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Abstract

®

CrossMark

We investigate the formation of multiple-core-hole states of molecular nitrogen interacting with
a free-electron laser pulse. In previous work, we obtained bound and continuum molecular
orbitals in the single-center expansion scheme and used these orbitals to calculate photo-
ionization and auger decay rates. We extend our formulation to track the proportion of the
population that accesses single-site versus two-site double-core-hole (TSDCH) states, before the
formation of the final atomic ions. We investigate the pulse parameters that favor the formation
of the single-site and TSDCH as well as triple-core-hole states for 525 and 1100 eV photons.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The production of free-electron lasers (FELs) [1] with x-ray
photon energies has led to new methods of investigating
atoms and molecules [2, 3], and of imaging biomolecules
[4-7]. The x-ray energy allows the single-photon ionization
of core electrons and the creation of core-hole states. These
core-hole states have lifetimes of a few femtoseconds. These
states decay via auger processes, in which the core hole is
filled by a less-bound electron and the released energy allows
another less-bound electron to escape. If the FEL has a high
enough photon flux to ionize more than one core electron
before an auger decay takes place then multiple-core-hole
states can be produced. Several studies have addressed dou-
ble-core-hole (DCH) states of molecules, as they are of
particular interest for chemical analysis [8, 9]. The energy of
these states is highly dependent on the chemical environment,
making them an appropriate basis for spectroscopic mea-
surements. In molecules, DCH states are either single-site
double-core-hole states (SSDCH) with the core holes on one
atomic site or two-site double-core-hole states (TSDCH) with
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the core holes on different atomic sites. TSDCH states are
particularly sensitive to their chemical environment as the
repulsion and relaxation effects are dependent on the bond
type [8]. As such, several studies have addressed these states
both experimentally [10-14] and theoretically [8, 9, 15, 16].

Moreover, with sufficiently high intensity, three core
holes can be generated before auger decay occurs forming
triple-core-hole states (TCH). Theoretical studies of TCH
states include (i) the investigation of the formation during the
interaction of atomic argon with FEL radiation [17]; (ii) the
computation of the energies of TCH states for molecular
nitrogen using the multi-configurational self-consistent field
technique [18]; the creation of triply excited hollow states in
laser-driven lithium with subsequent autoionization to doubly
excited states [19].

In the present study, we investigate the formation of
SSDCH, TSDCH and TCH states in FEL-driven N,. We use
molecular bound and molecular continuum orbitals to com-
pute single-photon ionization and auger rates with 525 eV and
1100 eV photons. These photon energies allow us to ionize
three or four core electrons, respectively. This is an advantage
over previous calculations where the molecule is treated as a
combination of atoms [16] and over computations where
atomic rather than molecular continuum orbitals are employed
to describe the interaction of molecules with FEL laser pulses
[20]. The use of molecular continuum orbitals versus atomic

© 2018 IOP Publishing Ltd  Printed in the UK
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continuum orbitals will yield more accurate results for low
photon-energy FEL pulses as well as short duration and high
intensity FEL pulses [12]. We compute atomic and molecular
single-photon ionization cross sections and auger rates and
keep the nuclei fixed. We account for the fragmentation of the
FEL-driven N, through additional terms in the rate equations.
In our computations, we keep track of the percentages of the
populations of the final atomic ion fragments, which go
through different energetically allowed sequences of inter-
mediate molecular and atomic states; each state is determined
by the electronic configuration. In what follows, we refer to
these sequences as pathways. We thus register the percentage
of the final atomic ion yields that transitions through DCH or
TCH molecular states. Moreover, at each time step of our
computations, for the DCH molecular states we project the
occupied delocalized molecular orbitals onto orbitals loca-
lized on an atomic site. Thus, we determine the percentage of
DCH molecular states that correspond to TSDCH and to
SSDCH molecular states. Finally, we compute as a function
of the intensity of the FEL pulse the percentage of the total
population that accesses TSDCH, SSDCH and TCH mole-
cular states.

