. The three spectra are scaled with respect to their most intense
peak. The red vertical bars correspond to the Franck-Condon factors for the
production of each (a-e) vibrational level of the DCH state.
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first and second ionization events, respectively. A vertical line corresponds to the
formation of a given vibrational state of the SCH state. A vibrational progression
is clearly observed: the main contributions of the peaks centered at ¢ ~ 703.51,
703.18, 702.85 and 702.53 eV are the v, vPH LSCH and 1§ vibrational states,
respectively (see labels (0-3) at the bottom of the panel). Moreover, each spot along
a vertical line is associated with a given vibrational state of the DCH state. On
the other hand, a diagonal line corresponds to a given total photoelectron energy
er = €+ ¢, and thus to the formation of a given vibrational state of the DCH
state. The corresponding labels (a-e) indicate the vibrational levels (0—4), and
are indicated on the left side of the panel. The main ionization channels leading
to the formation of [C(K=2)O]** are summarized in Table [[II, where the relative
intensities with respect to the most probable event are collected. In contrast to
the first ionization step, one can not associate a vibrational state to a particular
value of ¢’. Nevertheless, the vibrational progression in the DCH state is observed
when the photoelectron-photoelectron coincidence spectum is integrated along lines
of constant e (right panel of Fig. [2)).

The differential cross sections with respect to the total photoelectron energy, as
defined in Eq. for the sequential two-photon process and in Eq. for the direct
one-photon process are displayed in the right panel, as well as the spectrum obtained
for a two-photon process at a fixed internuclear distance. In the following, we com-
pare the three spectra in order to highlight the role of the nuclear dynamics on DCH
state formation. The spectrum for the sequential two-photon pathway including nu-
clear dynamics (black full line) — labeled (2w, e7) in the following — presents a long
vibrational progression corresponding to the population of the five lowest vibrational
states in the final DCH state. Several ionization pathways are possible for a given
energy er. For example, the peak at 1334.41 eV (label a) mainly originates from the

population of the fundamental vibrational level of the SCH intermediate state and
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Label|[C(K2)0 [[C(K-DOK D] via [C(K- O[T [[C(K-HOEK NJ*F via [COK N]T

00 (100) 00s (31.0) 00s (25.6)
a | 10 (6.82) 105 (5.05) 105 (6.86)
205 (0.19) 205 (0.52)

01 (9.24) 007, 01g (100) 007, 01g (100)

b | 11 (65.1) 107, 115 (29.2) 10r, 115 (20.7)

21 (4.03) 207, 215 (3.61) 207, 21g (2.15)

12 (12.4) 0L, 025 (19.5) 01, 025 (83.5)

¢ | 22(203) 11y, 125 (52.7) 11y, 125 (5.20)

21, 225 (11.7) 217, 225 (2.15)

13 (0.33) 027, 035 (2-26) 027, 035 (34.7)

d | 23(5.97) 127, 135 (25.8) 12¢, 135 (19.9)

33 (3.74) 227, 235 (11.9)

. ] 13y, 145 (5.00) 037, 04s (8.28)

237, 24s (11.4) 13r, 145 (17.8)

. ] 14y, 155 (0.65) 041, 05s (1.31)

247, 25 (3.32) 14y, 155 (6.86)

247, 25 (3.12)

TABLE III: Main ionization pathways. The labels (a—f) refer to the vibrational
levels (0—5) of the DCH states. Each box in the table contains information on the
vibrational levels of the intermediate SCH and final DCH states and on the relative
Franck Condon intensities (given in parentheses). The indexes S and T refer to the

spin state of the DCH.

to a less extent from that of the first excited vibrational level (see Table [[II). The

pathway via the ground vibrational state dominates although RSqCH < Recff, since

the shape of the PECs of the ground and SCH states is different. Moreover, the Re,
of the SCH and DCH states are close to each other and the corresponding PECs
have a similar shape (see Fig. , such that the vibrational populations are almost

DCH ;

unchanged during the second photon absorption (i.e. 77" — vPCH is favoured).

The spectrum obtained for a two-photon process without including the nuclear de-
gree of freedom (green dotted line) — labeled (Req, 2w, er) — exhibits a single peak

with a FWHM of 0.3 eV. The comparison of the (R, 2w,er)- and (2w, er)-spectra
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shows that the nuclear dynamics broadens substantially the energy distribution. For
this system and a laser pulse of 40 fs, vibrational dynamics is the largest source of
broadening.

