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1. Introduction

X-ray free-electron lasers (XFELs) [1-3] have introduced new tools andrtechniques for
the investigation and imaging of atoms and molecules [4, 5]. The x-rayhenergy of
the photons and high intensity of the FEL pulses allow for high-resolution images of
large biomolecules [6-8]. These x-ray photons are also more likely to-ienise inner-shell
electrons than valence electrons, resulting in the creation of core holes. If another core
hole is created, before the atom or molecule has time to relax wvia Auger processes, a
double-core-hole (DCH) state is formed. In molecules, theré are4wo types of DCH
states, those where both core holes are on the same atomic site, i.e. single-site double-
core-hole (SSDCH) states, and those where the core holes are omdifferent atomic sites,
i.e. two-site double-core-hole (TSDCH) states. These TSDCH states are particularly
interesting due to their sensitivity to their chemical gnvironment [9-13]. Double-core-
hole states are short-lived, as they decay via Auger processes. This process involves
a core hole being filled in by a valence electrongwhile,the released energy results in
the ejection of another valence electron. There has‘been @ significant amount of both
experimental [14-18] and theoretical [19,.20] work/regarding these states.

We investigate the influence of twossite double-core-hole states during the
interaction of an FEL pulse with a heteronuclear diatomic molecule. Specifically, we
identify the set of pulse parameters that. maximise the production of two-site double-
core-hole states during the interactiomjef carbon monoxide (CO) with an FEL pulse.
The interaction of CO with@an FEL pulseshas been the focus of several studies, as
it pertains to biomolecules [21, 22}. The formation of TSDCH states in CO has been
detected experimentally through photeelectron spectra [14], with supporting theoretical
energy calculations [11]. In the\current study, we investigate the effect of the photon
energy, pulse duration and inteénsity of the pulse on the contribution of TSDCHs in the
formation of the final ion yields./ As a result, we identify the most appropriate FEL
pulse parameters for maximising the proportion of the final ion yields that accesses a
TSDCH. In additien;we investigate the role of TSDCH states during the interaction of
an FEL pulse with a homenuclear versus a heteronuclear diatomic molecule. We do so
in the context.ef-molecular nitrogen (Ny) versus CO, two diatomic molecules of similar
electronic stfucture.

Moreoveryiwe investigate whether carbon or oxygen populate more highly-charged
states during the interaction of CO with an FEL pulse. That is, by varying the
photon ‘energy as well as the duration and intensity of the FEL pulse we identify which
pulse parameters favour higher-charged states being populated by carbon or oxygen.
Intaddition, for the same FEL pulse parameters we compare the resulting carbon
and oxygen ion yields with the atomic nitrogen yields resulting from the FEL pulses
interacting with Ny. This allows us to identify additional differences in the interaction
of homonuclear and heteronuclear molecules with FEL pulses.
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2. Method

2.1. Rate Equations

We use rate equations to model the interaction of gaussian FEL pulses with CO.
Every energetically accessible state of CO is denoted by its electronie eonfiguration,
(107, 20" 30¢, 40%, 17, 1%5, 509), where a,b,c,d, e, f and g are the mumber of,electrons
occupying a molecular orbital. This occupancy is 0, 1 or 2. These rate equations
were discussed in detail in previous work in the context of the"homenuelear molecule
Ny (lo%, 105,208,200, 175, 1m),, 309) interacting with FEL pulsés [23]. In the rate
equations describing the interaction of CO with an FEL pulse we_employ the single-
photon ionisation cross-section and Auger rates for all energetically,allowed transitions
in CO as well as its atomic fragments. Atomic units_aresused in this work, unless
otherwise stated. To obtain these cross sections and rates. we need to compute the
bound and the continuum atomic and molecular orbitals for all energetically accessible
states. To simplify the computations involved for the phote-ionisation cross-section and
Auger rates, we express these orbitals in terms'of a single-centre expansion (SCE) [24].

In the rate equations, the photon flux,2/(t), is usedto compute the photo-ionisation
rates. For a monochromatic pulse of photonrenergy w, we consider J(t) to have a
Gaussian temporal form that is given by

) = i—oexp {—4ln2 (;)2} , (1)

where [ is the peak intensity/of the EEL pulse, and 7 is the full-width half-maximum
(FWHM) of the pulse. In what é)llows, intensity refers to the peak intensity in equation
1.