2. Method

2.1. Rate equations for FEL-driven N

We obtain the bound molecular and bound atomic orbital
wavefunctions using Molpro [21]. We employed the Hartree—
Fock approximation with a correlation-consistent polarized
triple-zeta basis set. For FEL-driven N, we treat the nuclei as
fixed, with the distance between the nuclei set equal to the
equilibrium distance, i.e. 2.08 a.u. This internuclear distance is
used to compute the molecular orbitals. We use the single-
center expansion method [22] to calculate the molecular
continuum wavefunctions and Hartree-Fock Slater [23] cal-
culations to compute the atomic continuum wavefunctions [17].
We then use these wavefunctions to obtain single-photon
ionization cross sections and auger rates, see [24]. The dis-
sociation of the molecule is treated through terms in the rate
equations. Specifically, we assume that N3* and N3 * molecular
ion states with no core holes dissociate instantaneously into
N2+ 4 N2+ and N>+ + N*, respectively. We also assume that
all states of N%’L dissociate with a lifetime of 100 fs [25]. The
final fragments of this latter dissociation are N* 4+ N* and
N2+ + N with 74% and 26% probability, respectively [15, 16].
Starting from the ground state of molecular nitrogen with all
orbitals fully occupied (lcrg,, 105, 205, 205, 17r,fx, 17r§y, 30§),
we solve the rate equations to obtain the final atomic ion yields.
Moreover, by solving additional rate equations, we compute all
the possible pathways which contribute to these final atomic
ion states. By pathway, we refer to the series of molecular and
atomic states (electronic configurations) that are accessed
before the formation of a given atomic ion yield. In what fol-
lows, we compute the contribution of pathways that include the
formation of a SSDCH, TSDCH or TCH molecular state.

2.2. Projection of delocalized molecular orbitals onto orbitals
localized on atomic sites

As mentioned above, we use molecular orbitals to obtain the
final atomic ion yields and the populations of the pathways
from the rate equations. We note that the use of molecular
bound state orbitals is important for obtaining electron spec-
tra. Indeed, it has been shown that with high-resolution
electron spectroscopy one can observe the energy splitting of
the molecular core-hole states 1o, and 10, [26-29]. In order
to determine whether a pathway accesses a TSDCH molecular
state or a SSDCH molecular state during the interaction of N,
with an FEL pulse, it is necessary at each time step of the
propagation to project the delocalized inner-shell molecular
orbitals onto inner-shell orbitals localized on atomic sites. We
denote the DCH molecular states that involve the inner-shell
molecular orbitals 1o, and 10, by |10y, 10, /4).-

The delocalized molecular orbitals are expressed in
terms of orbitals localized on atomic sites by [lo,) =

5 (1s0) + [1s,)) and [1o,) = = (I1s,) — |1s,)) where |Ls,)
and |Ls,) are | Ls) orbitals localized on the atomic sites a and b
of N,, respectively. At every time step, we check whether a
DCH molecular state |10, 10,), |10, 10,) or |10, 10,) has been
accessed. Expressing the DCH molecular state |1o,10,) in
terms of orbitals localized on atomic sites, we obtain the
following:

1
[1og10,) = 5[|1sa)|1sa> + |Lsg) | 1sp)

+ [Lsp) [1s4) + |1sp) | 1sp)], (H
[{(1s4 184|105 1) P = [ (15, 1sp| 10, 10,) 2
= |<1sblsa|l(7g10g> |2 = |<lsb1sb|10g10g> |2 = i 2)

Thus, the formation of a DCH molecular state |10, 10,) cor-
responds to 50% probability of accessing a SSDCH molecular
state, i.e. the |1s, 1s,) or the |Ls, Lsp,) state, and 50% probability
of accessing a TSDCH molecular state, i.e. the |1s, 1s,) or the
[Ls, 1s,) state. One can show that the same probabilities are
obtained for the DCH molecular state |10, 10,).

Next, we show that the DCH molecular state |laglau>
corresponds to different probabilities of accessing a SSDCH
molecular state versus a TSDCH molecular state depending
on the spin of the state. Denoting by S and 7 the spatial part of
a singlet or triplet DCH molecular state, respectively, we
obtain

llog10,)S'T = %(Hag)llau) + [1o,) | 1og)). 3)

Expressing the spatial part of the DCH molecular state
|1o, 1au>T in terms of orbitals localized on the atomic sites, we
obtain

