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Abstract. We study the interaction of xenon with an 850 eV photon energy FEL pulse. We compute single-
photon ionisation cross sections and Auger rates by adopting to atoms a formalism we previously developed
for diatomic molecules. In this formulation, a bound orbital is expressed as a sum of wave functions each
corresponding to a different [ quantum number. In contrast, in previous formulations only one | quantum
number is associated with a bound orbital. As a result, in the non-relativistic regime, the description of the
bound states is more accurate in our computations. Employing a Monte-Carlo technique, we find that our
results for the ion state yields of xenon compare well with experimental results. Moreover, we find that when
xenon is driven by two FEL pulses of the same energy but different pulse duration, higher-charged states
are produced in the case of the longer duration and less intense laser pulse. An analysis of the ionization
pathways reveals that less single-photon absorptions underlie the formation of each higher-charged state
for the longer duration pulse compared to the shorter one. We find that the reason for the formation of

higher-charged states for the longer duration pulse is the prevalence of Auger cascades.

1 Introduction

The development of X-ray free-electron lasers (XFELs)
[1-3] constitutes a new tool for high-resolution probing
of atoms and molecules [4,5] and bio-molecular imaging
[6-9]. The X-ray energy of these photons results in inner-
shell electrons being more likely to ionise than valence
ones. Inner-shell ionisation results in the creation of “hol-
low” states. Such states are of particular interest in
molecules, due to the sensitivity of these states to their
chemical environment [10,11]. A “hollow” state can decay
quickly via an Auger process. That is, an electron from
a higher energy sub-shell falls down to fill in a core hole
and in doing so releases enough energy to ionise another
electron. The new state, resulting from an Auger transi-
tion, may also be a “hollow” state itself, thus, triggering
an Auger cascade. As we show, such Auger cascades can
prevail in the interaction of xenon with FEL pulses.

FEL interactions with xenon have been the subject of
many studies in recent years [12-17]. Namely, time-of-
flight experiments have measured the ion yields produced
when xenon interacts with high-intensity FEL pulses at
both low (extreme ultraviolet) [12] and high (X-ray) [13]
photon energies. For low photon energies, using rate equa-
tions, insights into the resulting highly-charged ion states
have been obtained by accounting, in addition to single-
photon, for multi-photon processes [14,15]. The cross sec-
tions for these multi-photon processes were obtained using
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scaling laws [18]. For X-ray photon energies, Monte-Carlo
methods for multi-electron atoms have been employed to
gain insight into the dynamics leading to the formation of
highly-charged ion states [13,17,19]. Moreover, the inter-
action of xenon clusters with XFELs and the resulting
ion yields have been addressed experimentally as well as
theoretically [20].

In this work, we gain further insight into the formation
of the final highly-charged ion states of xenon driven by
an XFEL pulse by identifying the prevalent pathways for
each ion state. A pathway refers to the sequence of states
accessed in time due to the interaction of xenon with the
pulse. Each state is described by its electronic configura-
tion. To obtain the ion yields and the pathways under-
lying the formation of each ion state, we compute the
single-photon ionisation cross sections and Auger decay
rates for all energetically allowed transitions. We do so
by adapting to atoms the formalism that we have previ-
ously developed for diatomic molecules [21]. Our formal-
ism is general. It applies to complex multi-electron atoms
with bound orbital wave functions that can be accurately
described when accounting for several angular momentum
I quantum numbers. In contrast, the previous formalism
we employed for computing single-photon ionisation cross
sections and Auger rates for argon [22,23] and the formal-
ism employed in the XATOM-model [24] use bound orbital
wave functions described by only one I quantum number.
Thus, the current formalism, allows for a more accurate
computation of the single-photon ionization cross sections
and Auger rates in the non-relativistic regime.
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We employed rate equations in our studies of argon
interacting with FEL pulses in order to obtain the ion
yields and prevalent pathways, [22,23]. Here, we employ
a Monte-Carlo technique [25] to obtain ion yields and
pathways for driven xenon. The reason is that 200 states
are energetically accessed when argon interacts with a
315 eV pulse while a significantly larger number of roughly
2 x 10 is accessed when xenon interacts with an 850 eV
pulse. Thus, 2 x 10* rate equations must be solved to
obtain the ion yields of xenon. Moreover, the number of
rate equations one must solve to identify the pathways of
driven xenon is computationally prohibitive. We address
this issue by employing a much faster Monte-Carlo tech-
nique where, starting from an initial state, only one state
is accessed at a time, which is determined in a stochastic
manner [13,17,19].