2.2. Bound and continuum orbitals

We obtain the mglecular and atomic bound wavefunctions v; using the Hartree-Fock
technique in Molpro [25], a quantum chemistry package. We use the cc-pV'TZ basis set to
obtain the bound wavefunctions for CO with the nuclei fixed at an equilibrium distance
of 1.128 A[26]. In thé single-centre expansion the bound and continuum wavefunctions,
1; and 1erespectively, are expressed as [24]

: (2)

i/e VYo (6.
bago () = 3 Lm (Vi 6.9)

r
Im

with ev=d(r, 0, ¢) denoting the position of the electron, with respect to the centre of
mass of the molecule. We denote by Y},,, a spherical harmonic with quantum numbers [
and m while Pl;/f(r) denotes the single centre expansion coefficients for the orbital i/e.
The index ¢ refers to the ith bound orbital, while € refers to a continuum orbital with
energy €. Since CO is a linear molecule, it has rotational symmetry and hence only one
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m value is involved in the summation in eq. (2). For a heteronuclear molecule, like CO,
the wavefunctions have no gerade or ungerade symmetry and therefore bothéeven and
odd values of [ have to be included in eq. (2). This is unlike a homonuclear molecule,
like Ny, where only odd or even values of [ are included in the summation in _eq. (2)
depending on whether the wavefunction has gerade or ungerade symmétry.

The continuum wavefunctions, ¢, are calculated by solving thedfoellowing Hartree-
Fock equations [23, 24, 27]:

nuc. orb.

1, PG )
V 1/]6 +Z ’ R ’ +ZGZ ‘r—rp[ d}e(r)
Kinetic energy Electron nuclei Direct 1¥eraction
orb.
Ui (ep)e(rp)
- Zb [ v = et @

J/

LV
Exchange interaction

where 1); is the wavefunction of the ¢th bound molecular.orbital, a; is the occupation
of orbital ¢ and b; is a coefficient asso¢iated with.the ith orbital, whose values are
determined by the symmetry of the state. Eorimore details, see our previous work [23].
R, and Z,, are the position with respect to the centre of mass, and the charge of nucleus
n, respectively. In order to compute the eontinuum orbitals 1., we substitute 1. and 1);
using eq. (2) and use the non-iterative method [23, 24] to solve for the Py, coefficients.

2.8. Photo-ionisation

The photo-ionisation Cross—secthn for an electron transitioning from an initial molecular
orbital 1; to a final continuum molecular orbital 1. is given by [2§]

Oise — —cwr 20N, Z . (4)
M=-1,0,1

The fine-structure constant is denoted by «, the photon energy by w, the occupation
number of orhital ¢ by.V; and the magnetic quantum number of the photon by M. In
the length gauge; using €q. (2), the matrix element DM is given by

\/ﬂ / dr g, (1) P (1) / A0V, (0, 6) Vi (6, 8)Yias (6, 6)

- Z (—1)m/\/(2l—|—1)(2l’+1) <g (l) (1)) (—lrln’ rln ]\1/[> /Ooodr ox (r)rPL(r).

Im,l'm’

(5)

FEq.(4) clearly shows that, by adapting the SCE for the bound and continuum
wavefunctions, we significantly simplify the computation of the cross-section. Namely,
the result of the angular integrals is expressed in terms of the Wigner-3j symbols
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[29] and we only have to solve a 1D integral numerically, which involves the single-
centre expansion coefficients, Plif The computation of the matrix element D is more
intensive for the heteronuclear molecule, CO, than the homonuclear Ny as it invelves
both odd and even values for the [ and " numbers.

2.4. Auger decay

Auger decay rates have been calculated with a variety of different methods in existing
work [30-40]. The general expression for the Auger rate, I, is given by [41]:

= ZQW!M\Z = ZQWK\Dﬁn‘Hl’\DmitHZ; (6)

where S denotes a summation over the final statescand an. average over the initial
states. |Wiyt) and |Wg,) are the wavefunctions of all electrons in the initial and final
molecular state, respectively. Hj is the interaction Hamiltonian. In the m,, my, S, Mg

scheme, the Auger rate is given by [23] .
Fb,a%s,( = Z 71-]Vab]\]’h Z |M|27 (7)
"SMa S M r

with N, being the number of holes in theworbital to be filled. a, b refer to the valence
orbitals, s to the core orbital which is filled in and ( refers to the continuum orbitals. S
and Mg are the total spin andiits orientationi before the transition and S’ and Mg are
the total spin and its orientation afterwards. As the CO orbitals have well-defined m,
the summations over m will take only asingle value. Ny, is the weighting factor related
to the occupation of the valence.orbitals which fill the hole given by

