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We investigate the interaction of Xe with isolated attosecond XUV pulses. Specifically, we calcu-
late the ion yields and determine the pathways leading to the formation of ionic charged states up
to Xe®T. To do so, in our formulation we account for single-photon absorption, sequential multi-
photon absorption, direct two-photon absorption, single and double Auger decays, and shake-off.
We compare our results for the ion yields and for ion yield ratios with recent experimental results
obtained for 93 eV and 115 eV attosecond XUV pulses. In particular, we investigate the role that
a sequence of two single-photon ionization processes plays in the formation of Xe*t. We find that
each one of these two processes ionizes a core electron and thus leads to the formation of a dou-
ble core-hole state. Remarkably, we find that the formation of Xe®t involves a direct two-photon
absorption process and the absorption of a total of three photons.

PACS numbers: 33.80.Rv, 34.80.Gs, 42.50.Hz

I. Introduction

The advent of free electron lasers (FEL) [I], has al-
lowed for the production of ultra-short and high-energy
laser pulses. These XUV pulses allow the ionization of
inner-bound electrons that trigger a plethora of processes
in atoms and molecules [2H4]. Xenon, with 54 electrons,
is an ideal atom to investigate the effect that different ion-
ization processes have on the formation of highly charged
ionic states [BHIT]. Previous studies have investigated the
formation of Xe ion states up to Xe?!* [12H14] when a
pulse of femtosecond duration at 93 eV interacts with
Xe. While FEL sources deliver high XUV pulse energies,
the pulse duration is typically limited to the femtosec-
ond range. In contrast, high-harmonic generation (HHG)
based XUV sources can deliver isolated attosecond XUV
pulses but the output pulse energy is limited by the low
infrared to XUV conversion efficiency of the HHG pro-
cess. This has prevented the observation of attosecond
multi-photon interactions with inner-shell electrons for a
long time. Such attosecond interactions were observed
experimentally in Xe only recently [I5]. The results of
that study exhibited strong deviations with respect to
sequential ionization via ionic ground states [I5], which
dominates the formation of lower-charged ionic states for
femtosecond pulses [12] [13]. Hence, the prevalent path-
ways for the formation of Xe ion charged states in the
attosecond regime is still an open question.

Here, we address this question and model the interac-
tion of Xe with an attosecond XUV pulse of energy 93
eV and 115 eV. The pulse parameters that we consider
are chosen so that we can directly compare our results
for ion yields up to Xe®* and our results for ratios of the
ion yields with the experimental ones obtained in Ref.
[15]. Specifically, the pulses considered in Ref. [I5] have

photon energies of 93 eV and 115 eV and a duration of
about 340 attoseconds (as). Unlike previous studies [I5],
we account for sequential single-photon absorption pro-
cesses via the creation of multiple core hole states [16, [I7].
Moreover, we account for single-electron ionization by a
two-photon absorption process, referred to as direct two-
photon process [I3| [18]. This latter process has been
found to affect the formation of ion charged states above
Xe™ in Ref. [I3], where an XUV pulse of femtosecond
duration is considered.

Pulses with photon energy of 93 eV and 115 eV can
access and ionize electrons from the 4d sub-shell. The
processes considered in our model include a single elec-
tron ionization by single-photon absorption or by a di-
rect two-photon absorption. In addition, we account for
Auger decays [19]. In an Auger process, an electron falls
from a higher-energy shell filling in an inner-shell hole.
The energy released leads to the ionization of one or two
bound electrons. We refer to the Auger decay as single
or double depending on whether it leads to the ioniza-
tion of one or two bound electrons, respectively. We also
account for shake-off processes [20], resulting in the es-
cape of a second electron following an ionization by a
single-photon process.

In section II, we describe the method that we use to
investigate the interaction of Xe with an attosecond XUV
pulse. In particular, we describe how to obtain the single-
photon ionization cross sections and Auger decay rates
that are involved in the rate equations [12] [21] that we
employ. In section III, we compute ion yields and yield
ratios and compare them with experimental results [I5].
In particular, we identify the main pathways leading to
the formation of charged states up to Xe®*.



II. Method

We employ rate equations, as in Ref.[22] but with addi-
tional processes, in order to obtain the yields and path-
ways of the final ion states. In the rate equations we
consider terms involving single-photon and two-photon
ionization transitions, the Auger and double Auger de-
cays as well as shake-off processes. The electronic config-
uration of Xe is 1s22s22p%3s23p63d104s24p%4q105525p6.
A shell is distinguished by the n quantum number and
a sub-shell by the n,1 quantum numbers. A sub-shell is
made up of 214+ 1 orbitals, where each orbital has an oc-
cupancy of 0, 1 or 2 electrons. In each np sub-shell we
consider the orbitals np,, np, and np,, and in each nd
sub-shell weions consider the orbitals ndyy, ndy;, ndxz,
nd,2 2 and nd,2.