Employing the single-photon ionisation cross sections
and Auger rates in the Monte-Carlo technique, we find
that our results for the ion yields of xenon interacting with
an 850eV FEL pulse are in good agreement with exper-
imental ones [20]. Moreover, we compute the prevalent
pathways in the formation of the ion states of xenon. These
pathways are more complex compared to the ones involved
in argon when driven by a 315e¢V FEL pulse [22,23]. In
the latter work, we found that even-charged ion states of
argon were more populated than odd-charged ones. The
reason is that once an inner-shell vacancy is created only
one Auger decay follows. Thus, the prevalent pathways
involve mostly sequences of a pair of an inner-shell single-
photon absorption and an Auger decay.

We find that in xenon driven by an 850 eV FEL pulse the
resulting pathways involve a much more complex sequence
of single-photon ionization processes and Auger decays.
We demonstrate this, by comparing the yields of the
highly-charged ion states resulting from the interaction
of xenon with two FEL pulses of the same pulse energy.
For the longer duration pulse, we find larger yields for the
highly-charged states. We show that this is due to Auger
cascades taking place following the ionization of a 3d elec-
tron by single photon absorption. That is, the 3d hole is
filled via an Auger process from an electron at an n = 4
shell. Subsequently, more Auger processes can take place
with electrons from n = 5 shells dropping in to fill holes
in n = 4 shells. These cascades do not prevail in the short
duration pulse. Instead, we find that, compared to the long
duration pulse, more single-photon absorptions occur for
a given highly-charged state.

2 Method

We employ a Monte-Carlo technique to obtain the yields
of the final ion states and the pathways leading to the for-
mation of each state. In our computations, neutral xenon
and each ion state of xenon is defined by the electronic
configuration 15%25°2p°3s5?3p©3d’4s94p"4d*5s'5p™. Each
of the np sub-shells involves orbitals np,, np,,np., while
each of the nd sub-shells involves orbitals nd,, nd,., nd;.,
ndg2_,2,nd,2. The maximum occupancy of each orbital is
two. In what follows, we obtain the single-photon ionisa-
tion cross sections and Auger rates in terms of orbitals. We
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then sum over the relevant orbitals to obtain the respec-
tive rates between sub-shells. These latter rates are the
ones employed in the Monte-Carlo technique.

2.1 Single-photon ionisation

We compute the single-photon ionisation cross section for
an electron to transition from an initial bound orbital ¢,
to a final continuum orbital ¢ ; ,,, with well-defined quan-
tum number [ and magnetic quantum number m, as fol-

lows [26]:

4
Oa—el,m — gOﬂT WN Z ‘Da—w lm 2' (1)
M=-1,0,1
We denote by « the fine structure constant, by N, the
occupation number of the bound orbital a, by w the pho-
ton energy, and by M the polarisation of the photon. In
the length gauge, the matrix element DM is given by

a—el,m

a—>e,l,m /¢a e,l,m )ﬁrYlM(0,¢)dr. (2)

For computational efficiency, we split the integral in
equation (2) into a radial and an angular component, since
the latter integral can be performed analytically. To do so,
we express the orbital ¢, in terms of radial wave functions,
P, ;s (1), and spherical harmonics, Yy .,/ (6, ¢) as follows

ZPal’ ()Y e (0, 0) /7.

U,m’

(3)

We compute the bound orbital wave functions using
Molpro [27] with the AQZP [28] basis set, which results
in an accurate description of the bound orbitals of xenon.
Employing this basis set, each bound orbital is expressed
as a combination of several I’, m’ terms. In contrast, in our
studies for driven argon, each orbital had well defined I, m
numbers. The reason was that we employed the 6-311G
basis set which was sufficient to adequately describe the
bound orbitals of argon. Furthermore, we express the con-
tinuum orbital ¢ ; ,, as follows

Petm(r) = Pei(r)Yim(0,¢)/r (4)

We compute the continuum wave functions, ¢¢; p,, using
the Numerov technique [29] with a Hartree-Fock-Slater
(HFS) potential obtained from the Herman-Skillman code
[30,31]. We also employed this technique to obtain contin-
uum orbitals in previous studies of argon driven by an
FEL pulse [22].