Vel for different orbitals

2 X 2

Nab P { Na(Na y 1) (8)

2x2x1

for same orbital.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPHYSB-106122.R1

Carbon monoxide interacting with free-electron-laser pulses 6

Here, N, and N, are the occupations of orbitals a and b, respectively. The' matrix
element, M, is given by

M = 65 8350 (20 + 1)(2La + 1)(2Lc + 1)(2 + 1) 9)
k Tk
|33 (caynete / dry / Ars P (1) P (r2) s P ) P )
Klels g=—F >
lola
~
AN AN AN S A
0 0 O —Mg q Mg 0 0 O —q —m¢ my
k k
mg m * S* T a
S0 Sy L [ araPg, () Py B, (1) P, 12
kicls q=—k

Ipla

" ls k 1 ls k I E ol 1, k V.

0 0 Of\—ms g my 0 0 0) \=q¢ —me myg
where ro = min(ry,79) and rv = maz(ry, r3). Dueto rotational symmetry, each orbital
has a single well-defined m number. This calculation is more computationally intensive
in the heteronuclear case than in the homonueclear case, as the wavefunctions do not

have gerade or ungerade symmetry and therefore will involve both odd and even values
of [.

2.5. Dissociation ~

We treat the dissociation of the molecule phenomenologically, with rates based on FEL
experiments with Ngn[20, 42, This approximation is justified by the similarity between
CO and Ny, particularlyiwith respect to their dissociative transitions [43]. We assume
that, as for Ny, @O dissociates at its equilibrium distance. The molecular ion CO?**
is treated as dissociating with a lifetime of 100 fs [42]. The final products of this
dissociation, @ccordingto the experimental work in ref. [44], are C* and O with 85%
probability, €?"/and 1O with 9% probability, and C and O?** with 6% probability. States
of CO?** awithout.cote holes are treated as instantaneously dissociating to C* and O?**
or C*land O \with equal probability, as is the case for N, [20, 23]. All states of
CO*trare treated as dissociating instantaneously to C*™ and O [20, 23]. To determine
which atomiic orbitals are unoccupied after dissociation, we determine how the molecular
orbitals with missing electrons map to atomic orbitals by calculating overlaps between
molecular and atomic orbitals. Specifically, we calculate the overlap (S°[yS/®Y of
each molecular orbital of neutral CO with each atomic orbital of neutral C and O,
where a corresponds to a molecular orbital and « to an atomic orbital. We find that
(pO)p9) &~ 1, which means that the 1o CO orbital with energy 542 eV corresponds to
a 1s O orbital with energy 544 eV. Moreover, we find (1$°]€) ~ 1, which means that
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the 20 CO orbital with energy 296 eV corresponds to a 1s C orbital with energy 297eV.
The other molecular orbitals have overlaps with atomic orbitals on both atemic sites.
In what follows, we use these overlaps to determine the possible dissociation produets
and the dissociation rates to different sets of atomic states. For example, for.a CO%t
state with missing electrons in molecular orbitals a and b, the dissociation rate to atomic
states missing electrons in atomic orbitals o and 3 is given by:

CO C O
525 - g ST
55 WSO [(wsRlusiP

(10)

2 2
e o WSO | @S 1 9)
[CH+0" — .85 x 19 2

ab—a (11)
s > (WSO SN P Sp0) |

L0 _ o og o oot | R RIE1g)

a,b—a a 7 (12)
o G STt AT

where Facgﬂ is the rate of dissociation of ‘molegular ion CO** with electrons missing
from molecular orbitals a and b. Thiswate corresponds to a lifetime of 100 fs [42]. Note,
in eqs. 10-12, we only consider transitions to atomic ions with electrons missing from

orbitals o and [ if the relevant overlaps have values greater than 0.02.