1
o, 10,)7 = f(|1s,,>|1sa> — [Lsa) | 1s3)), 4)
|(Lsa Lspl" [Log1aw)" P = 1. &)

and, thus, this state corresponds to 100% probability of
occupying a TSDCH molecular state. Similarly, expressing
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Figure 1. Electron spectra resulting from the interaction of N, with a 4 fs FWHM FEL gulse (a) with 525 eV photon energy and peak
intensity of 10'” W cm™2 and (b) with 1100 eV photon energy and peak intensity of 10'® W cm™2. DCH ug denotes the |10, 10,) state and
DCH gg/uu denotes the |10,10,)/|10,10,) state. Photo Mol (nCH) and auger Mol (nCH), with n the number of core holes, denote single-
photon ionization and auger transitions, respectively, that involve molecular states with no more than n core holes. The label ‘other’ refers to
transitions that involve molecular states with either no core holes or a single core hole.

the DCH molecular state |10, 1o,)S in terms of orbitals loca-
lized on the atomic sites, we obtain:

1o,10,)5 = %(Usa)llsa) — |1sp) | 1sp)), (6)

[{(1s4 154|105 10,)5 P = |(1sp1sp|log10,)5 > = % @)

and, thus, this state corresponds to 100% probability of
occupying a SSDCH molecular state. Taking into account that
a DCH molecular state has 75% probability to be in the
[10,10,)T state and 25% to be in the |10, 10,)S state, based on
the multiplicities of the singlet and triplet states [30], it fol-
lows that the DCH state |10, 10,) has 75% probability to
access a TSDCH molecular state and 25% probability to
access a SSDCH molecular state. The above probabilities are
incorporated at every time step of our computations in order
to calculate the probability of pathways that access TSDCH
and SSDCH molecular states during the interaction of N, with
an FEL laser pulse.

3. Results

3.1. Electron spectra

Using the molecular and atomic auger and photo-ionization
yields, we plot in figures 1(a), (b) the electron spectra gen-
erated by an FEL pulse with 525eV (1100 eV) photon
energy, with a full width at half maximum (FWHM) pulse
duration of 4 fs and with a peak intensity of 10'7 W cm 2
(10" W cm™2). Our calculations, which treat nuclear motion
only through rate equations, are more accurate for short
duration and high intensity laser pulses, since the molecular
transitions for these parameters take place at small

internuclear distances [12]. Moreover, a pulse duration of 4 fs
is accessible experimentally [31] and peak intensities of
10" Wem™2 (10" W em ™) result in large contributions of
DCH states to electron spectra. We find that for both FEL
pulses the transitions that involve a |10, 10,) state or a TCH
molecular state can not be easily discerned. The reason for
this, is that these latter transitions have very small probability
or that their energy is very close to the energies corresponding
to other transitions. In contrast, we find that the transition
involving a|lo, 1o,) or a|lg, 1g,) state can be easily discerned
at 55eV Kkinetic energy for the 525eV FEL pulse and at
630¢eV for the 1100eV FEL pulse. However, the transition
involving a|lo, 10,) or a|lo, 1g,) state has 50% probability to
involve a TSDCH molecular and a SSDCH molecular state.
Therefore, in the current formulation, we can not determine
from the electron spectra whether a TSDCH and/or a SSDCH
molecular state is formed.

3.2. Comparison of atomic ion yields with experimental and
theoretical results for different pulse durations

In figure 2, we compare our results for the final atomic ion
yields when N, interacts with an FEL pulse with computa-
tions that use atomic instead of molecular orbitals [16] and
with experimental results [31]. To compare with experiment,
we take the FEL flux to be given by

J(x, y, 1) = pQx, ) (D), ®)
where the transverse beam profile is given by
p(x,y) = Me%ln2[(x/px)2+(y/py)2] 9)

TPy Py
with p, =22pum and p, =12 pum in accord with the
experimental parameters in [31]. The temporal profile for the
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Figure 2. Atomic ion yields for FEL pulses of (a) pulse energy 0.15 mJ with 4 fs FWHM and 77% loss (b) pulse energy 0.26 mJ with 7 fs
FWHM and 84% loss (c) pulse energy 0.26 mJ with 80 fs FWHM and 70% loss. Our results are compared with the experimental results in
[16, 31]. Atomic ion yields are obtained with all pathways accounted for as well as with certain pathways excluded and are compared with

other theoretical results [16].

rate of photons is given by

_ 2
th(t) — th,Oe 4In2(t/1) ,

(10)
where 7 is the FWHM duration of the pulse and I',p is the
maximum rate of photons

In2
Lono = 2, —
T

fteh (11)
-

Mph = % is the number of photons, each with energy w, in a

pulse with energy Ep. We note that, when we compare with

experimental results [31], we also multiply the pulse energy

by a factor which accounts for the photon beam transport

losses.