Substituting in equation (2) the expressions for ¢,(r)
and ¢, m(r) given by equations (3) and (4), respectively,
we obtain

/47r N
aﬂs,l,m / d’l”Pa A ,m! )TPE,I(T)

x / dﬂy.m/(e,qs)ylfm(e,¢>>Y1M(e7¢>.

(5)
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Table 1. Single-photon ionisation cross sections for different
sub-shells of xenon in the ground state interacting with an
850 eV pulse.

Initial sub-shell ~ Ref. [33] [ch} This Work [ch]
340 2.05e—18 1.61e—18
452 3.77e—20 3.10e—20
4p° 1.27-19 9.60e—20
441 2.34-19 1.79e—19
552 6.04-21 3.68e—21
5p° 1.42-20 8.56e—21

The angular part can be expressed analytically in terms
of Wigner-3j symbols [32], leading to
Dg/ie,l;m = Z <_1)m (2l + 1)(2l/ + 1)

U m/

i1 I 11
x (0 0 0) (—m’ m M> (6)
></ drPa,p’m/(r)rP;l(r).

0

For the transitions considered in our computations, only
the energy of the final continuum orbital is of relevance.
Hence, we sum over [ and m in equation (6) to obtain

4 2
Ogre = gomeNa Z Z |D(i\£67l,m . (7)
lm M=—1,0,1

Finally, to obtain the single-photon ionisation cross
section from a sub-shell nl, we sum o,_,. over the orbitals
a in this sub-shell.

In Table 1, we compare our results for the single-photon
ionisation cross sections of xenon with previous theoreti-
cal work [33]. We find a reasonable agreement, with the
results in reference [33], which employs a HFS method for
the computation of both bound and continuum orbitals.
We employ a Hartree-Fock method to compute the bound
states and a HFS method to compute the continuum
orbitals. We find cross sections that are roughly 80% of
the ones obtained in reference [33]. The agreement is not
as good for the cross sections involving valence orbitals.
The basis set we employ describes valence orbitals less
accurately than inner-shell orbitals. However, for 850 eV
photon energy, single-photon ionisation cross sections of
valence orbitals are very small compared to the ones of
inner-shell orbitals rendering irrelevant the contribution
of the former to our computations.

2.2 Auger decay
In general, the Auger rate is given by [34]

L= 2x[M[* = 2x[(Ugn| Hi [ Vinit)|?, (8)
where 3 denotes a summation over the final states and

an average over the initial states. |¥) is the wave func-
tion of all electrons in the atomic state. We assume that
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the Auger transition is a two-electron process, with Hj
being the electron-electron Coulomb repulsion term. We
adapt to atoms the derivation used in our previous work
for molecules [21]. We then find that the Auger rate involv-
ing two valence orbitals a and b, an inner-shell orbital c,
and a continuum orbital € with quantum numbers [, m is
given by

k
M=6s 56 >, Y /drl/drg

le,me,k g=—k
layma,ly,mp
(—1)mtmeta /(20 4+ 1)(21, + 1) (2 + 1)(21, + 1)
k
T
[Pe,l (T1)Pc,lc,mg (7‘2) kij_lpbylb,mb (T1)Pa,la,ma (7"2)
>

Lk Ik I l. kg, l. kl,
000 —m —q mp 000 —Me ¢ Mg

’I”k

+ (*1)S Pe,l(rl)Pc,lC,mc (TQ)ﬁPa,lmma (rl)Pb,lb,mb (7"2)
>

Lkl Lk le kly le k1

000 —m —q Mg 000 —me qmyp )|’
where r« = min(rq,r2), 7~ = max(ry,r2). Moreover, k
and ¢ are the angular and magnetic quantum numbers,
respectively, of the spherical harmonics involved in the

multipole expansion of the Coulomb interaction, i.e. in
the 1/r12 term. The total Auger rate is given by

Fb,a—w,e = Z WNabNhZ|M‘25

S, Ms
S’ ML

(10)

lm

where N}, is the number of core holes in orbital ¢ and Ny,
is the normalisation factor given by

N, N, .. .
b = WQI] valence electrons in different orbitals
N, (N, —1
:M valence electrons in the same orbital.
2x2x1

(11)
N, and N, denote the occupation numbers of orbitals a
and b, respectively. Here, S denotes the total spin of the
two valence electrons, while S’ denotes the total spin of the
core electron plus the electron in the continuum. Mg and
M denote their projections. To obtain the total Auger
rate, I's 1.y, between s, ¢, u sub-shells, we add the Auger
rates I'p 4. over the a and b orbitals in the respective s, ¢
sub-shells. We do not add over the c orbitals in sub-shell
u, since we average over the initial states.