3. Results

3.1. Ton Yields 2

3.1.1. ITon yield dependence‘on FEL pulse parameters In what follows, we identify how
the C and O ion yields depend on different FEL pulses interacting with CO. In Fig. 1,
we show the atomie ionyields of C and O produced by FEL pulses interacting with CO.
These ion yieldssare obtained as a function of intensity for FEL pulses of photon energy
1100 eV and pulse dusation 4 fs Fig. 1(a) and 80 fs Fig. 1(b) as well as of photon energy
350 eV and /pulsé dugation 4 fs Fig. 1(c) and 80 fs Fig. 1(d). The photon energy 1100
eV is sufficient to iomise an electron from the 1o orbital, the innermost orbital of CO,
while 350 eV allows for an electron to be removed from the 20 orbital. Therefore, the
photon energy of 350 eV does not allow for an electron to be removed from the O site of
CQ. An 80 fs duration FEL pulse allows for more photo-ionisations transitions to take
place compared to a 4 fs duration pulse.

At@'given intensity, for 1100 eV photon energy, comparing Fig. 1(a) with Fig. 1(b)
andyfor 350 eV photon energy, comparing Fig. 1(c) with Fig. 1(d), we find that as
expected the longer 80 fs pulse results in larger yields for the higher-charged states
compared to the shorter 4 fs pulse. This is due to a larger number of photons being
absorbed during the longer duration pulse. Moreover, we identify the effect of the
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0
1001 __ ¢ (a) 1100 eV 4fs (b) 1100 eV 80fs [,
10
._2 |
- 10
2
>

107

—4 _/

10

107

10"

Yield

Intensity (Wcm'z) Intensity (Wem™2)

Figure 1. Carbon and oxygen ion yields, as a function of intensity, produced by CO
interacting with FEL pulses with (a) 1100 eV and 4 fs FWHM (b) 1100 ¢V and 80 fs
FWHM (c).350 eV and 4 fs FWHM (d) 350 ¢V and 80 fs FWHM.

photon energy, for@ given pulse duration, by comparing the ion yields of the 350 eV
pulses with the ion yields of the 1100 eV pulses. That is, we compare Fig. 1(a) with
Fig.d(e) and Fig. 1(b) with Fig. 1(d). We find that, at a given intensity, the ion yields
for the higher-charged states are larger for the smaller 350 eV photon energy pulse. This
is attributed to two factors. For a given intensity, a lower photon energy corresponds to
a higher photon flux. In addition, the photo-ionisation cross-sections are higher for the
lower 350 eV photon energy compared to the higher 1100 eV photon energy, resulting
in more photo-ionisation processes.
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3.1.2. C versus O atomic ion yields For a given charge state, the C and O atgmic ion
yields as a function of intensity are generally different, see Fig. 1. For bothy1100 eV,
and 350 eV photon energies and 4 fs and 80 fs pulse durations, we compare C with-O,
C* with OF and C?** with O?T. We find these ion yields to be similar,ssineésthey are
created mostly by the dissociation of CO**. Specifically, CT and O arefereated inequal
amounts, see eq. (11). For small intensities, the atomic ion C** has asslightlyzhigher ion
yield than O%**| since C** is produced with a dissociation rate of 0.09 x F822+ (eq. (10)),
while O?* is produced with a rate of 0.06 x Fg?2+ (eq. (12)). For'higher intensities, the
biggest difference between C?* and O%** ion yields, occurs for pulse/parameters 350 eV
photon energy and 80 fs pulse duration. The reason is that significantly more atomic
photo-ionisation transitions after dissociation lead to the formation of O?* compared
to C?>T. This is shown in Fig. 2(d). Note, in Fig. 2(a-d)y we plot, as a function of
intensity, the average number of atomic single-photon/ionisation transitions that lead to
the formation of each atomic ion state.