We obtain the final atomic ion yields by computing the
photon flux at different grid points (x, y), solving the rate
equations at each grid point and finally integrating over an area
of 10 um x 10 pm. We normalize so that the yields of the final
atomic ions sum up to 1. When all pathways are accounted for,
our results, displayed in figure 2 (red color) compare very well
with the experimental results [31] (black color). We also
compute the atomic ion yields when we account only for
pathways that go through SCH molecular states or through
SCH plus TSDCH molecular states. We find that in all these
cases our results agree well with the theoretical results in
[16]. As expected, the more pathways we exclude, the higher
the yield is of the lower charged atomic ion. Indeed, when
pathways that access solely SCH molecular states are
accounted for, we find that the atomic ion yield for the N* state
is the highest. Moreover, as expected, we find that for longer
FEL pulse durations the yields for higher charged atomic ions
have larger values, since the number of inner-shell electrons
ionizing by single-photon absorption increases.

3.3. Contribution of SSDCH, TSDCH and TCH molecular
states in atomic ion yields

In figure 3, for different FEL pulses, we compute the final
atomic ion yields as well as the contribution of SCH, TSDCH,

SSDCH and TCH molecular states to each of the final atomic
ion yields. In figures 3(a) and (c), we find that for short
duration of 4 fs FWHM and high intensity FEL pulses, 49%
and 56% of all pathways contributing to all final atomic ion
yields are pathways that have accessed TSDCH and TCH
molecular states. Moreover, we find that the contribution of
pathways that access TSDCH and TCH molecular states
increases for higher charged atomic ion states. The reason for
this, is that the contribution of pathways where two single-
photon ionizations take place sequentially, i.e. before an
auger process takes place following the first single-photon
ionization, is larger for atomic ions N** and N** compared to
N2*. For instance, the contribution of pathways that have
accessed SSDCH, TSDCH and TCH molecular states account
for roughly 90% of the N°* yield for the short duration and
intense FEL pulses, see figures 3(a) and (c). For the long
duration of 80 fs FWHM and small intensity FEL pulses, we
find that no more than 10% of all pathways contributing to the
atomic ion yields are pathways that have accessed SSDCH,
TSDCH and TCH molecular states. In addition, the atomic
ion yields of the higher charged states have much larger
values for the 80 fs pulse rather than for the 4 fs FWHM FEL
pulse. This is reasonable since for the long duration FEL
pulse more single-photon ionization processes take place
leading to the formation of higher charged atomic ions.

3.4. Dependence of DCH and TCH molecular states on
intensity

In figure 4, we plot the population of pathways that accesses
SCH, SSDCH, TSDCH and TCH molecular states as a
function of intensity for a 4 fs FEL pulse for 525 eV photon
energy (a) and for 1100 eV photon energy (b). We find that
for the 525eV (1100 eV) FEL pulse most of the population
accesses multiple-core-hole molecular states for intensities
above 10" Wem ™2 (10" W em™?). The intensity is higher
for the higher photon energy pulse since the single-photon
ionization cross sections are higher for the smaller photon
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Figure 3. Atomic ion yields for various FEL pulses. The contributions of pathways accessing SCH, TSDCH, SSDCH and TCH molecular

states for each atomic ion yield.
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Figure 4. Proportion of populations that access different core-hole states of N, when driven with a 4 fs FWHM and 525 eV (a) or 1100 eV
(b) FEL pulse as a function of intensity.

energy FEL pulse. Moreover, we find that the contribution of  for high intensities. The reason for this, is that more molecular
TCH molecular states compared to TSDCH molecular states  states are energetically accessible with the 1100eV photon
is higher for the 1100 eV rather than for the 525 eV FEL pulse energy FEL pulse.
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4. Conclusions

Extending the theoretical framework of our previous work
[24], we have computed the contribution to the final atomic
ion yields of pathways that access SSDCH, TSDCH and TCH
molecular states. We have identified the most efficient dura-
tion and intensity of a 525eV and a 1100eV FEL pulse in
order to maximize the contribution of pathways that access
SSDCH, TSDCH and TCH molecular states. Future work will
take into consideration the motion of the nuclei which is
essential in order to accurately describe the fragmentation
process of FEL-driven molecules particularly for FEL pulses
of long duration. The inclusion of spin in future work, could
allow us to explicitly detect TSDCH or SSDCH states, based
on section 2.2.
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