In Tables 2 and 3, we compare our results for the Auger
rates to previous calculations [17,35]. The Auger rates in
reference [35] are computed using semi-empirical methods
and in reference [17] using a non-relativistic HF'S method.
In Table 2, we find a close agreement with the results
obtained in reference [17]. This is expected, since the tech-
niques employed in our work are similar to the techniques
used in reference [17]. In Table 3, the agreement with the
results in reference [35] is reasonable given that the tech-
niques employed in reference [35] are semi-empirical and
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Table 2. Comparison of Auger rates, expressed in units of
1072 a.u. The valence electron refers to an electron in any of
the sub-shells val = 4s, 4p, 4d, 5s or 5p.

Do tmue Ref. [35] Ref. [17]  This Work
u = 3s
s=val,t=val 2.06 1.85 1.71
s =3p,t=val 27.8 47.6 45.6
s=3d,t =val 7.59 8.98 8.61
u = 3p hole
s=val,t=val 2.18 2.10 2.03
s=3d,t=val 17.0 20.6 19.2
u = 3d hole
s=val,t=val 249 2.26 2.31

Table 3. Comparison of Auger rates, expressed in units of
10~* a.u. Each of the values given below corresponds to a sum
of Auger rates, I's t—u,e, over the relevant s and ¢ sub-shells in
the respective n shells.

Zs,t Ps,t—u,e Ref. [35] This Work

u = 2s
n=3,3 491 465
n=4,4 10.7 8.40
n=>5,5 0.078 0.043
n=3,4 143 123.3
n=3,5 12.4 7.79
n=4,5 1.78 1.15

u=2p
n=3,3 671 716
n=4,4 15.3 12.6
n=>5,5 0.079 0.043
n=3,4 201 189
n=3,5 14.6 8.49
n=4,5 3.99 1.22

thus less accurate than the techniques employed in the
current study.

2.3 Shake-off

Following single-photon ionisation, if the photo-electron
escapes with high energy, the sudden change in the poten-
tial energy can result in the ionisation of one more elec-
tron. According to the sudden approximation [36,37] the
probability for an electron to be shaken off from a u sub-
shell is given by

2] Nu

where ¢, and ¢! are the orbital eigenstates of the
Hamiltonian before and after single-photon ionisation
takes place, with a an orbital of the u sub-shell and N,
the occupancy of the sub-shell. Note that in equation (12),
we neglect shake-up processes involving transitions of an
electron to a bound orbital that differs from a.

P~ U [ e (12)
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2.4 Monte-Carlo technique

This method involves starting from the ground state of
xenon and propagating forward in time with a time step,
ot = 0.01 fs. We have checked that the Monte-Carlo tech-
nique converges for the chosen time step. At each time
step, we consider all energetically allowed transitions from
the current state ¢ to a state j. We then compute the rates
associated with these allowed transitions, as follows

wi—j(t) = 0i;J(t) photo ionisation
=0,;P5J(t) photo ionisation + shake off
=TI, Auger decay.

(13)
We do not include fluorescence in our calculations, since
the fluorescence rates are found to be much lower than the
Auger rates [17]. Assuming that each of these processes
follows an exponential decay law [19], we assign a time to
each allowed transition as follows

timj(t) = = In(x)/wi;(t),

where Y is a random number between zero and one. If the
smallest time ¢;_,; associated with these transitions is less
than the propagation time step, we register the transition
associated with the smallest time. Next, we repeat the
process starting from time ¢ + ¢;_,; with xenon in state j.
Following this process, we propagate forward until reach-
ing asymptotic times. The above described process corre-
sponds to one realisation of the Monte-Carlo method. We
implement this method 10° times, which we find to be a
sufficient number of realisations to achieve convergence.