We now focus on the higher-charged states ™t and. O"", where n = 3,4,5. At a
given intensity, we find that for the 1100 eV photon energgf, both for the 4 fs and 80 fs
pulses, the yield of the O™ ion is higher than the yield of the C** ion. The reason is that
the single-photon ionisation cross-section to remove an electron from the 1o molecular
orbital or from the 1s orbital in oxygen is higher than the cross-section to remove an
electron from the 20 molecular orbital érsfrom the 1s orbital in carbon. Fig. 2(a) and
Fig. 2(b) show that atomic photo-ionisation transitions play a more important role for
the formation of C°* and O°*roughly two transitions, compared to one or less atomic
transitions leading to the formatiomef C** and O™ with n = 3,4. At a given intensity,
we find that for the 350 eV photon energy, both for the 4 fs and 80 fs pulses, the yield
of the C™* ion is higher tham the.yield of the O™" ion where n = 3 or 4. The reason
is that a photon energy of 350 eV¢is insufficient to ionise a core electron corresponding
to the oxygen atomic site'in CO or to ionise a 1s electron from an oxygen atomic ion.
Hence, while C** is formed by an inner-shell atomic photo-ionisation from C?* followed
by an Auger process, QL' isfformed by two valence atomic photo-ionisation transitions
from O?*. Indeed, comparing Fig. 2(c-d) with Fig. 2(a-b), we find that the number of
atomic transitiohs toxform C** remains roughly equal to one both for 1100 eV and 350
eV. However, for' O%t the. number of photo-ionisations increases to two in the 350 eV
case compazedto oné in the 1100 eV case. Finally, for the 350 eV case, C5* and O°* are
both created by, three valence atomic photo-ionisation transitions, resulting in similar
ion yields:
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Figure 2. Average number of atomic single-photon ionisations, as a function of
intensity, for each charged ion produced by CO interacting with FEL pulses with (a)
1100 eVrand 4 fs FWHM (b) 1100 eV and 80 fs FWHM (c) 350 eV and 4 fs FWHM

(d)/350 eViand 80 fs FWHM.

3.1.3. [Pathways for the formation of C and O atomic ions Next, we discuss the
prevalentypathways leading to the formation of C** and O™, with n = 1,2, 3,4, when
CQ interacts with an FEL pulse of 10'® Wem™2 intensity, and 1100 eV and 350 eV
photon energies and for FWHM equal to 4 fs and 80 fs. For the FEL pulse of photon
energy 1100 eV and FWHM 4 fs and 80 fs we find that the main pathways leading to
theformation of ions up to C** and O** do not involve any atomic processes, see Table

1 and 2. Moreover, we find that the main pathway involves a single-photon absorption

from a 1o orbital and an Auger decay filling in the 1o hole. For both pulses, we find

that the main pathway leading to the formation of C3* and O3* involves a single-photon
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ionisation from the 1o molecular orbital and an Auger decay filling in the 1o hole, while
it involves an atomic single-photon ionisation of a core electron and an Auger decay:.
Regarding C** and O**, one of the main pathway leading to their formation involves
two single-photon ionisation processes from the 1o orbital and two Auger decays filling
in the 1o core hole as well as an atomic single-photon ionisation of a core electron and
an Auger decay. For the FEL pulse of photon energy 350 eV and FWHM 4. fs and 80
fs, we find that the main pathways leading to the formation of ions up to @ and O?*
do not involve any atomic processes, see Table 3 and 4. This is similarito the respective
pathways for the FEL pulse of photon energy 1100 eV. The differeniee between the 350
eV and the 1100 eV FEL pulses, is that for the former (latter) the main pathways involve
a single-photon absorption from a 20 (1o) orbital and an Auger decay filling in the 20
(1o) core hole. Another difference between the 350 eV and:1100 ¢V FEL pulses is that
the formation of O3t and O** involves single-photon absexptions of valence electrons.
This is consistent with our finding, discussed in thé@previous section, that, for the 350
eV photon energy, the ion yields of C3* and C*#arelarger than the yields of O3" and
O**, respectively. y

Ion Mol Pathway Atom Pathway Proportion (%)
C PiyA1,D 69
Cct P, A1 4D 69
Cc2t Pi,A1,D 62
o3+ {P1y P, A15 A1g}.D A 27
C3t PigA1,D PcA 20
ot { P15 P2y Py Ayg } D AA 27
cAt {P1, P14A 1, A1, Y D P-A 25
0 P, A1yD 69
0 PygAs, D 29
(Ohs P, A1,D 69
Ohs P>y Aoy D 29
02+ P, A1,D 59
027 Py, Asy D 25
03% P, A1,D PoA 48
O3+ Pyy Aoy D PoA 13
05y {P1,PisPis A1} D AA 30
O** {P1y P, A15A15} D PcA 23