The spectrum obtained for the direct one-photon pathway (brown dashed line) —
labeled (w,er) — also exhibits a well-resolved vibrational progression. However, the
relative intensities of the peaks differ from that of the (2w, er)-spectrum. In the case
of direct ionization, ¥PC! is dominantly populated while when the system goes via
the SCH intermediate state the most intense peak corresponds to vP™. The first
excited vibrational state is favoured in the former case owing to the shortening of
the bond of 0.08 A accompanying the photon absorption, while in the latter case
the dynamics in the intermediate SCH state enhances the population of vP“!. The
difference in the relative intensity distributions in the vibrational structure of the
spectra for the two-photon and one-photon pathways illustrates the influence of the

nuclear dynamics in the intermediate SCH state, and provides information on the

shape and the relative displacement of the core hole PECs.

B. Formation of oxygen single-site DCH state

In contrast to the carbon case, the equilibrium bond length increases of 0.03 A when
one core electron is removed from the oxygen 1s orbital. Furthermore, the molecule
dissociates after creating a second vacancy in the oxygen K-shell. We therefore
expect a completely different impact of the nuclear dynamics during the formation
of oxygen single-site DCH state. The photoelectron-photoelectron coincidence spec-
trum is shown in the left panel of Fig. [3l Three peaks are visible in the spectrum
at & ~ 457.54, 457.32 and 457.06 eV corresponding to the population of y5CH,

SCH

and v3~", respectively. No vibrational distribution is observed along the energy of

the second photoelecton due to the dissociative character of the oxygen single-site
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FIG. 3: Left panel: Photoelectron-photoelectron coincidence spectrum of
[CO(K™2)]?* state (logarithmic scale in arbitrary units). Right panel: Comparison
of the spectra of the total photoelectron energy . For further details on the
different spectra, see caption of Fig.

DCH state.

The (2w,er), (Req,2w,er) and (w,er)-spectra are compared in the right panel
of Fig. Bl The comparison between the (2w,er)- and (w,er)- spectra with the
(Req, 2w, e7)-spectrum shows that the vibrational broadening is significant. Again
it is ascribed to the dissociative character of [CO(K™2)]*". The FWHM of the
(2w, er)-spectrum amounts to 2 eV which is larger than that of the spectrum for the
one-photon absorption (FWHM=1.8 eV). The broadening of the (2w, er)-spectrum
is due to the spread of the nuclear wave packet along R in the SCH state. Further-
more, the (2w, er)-spectrum is shifted by +0.9 eV and by +0.27 eV with respect to
the (Req, 2w,e7)- and (w, e7)-spectra, respectively. This energy shift is explained by
the elongation of the bond in the intermediate SCH state.

C. Formation of two-site DCH states

The contribution of singlet and triplet two-site DCH states superimposed in the

electron spectra owing to the small energy difference between these two states. In-
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FIG. 4: Left panel: Photoelectron-photoelectron coincidence spectrum of
[C(K™HO(K™1)]*" state, with [C(K™')O]T as the intermediate SCH state
(logarithmic scale in arbitrary units). Right panel: Comparison of the spectra of
the total photoelectron energy 7. Red dashed and blue full vertical bars:
Contributions of the singlet and triplet cationic states, respectively. For further
details on the different spectra, see caption of Fig.

deed, the difference in the vertical electronic energies between the triplet and singlet
states (251 meV) is in the order of the vibrational energy spacing of the two-site
DCH states (297-283 meV). In the following, we therefore show the sum of the two
contributions. Each state can be reached by two pathways, either via the carbon
SCH or via the oxygen SCH states. However, the energy pairs (g,¢’) for the two
pathways differ significantly, such that one knows which element is ionized first. The
photoelectron-photoelectron coincidence spectra with [C(K~1)O]™ and [CO(K™!)|*
as the intermediate SCH states are shown in Fig. [f] and [5] respectively. The main

ionization pathways and their relative intensities are summarized in Table [[TI]

The vibrational progressions along ¢ are similar to that observed in the single-site
DCH spectra. However, owing to the different PECs of the two-site DCH states and
of the single-site DCH ones, the distributions along &" are clearly different. The spec-
trum obtained by integrating the photoelectron-photoelectron coincidence spectrum

along diagonal lines is shown in the right panels of the Figs. [fland ], together with the
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(Req, 2w, e7)- and (w, er)-spectra. We first discuss the spectrum with [C(K~1)O]*
as the intermediate SCH state. The (w,er)- and (Req, 2w, e7)-spectra differ only
marginally due to the similar shape of the PECs and the close R, of the ground
electronic and two-site DCH states. However, the (2w, e7)-spectrum exhibits a much
longer vibrational distribution than the two latter. Indeed, in the case of two-photon

absorption and when the nuclear dynamics is included, vibrational levels up to vPH

vPCH yPCH are seen in the one-photon spectrum. These

can be reached while only
results show that the nuclear dynamics in the intermediate state allows to reach
higher vibrational levels compared to the direct pathway.