(14)

3 Results

We first compare our results for the final ion yields of
xenon driven by an 850 eV FEL pulse with the experimen-
tal results obtained in reference [20]. To do so, we consider
a peak intensity Iy equal to 5.6 x 10'® Wem ™2 and a full-
width half-maximum 7 equal to 150 fs, as in reference [20].
Moreover, to obtain the ion yields and the relevant path-
ways, we average over the transverse, (z,y) plane, pro-
file of the beam, disregarding the beam’s z-dependence.
This is in accord with reference [38], where it is explic-
itly stated that the photon flux employed describes the
beam profile used in the experimental work described in
references [20,39]. Thus, to compare our results with the
experimental ones in reference [20], we use the photon flux
described in reference [38]. The latter is given by

J(z,y,t) = loexp (—4in2 [(¢/p2)* + (y/py)* + (¢/7)°]) Jw,
(15)

with p; = 2.2pum and py = 1.2 um. We compute the ion
yields for the intensities corresponding to (10%)? points on
a square grid with dimensions (10 um)? and average over
the grid area.

Our results for the final ion yields are shown in Figure 1.
The yields of the ion states Xe?" with ¢ = 1,2,3 are
very small. In contrast, the yields of the ion states with
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Fig. 1. Final ion yields of xenon interacting with an 850eV
FEL pulse of peak intensity 5.6 x 10*® Wem~2and duration
150 fs. The spatial distribution of the laser pulse is taken into
account.

q =4,5,6 as well as with ¢ = 8 — 13 are significant. We also
find that the highest-charged state reaches up to ¢ = 26, in
accord with the single-photon ionisation processes occur-
ring up to charge ¢ = 25. These results are in agreement
with the experimental results in reference [20]. To identify
the reason for the high yields of the ion states with ¢ around
10, we compare these ion yields and pathways in Figure 2a
with those in Figure 2b when xenon is driven by an FEL
pulse of smaller peak intensity of 10'®* Wem =2, In Figures 2a
and 2b, in addition to the ion yields, we show, for each ion
state, the contribution of pathways that differ in the num-
ber of single-photon absorptions that occur. We find that
the larger ion yields of the states with q equal or greater
than 10 are due to the higher number of photons absorbed
for the higher intensity pulse. For instance, the ion state
with ¢ = 10 is mostly populated by pathways involving four
single-photon ionisation processes, for the higher intensity
pulse, versus three, for the lower intensity one. Moreover,
the ion state with ¢ = 12 has a significant yield only for
the higher intensity pulse, due to the large number, equal
to five, of single-photon ionisations taking place. Hence,
the pulse of the higher peak intensity has higher ion yields
for the highly-charged ion states due to the larger number
of single-photon absorptions that occur. This result comes
as no surprise and has been reported in several previous
studies [13-16,40].

We also find that larger yields for highly-charged ion
states can be achieved by a lower intensity and longer
duration 850 eV FEL pulse when comparing with a higher
intensity and smaller duration 850eV FEL pulse. Both
pulses have the same pulse energy. Surprisingly, we find
that this is not due to a higher number of single-photon
absorptions taking place. Quite the contrary. Indeed, in
Figures 3a—3c we show the ion yields for decreasing pulse
intensity and increasing pulse duration. Moreover, as in
Figure 2, we show, for each ion state, the contribution
of pathways that differ in the number of single-photon
absorptions that occur. Comparing the ion yields of the
highly-charged states, we find that as the pulse duration
increases a given ion state with charge 7 and higher is
reached via less single-photon absorptions while the ion
yield of this state increases. For instance, for the ion state
with ¢ = 7 the prevalent pathway for the 5fs pulse dura-
tion involves 3 single-photon absorptions while for the
250 fs pulse duration it involves 2 single-photon absorp-
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Fig. 2. Final ion yields of xenon interacting with an 850eV
FEL pulse of duration 150fs. For each ion state, we show the
contribution of pathways separated according to the number
of single-photon ionisation transitions that take place. (a) An
FEL pulse of peak intensity 5.6 x 10*® Wem ™2 is considered
and the results account for the spatial distribution of the pulse;
(b) an FEL pulse of peak intensity 10 Wem™2 is considered
without accounting for the spatial distribution of the pulse.
SPI stands for single-photon ionization, while SO stands for
shake-off.