Table 1. The % contributions to the atomic ion yields up to C**/0** of the dominant
pathways of ionisation for an FEL pulse of 4 fs FWHM, 1100 eV photon energy and an
intensity of 10'® Wem™2. Py, and Ps, refers to a photo-ionisation either from the lo
or 20 orbital, respectively. Ay, and As, refers to an Auger transition in which either
the 1o or the 20 orbital is filled, D refers to a dissociation. Where transitions are in
braces, the different orders of transitions are also included.
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Ton Mol Pathway Atom Pathway Proportion (%)
C PisA1.D 69
ot Piy A1, D 68"
c2 {P1sPisA15A15} D 28 \
c2 PiyA1,.D 2
C2+ {P10P20A10A20} D
c3t P ,A,D PoA 63
c3t PyyAgyD PoA
C4+ {P].O'P].O'A].O'A].O'} D PCA 3
CHr {PIO'PQUAIUAQJ} D PCA
O PisA1.D 69
O Py Aoy D 29
ot PisA1.D 68
ot Py Aoy D 29
02+ {PlaplcfAlcrAla} D 29
O2+ {P10P20'A10'A2a} D 24
0%t P, A1,D 22
03+ PisA1.D 66
03+ Py, Ao, 26
O4+ {PlchlaAlo'Ala} D C 40
ot {P1yPoy A1, } D A 29

%

le 1 for an FEL pulse of 80 fs FWHM, 1100 eV photon
16 Wem ™2,
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Ton

Mol Pathway

Atom Pathway

Proportion (%)

C
C+

CQ-‘r
C2+

CS-‘r
CS-‘r

(O
ot

Ot

02+
02+
O3+
03+
O4+
0**

P2O' AQUD
P2O'A2O'D

P2<7A20'D
P20A20P2GA2UD

{PQUAZO'PV} D
P20'A20'D

P2O'A20'P20'A20'D
{PQUAZO'PV} D

P2U AQUD
P2O'A2O'D

P2<7A20'D
P20A20P20'A20'D
{P20'A20'PV} D
P20A2UP20A20'D

{Pos Asg Py} D
P20A20P20A20'D

PoA
PoA
PoA
PoA

Py
Py
Py Py
Py Py

91
90

o7
21

37
24

38.
37

92
90

37
30

42
35

40
38

Ton

Mol Pathway

Atom Pathway

Proportion (%)

C—i—
C2+

CS+
CB+

C4+

ot
Ot

02+
O2+

03+
O3+

O4+

PQ,,A&,D

P20'A20'D
{P20A20PV} D

P20'A2O'D
{P20‘A20‘PV} D

P20A20P20A20'D
PQUAQO'D

PQU AQUD
{Py, A2s Py} D

PQUAZUD
{Py, A2s Py} D

P20A20P2GA20D
{PQGAQUPV} D

P20A20P20A20'D

PoA
PoA

PoA

Py
Py

Py Py

90
85
73

40
32

64
87

95
30

53
21

61
12

68

13

Table 3. Same as for Table,1 for an EEL pulse of 4 fs FWHM, 350 eV photon energy
and an intensity of 10'6 Wem 2.

Table 4. Same as for Table 1 for an FEL pulse of 80 fs FWHM, 350 eV photon energy
and an intensity of 1016 Wem™2.
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10— ¢

(a) 1100 eV 4fs

(b) 1100 eV 80fs

10

10 -

Yield

Intensity (Wem™2) Intensity (Wem™?)

Figure 3. Carbon and oxygen ion yiélds, as,a function of intensity, produced by
CO interacting with an FEL pulse of 1100/eV photon energy and 4 fs (a) and 80 fs
(b) FWHM contrasted with nittegen ion yields produced by No interacting the same
pulses.

3.1.4. Comparison of C, O and N-atomicwen yields Next, we compare the N atomic
ion yields produced by the interaction‘ef N, with an FEL pulse with the C and O
atomic ion yields produced when the same FEL pulse interacts with CO. Specifically,
we compare the N, C and O atomic ion yields for an FEL pulse of 1100 eV photon
energy and duration 4 fs Fig/3(a) and 80 fs Fig. 3(b). Fig. 3(a) and Fig. 3(b) clearly
show that, at a given intensity;seach N ion yield is larger than the respective C and O
ion yields. This is due to thefcross-sections of photo-ionisation transitions in Ny being
higher than the cross-section of photo-ionisation transitions in CO. Indeed, in Ny the
core orbitals 1o, and 1, have very similar ionisation energies, roughly equal to 420
eV, and large photo-ionisation cross-sections approximately equal to 0.0023 a.u. for the
pulse with photen energy of 1100 eV. However, in CO, the ionisation energy of the core
orbital 1o, 544"eV, isssignificantly higher than the ionisation energy of the 20, 296 eV.
As a result, the photo-ionisation cross-section from the 1o orbital (0.0018 a.u.) in CO is
significantly higher than the photo-ionisation cross-section from the 20 orbital (0.00077
a..).