Same conclusions are drawn for the pathway via the oxygen SCH state. The
difference between the (2w, er)-spectra with the carbon and oxygen as intermediate

SCH states is shown in the right panel of Fig. (gray area). These normalized

spectra are almost identical, since the energy of the intermediate SCH state cancels

g 0100 19 F
688.5 = fedeéha (Req, 2w, eT)
688.0 : = L0 (2w, e7)
= 687.5 T g 0.8 (w,er)
2 687.0 40010 5 o6 |
W 686.5 ] = 04
686.0 ] ~ 02}
685.5 B o001 0.0 AT
456.9 457.2 4575 457.8 1143 1144 1145 1146
e [eV] ep =e+¢' [eV]

FIG. 5: Left panel: Photoelectron-photoelectron coincidence spectrum of
[C(KTHO(K™1)]** state, with [CO(K™!)]T as the intermediate SCH state
(logarithmic scale in arbitrary units). Right panel: Comparison of the spectra of
the total photoelectron energy ep. The difference between the (2w, er)-spectra with
the carbon and oxygen as intermediate SCH states is given in gray shaded area,
together with the scaling factor. Red dashed and blue full vertical bars:
Contributions of the singlet and triplet cationic states, respectively. For further
details on the different spectra, see caption of Fig.
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by energy conservation for the two-photon process. However, there is a small change
in the normalized intensity distributions coming from the different transition dipole
moments and SCH Auger decay widths. The non-normalized spectrum is 1.6 times
more intense for the ionization pathway via the carbon SCH state. Moreover, the
vibrational pathways to reach the same vibrational state of the DCH state are differ-
ent: for example, the main ionization pathways to reach vP°H via [C(K~1)O]* is 013
and 023, while the major contributions come from 003 and 013 when [CO(K™1)]T is
the intermediate state (see Table [[TI).

To conclude, the photoelectron-photoelectron coincidence spectra of the two-site
DCH states are clearly distinguishable for the ionization pathways via [C(K~1)O]"
and [CO(K™1)]T. In contrast, the normalized ep-spectra for the two pathways differ
only slightly in intensity but the peak positions are identical.

V. CONCLUSIONS

In the present study, the formalism to describe DCH states production through
the sequential absorption of two x-ray photons from a femtosecond laser pulse is
developed. The intricated problem of x-ray absorption, nuclear dynamics and Auger
decay is investigated using a full quantum treatment of both electronic and nuclear
motions. This time-dependent quantum model is applied to carbon monoxide, which
is used as a prototype molecule. We tackled the study of the influence of the nu-
clear dynamics on core photoionization processes. In this purpose, the photoelectron
coincidence spectra associated with single-site and two-site DCH states of CO are
calculated. The kinetic energy distribution of the first emitted photoelectron exhibits
a clear vibrational progression, and is a fingerprint of the nuclear dynamics in the
intermediate SCH state. The vibrational progression of the DCH states appears in

the spectra of the total photoelectron energy. Moreover, a comparison is given be-
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tween the sum of the energies of the photoelectrons emitted through the sequential
absorption of two x-ray photons (including or neglecting the nuclear motion) and
for the direct single-photon pathway. We showed that the signature of the nuclear
dynamics is characteristic of the ionization pathway and permits to deduce infor-
mation on the topologies of the PECs and their relative displacements. In order to
investigate DCH spectroscopy for chemical analysis purposes, it would be interesting

to extend the present study to higher dimensional systems.

Appendix A: Definitions of nuclear wave packets and transition dipole matrix

elements

In order to obtain the time-differential equations of motion in photoelectron en-
ergies from those in photoelectron momenta, we perform the following change of

variables for the nuclear wave packets

—

Ixscr, (k. 1)) = [Xscm, (€, 1)) (25)_1/43/10(Qk)eik'@iei(ﬁwi_w)t

‘X]‘%CHij <E7 k_;;a t)> = |)~<IS)CH¢J' (5, 5/7 t)> (26)_1/4(26,)_1/4}/10(916))/10(Qk’)eik‘GAiei LGA]Ei(E#FE +w572w)t7

and for the transition dipole matrix elements,

- —

Wgz é, t) = ng (8, t) (25)—1/46—iwty'10(Qk)eik-GAl

a—A>.

WijS (5,7 t) (281)—1/4€—ith10<Qk/)€ik’~G

J

(K,
Wis(k' R, t) =
(A2)
Q. and Qs are the solid angles for the emission of the first and second photoelectrons,

- —) -
resp. The phase exp (ik - GA;) defines the photoelectron momentum k& with respect
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—
to a common reference for all plane waves. GA; is the length vector between the
center of mass of the molecule G and the ionized atom A;. All phases simplify in the

equations of motion.
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