tions. However, the ion yield of the ¢ = 7 state is larger
for the longer pulse. Similarly, for the ion state with ¢ = 10
the prevalent pathway for the 5 fs pulse duration involves 4
single-photon absorptions while for the 250 fs pulse dura-
tion it involves 3 single-photon absorptions. However, the
ion yield of the ¢ = 10 state is larger for the longer pulse.
This finding is consistent with our finding that the pop-
ulation of ion states that is formed by absorbing a given
number of photons is roughly the same for all three pulses.
In addition, the ion states with charge g up to 5 are formed
mainly by a single-photon absorption. It then follows, that
since for the longer duration pulse we have larger yields for
the highly-charged states, the latter are formed by absorp-
tion of more photons for the shorter duration pulse.

We find that (not shown) more Auger processes take
place between two subsequent single-photon absorption
processes when xenon interacts with the long duration
pulses. This is the reason the yields of the highly-charged
ion states for the 50fs and 250fs FEL pulses are larger
compared to the 5fs pulse. We explain this in what fol-
lows. Once a 3d electron ionizes, following a single-photon
absorption, then, for all three duration pulses we con-
sider, an Auger process takes place with an electron from
the n = 4 shell dropping in to fill the vacancy in the 3d
shell. However, the rate for a 3d electron to absorb a pho-
ton is much smaller, by an order of magnitude, for the
50fs pulse compared to the 5fs one; this rough estimate
assumes absorption takes place at the peak of the pulses.
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Fig. 3. Final ion yields of xenon interacting with 850eV FEL
pulses of fixed pulse energy with varying duration. For each ion
state, we show the contribution of pathways separated accord-
ing to the number of single-photon ionisation transitions that
take place. SPI stands for single-photon ionization, while SO
stands for shake-off.

For the shorter pulse, this absorption rate is larger than
the Auger rate where an electron in the n = 5 shell drops
in to fill the vacancy in the n = 4 shell. It is the other
way around for the longer duration pulse. It then follows
that Auger cascades are more likely to occur between sub-
sequent single-photon absorptions for the longer duration
pulses. We demonstrate this in Figure 4, where we plot
for each final charged ion state the contribution of states
with a certain sub-shell vacancy. For instance, for charged
states up to ¢ = 5, we find that each ion state has electrons
missing mostly from the 5p sub-shell, and less so from the
5s sub-shell. For each final ion state with charge ¢ equal
to 6 and higher, we find that the probability for a 4d sub-
shell vacancy is higher for the shorter duration pulse. This
finding is consistent with our finding that Auger cascades
are less likely for the shorter duration pulse, thus resulting
in a higher chance for an n = 4 vacancy in the final ion
state. We note that for all three pulse durations considered
the vast majority of pathways leading to the formation of
each ion state involves only a single core hole at any given
time. As a result, the smaller yields we find for the highly-
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Fig. 4. Contribution of states with a certain sub-shell vacancy
for each final ion state of xenon interacting with two FEL
pulses.

charged states for the short duration pulse are not related
to an atom becoming temporarily transparent [41].

4 Conclusions

In this work, we compute single-photon ionisation cross-
sections and Auger rates for xenon, by adapting to atoms
the formalism we have previously developed for diatomic
molecules [21]. In the non-relativistic regime, this formal-
ism is general and is applicable to complex multi-electron
atoms where the orbital wave functions are accurately
described by many I quantum numbers. Thus, our formal-
ism is more accurate than previous models which describe
the orbital wave functions with only one | quantum num-
ber. Our results for the ion yields produced when xenon
interacts with an 850 eV FEL pulse are in good agree-
ment with previous experimental results. Moreover, we
have identified the prevalent pathways for the ion states of
xenon driven by three FEL pulses of the same pulse energy
and different pulse duration. We find that the longer dura-
tion pulse has larger yields for the highly-charged ion
states compared to the shorter duration one. We find that
the larger yield for a given highly-charged state is not due
to more single-photon absorptions for the longer duration
pulse. We find instead that it is due to a larger num-
ber of Auger decays occurring between subsequent single-
photon ionisation events in the case of the longer duration
pulse.
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