3.2. DCH .contributions

We arejinterested in the proportion of each atomic ion yield that is reached by accessing
various types of double-core-hole (DCH) states. We calculate these proportions by using
an expanded set of rate equations. That is, for each electronic configuration, we consider
four equations, which keep track of the population that reaches this state after accessing
a TSDCH state, after accessing a SSDCH state, on the C or on the O site respectively,
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(a) 1100 eV 4 fs 1IE18 Wem 2 Carbon | |(b) 1100 eV 4 fs 1IE18 Wem —2 Oxygen | |(c) 1100 eV 4 fs 1E18 Wem ~ % Nitrogen
0.4
I TSDCH
Il TSDCH
Il SSDCHC
HE SSDCH
0.3 Il SSDCH O [ Othe
r
1 Other
0.2
) H l l
)
> (d) 700 eV 4 fs 1E18 Wem 2 Carbon (e) 700 eV 4 fs IE18 Wem 2 Oxygen (£).700eV 4 fs 1E18 Wem 2 Nitrogen
0.5
0.4
0.3
0.2 +
0.1
0.0

c C+t C2+ C:S+ C4+ CB+ C(s+ oo Oz+03+0

44 5+O()'+07+08+ N NT N2+ N3+ N4+ N5+ N(i+ N7+
Ton StaQe

Figure 4. Atomic ion yields produeced by FEL pulses with 1100 eV or 700 eV photon
energy, 4 fs FWHM and 10" Wcm =2 intensity interacting with CO ((a), (b), (d) and
(e)) or Ny ((c) andn(f)). For each ien yield, we show the proportion of this ion yield
that is reached by aceessing a certain type of double-core-hole state.

as well as the population whichidoes not access a DCH state. The proportions of each
atomic ion yield that are/formed via accessing different DCH states are shown in Fig. 4
for a 4 fs pulse duration,withintensity of 108 Wem ™2, We choose these pulse parameters
as they favour the production of DCH states. Indeed, FEL pulses of short duration and
high intensity faveur more single-photon ionisation transitions occurring in a certain
time interval compared to longer and lower intensity FEL pulses. Moreover, in addition
to the 1100 eVephoton energy used in our calculations in the previous sections, we also
consider a photon energy.of 700 eV. The reason is that 700 eV is sufficient to photo-
ionise both.the 1o and 20 molecular orbitals in CO, as well as the 1o, and 1o, orbitals
in Ny and at the same time these cross-sections are higher than the 1100 eV case.
Examining Fig. 4, we see that the proportion of the ion yields which accesses a
DCH generally increases at higher-charged ion yields. This is expected as transition
pathways which involve a pair of two core photo-ionisations typically lead to higher-
chargediions. For this high-intensity and short-duration FEL pulse the C and O ions
with.charges 2, 3 and 4 are mainly produced by the dissociation of CO**. We find that
almost all of the C3T and O3* ion yields are produced via pathways involving TSDCH
states. The reason is that when CO** breaks to C?* and O?*, each doubly-charged ion
is created with a core hole. Each core hole is then filled in by an Auger decay leading to
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the production of C3* and O3*. A large proportion of the O** yield accesses a/SSDCH
state with the core holes localised on the oxygen. Regarding the O*" ion, itdis formed
by dissociation of CO** to O?T with two 1s core holes, which are then filled in byutwo
Auger transitions. Hence, O*" is mostly formed by accessing a SSDCH state of CO. Tn
addition, we find that C?* and O%** are formed after the dissociation éf CO** with no
core holes. However, CO*t before dissociation, accesses mostly SSDCGH states on the
oxygen side. This is due to the much higher photo-ionisation cross+section o transition
from the 1o orbital compared to transitioning from the 20 orbital.

Comparing Fig. 4(d) with Fig. 4(a) and Fig. 4(e) with Fig. 4(3, we find that,
for the 700 eV case, higher-charged ion states are produced with a higher proportion of
these ion states accessing a TSDCH state. This is in accord with higher photo-ionisation
cross-sections from both the 1o and 20 molecular orbitalsufor 700 eV photon energy,
compared to 1100 eV. Finally, comparing the N ion gieldsyin Fig. 4(c) with the C and
O ion yields in Fig. 4(a) and Fig. 4(b) for 1100 eV and the N ion yields in Fig. 4(f) with
the C and O ion yields in Fig. 4(d) and Fig. 4(e)for 700 eV, we find that N, dissociates
into higher-charged ion states. Moreover, we find ghaf a?ﬂgher proportion of each of
these N higher-charged ion states accessés,.a TSDCH state. This is due to the higher
photo-ionisation cross-sections of the Ny core orbitals, particularly the 1o, cross-section,
which is much higher than the 20 cross-section of €O.

To gain further understanding into'the,proportion of the ion states of C, O and N,
that is formed by accessing a TSDCH state, we plot in Fig. 5 these proportions as a
function of time. In what follows, for simplicity, we refer to these states as C-TSDCH,
O-TSDCH and N-TSDCH. Wesfind:that the proportion of an ion state that is formed
via a TSDCH state can significantly change with time depending on the atom and on
the pulse parameters. For instange, the yield of C>**-TSDCH in Fig. 5(d) reaches a high
value in a short time interval/while for large times this yield becomes very small. This
means that, in the first few femtoseconds C*t-TSDCH is formed, it has core holes. As
time increases, atomic transitions take place leading to higher carbon charged states.
As a result, the yield of C2-TSDCH at large times is significantly smaller than the
one at small times. For an FEL pulse of photon energy of 1100 eV, FWHM of 4fs and
intensity of 10¥W# em—2dnteracting with CO, we find that in the first few femtoseconds
C?T-TSDCH and C3*+-TSDCH (see Fig. 5(a)) and O?**-TSDCH and O3**-TSDCH (see
Fig. 5(b))-are creatéd mostly without core holes. This is the reason why the yields of
CH-TSDCH and C°*-TSDCH (see Fig. 5(a)) and O**-TSDCH and O>"-TSDCH (see
Fig. 5(b)).are small. However, for Ny, we find that the proportion of N**-TSDCH and
N3#-TSDCH that has core holes is larger compared to the respective proportions for
the ion states of C and O. As a result, the yields of N**-TSDCH and N°**-TSDCH are
larger eompared to the respective yields for C and O. In contrast, for an FEL pulse of
photon. energy of 700 eV, FWHM of 4fs and intensity of 10'® Wem ™2 interacting with
CO and N,, we find that in the first few femtoseconds C?T-TSDCH and C3*-TSDCH
(see Fig. 5(d)) and O**-TSDCH and O*"-TSDCH (see Fig. 5(e)) and N**-TSDCH and
N3T-TSDCH (see Fig. 5(f)) are created mostly with core holes. As a result, the yields
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h N4+

———— N5+

C4+ O4+

oNOYTULT D WN =

———— C5+ I OS+
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43 Figure 5. Plot as a function of time of the fraction of the ion yields which is created
44 via atwo-site double-core-hole state for C**, O™ and N"*, with n = 2,3,4,5. The
45 results innthe top row refer to the interaction of CO and Ny with an FEL pulse of
46 photon €nergy. 1100 eV, FWHM of 4fs and intensity of 10'® Wem™2. The results in
47 the bottom row refer to the interaction of CO and Ny with an FEL pulse of photon
48 energy 700 eV, FWHM of 4fs and intensity of 10'® Wem™2. Time zero in the plots
49 corresponds to the time that the atomic ions are formed.

52 of €**-TSDCH and C*"-TSDCH (see Fig. 5(d)) and O**-TSDCH and O°"-TSDCH
(see Figad(e)) and N**-TSDCH and N°*-TSDCH (see Fig. 5(f)) are significantly larger
55 compared to the respective yields for the case of the 1100 eV FEL pulse.
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4. Conclusions

In this work, we have investigated the interaction of FEL pulses with CO4a heteronuclear
diatomic molecule. In particular, we have calculated the atomic ion yieldsiprodueced
when neutral CO is exposed to a variety of different FEL pulses. We. identify higher
yields for oxygen ion states for charges 3, 4 and 5, compared to carben. We also find
this to be the case for a photon energy of 1100 eV, which is sufficient te ionise the
lo molecular orbital corresponding to the 1s core hole on the Qusite. However, for a
photon energy of 350 eV, which does not access the 1o molecular orbital, we find that
the higher-charged C atomic ions are favoured over the O ions. In addition, we identify
the dominant pathways for the formation of these charged ion states. Finally, we find
that high-intensity short-duration laser pulses, with a pheten energy sufficient to ionise
both core orbitals in CO, favour the production of higher-charged states that are mainly
formed by accessing TSDCH states.
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