A. Bound and continuum orbitals

We denote the bound orbital wavefunction as ¢; and
the continuum orbital wavefunction as ¢y /. To calcu-
late the bound orbital wavefunctions, we use the molec-
ular computing package Molpro [23] with the augmented
quadruple-zeta plus polarization (AQZP) basis set [24].
This basis set expresses the orbitals as a combination of
I, m quantum numbers, whereas in our previous studies of
Ar [4,22], each orbital was expressed by well-defined 1, m
numbers and the 6-311G basis set was employed. Specif-
ically, we express the bound orbital wavefunction as a
product of a radial component and a spherical harmonic
Y1m (9, @) as follows

I‘) = Z Pi,l,m(r)Yl,m(ﬁv (P)/I“ (1)
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To calculate the continuum wavefunction, we use the
Herman-Skillman code [25, 26] to obtain the Hartree-
Fock-Slater potential and the Numerov method [27] to
obtain the radial part of the wavefunction, as was done
in our previous works [22] 28]. By multiplying the radial
part with a spherical harmonic, the continuum wavefunc-
tion is given as

=Py ()Y e (9,9)/1. (2)

(Pe,l/,m’ (I‘)

By expressing the bound and continuum orbitals as a
product of a radial and an angular component, see Eq.
[1) and Eq. (2), we significantly simplify the evalua-
tion of the single-photon ionization cross sections and
the Auger rates, see sections [[TB] and [[TD]

B. Single-photon ionization cross sections

In order to calculate the photo-ionization cross section
for an electron to transition from the bound orbital ¢; to
the continuum orbital Qe 1 m’> WE Use the equation below

[29]
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where o is the fine structure constant, N; is the number
of electrons in the initial orbital i, » is the photon energy
and M is the polarization of the photon. The matrix
element DM , is given by
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Subtituting in Eq. , the expansion for the bound and
continuum orbitals from Eq. , we obtain the following;:
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Next, we calculate the angular integrals in terms of the
Weigner-3j symbols [30] and obtain
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Since only the energy of the final continuum orbital is of
relevance, we sum in Eq. over all I’ and m’ numbers
to obtain

4
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In our calculations, the electronic configurations of Xe
involved in the rate equations are expressed in terms of
sub-shells. Hence, to find the single-photon ionization
cross section from a certain sub-shell, we have to sum
over all the cross sections involving the orbitals in this

sub-shell. For instance oz, = 02, T o2y, +o2, , where
each of the 02, » O, 5 02, ATC computed using Eq. .

In Table [} we compare our results with previous the-



TABLE I. Single-photon ionization cross sections of neutral
Xe interacting with a pulse of 93 eV photon energy. The units
of the cross sections are cm?.

Ref.[31] Ref. [32]  Ref.[33] This work
on—s 1.64x10718 1.47x10718 3.61x10719 3.30x10 19
1.71x10717 2.24x10717

O4d10 - =

oretical [33] and experimental [3T], 32] single-photon ion-
ization cross sections.

We find that our computed cross sections for single-
photon ionization from the 4d sub-shell, 6,410, and from
the n = 5 shell, o,—5, are in very good agreement with
the theoretical results in Ref. [33]. The difference be-
tween our work and Ref. [33] is that the latter em-
ploys the Hartree-Fock-Slater method to obtain both the
bound and continuum orbitals, while we compute more
accurately the bound orbitals using Molpro.

Moreover, we find that our cross section for ionization
from the valence orbitals, on—5, is roughly four times
smaller than the one obtained experimentally [31 [32].
This is an accord with Ref. [34] where it is explained
that single-particle approximations lead to smaller com-
puted valence cross sections compared to experimental
ones. Since our valence cross sections differ from the ex-
perimental ones, we obtain results using our computed
valence cross sections as well as using the experimental
valence cross sections. We find that both sets of cross
section provide very similar results for the ion yields and
the prevalent pathways. Therefore, in what follows, we
present the results obtained using our computed valence
ionization cross sections.

C. Two-photon ionization cross sections

Two-photon ionization involves a single electron ion-
ization following the simultaneous absorption of two pho-
tons. The two-photon ionization cross sections are com-
puted via a method of scaling [35] and are the ones con-
sidered in Ref. [I3]. For the long pulse considered in
Ref. [13], two-photon ionization processes are included
for transitions starting from Xe ion states with charge 5
and higher. For the short pulse employed in our work,
we consider all two-photon ionization processes that are
energetically allowed. However, if for a certain transi-
tion, both a single-photon and a two-photon ionization
process are energetically allowed, we only account for the
single-photon one. The reason is that the single-photon
ionization cross sections is roughly thirty orders of magni-
tude larger than the two-photon ionization cross section.
Given the values for the two-photon ionization cross sec-
tions obtained in Ref. [I3], we estimate that the two-
photon ionization cross sections considered in our work
vary between 10748 cm?s and 10747 em®*s. We obtain two
different sets of results, one set using 10747 cm?s for all
two-photon ionization cross sections and one using 10748

cm?s. We find that both cross section values result in

similar pathways. However, the value of 10747 em?s for
the two-photon ionization cross sections leads to a better
agreement with the experimental results for Xe®t. Thus,
the results presented in section III, are for a two-photon

ionization cross section of 10747 cm?s.

D. Auger Decay

The Auger rate is defined as follows [36]

P=> 20 M=) 2n|(Un|H W) %, (8)

where ) means a summation over final states and an
average over the initials states. The operator Hj de-
scribes the Coulomb repulsion between the two electrons
involved in the Auger transition. The derivation of the
Auger decay rate for molecules in our previous work [37]
involves bound molecular orbitals which are expressed as
a sum of 1, m quantum numbers. In contrast, our previ-
ous work regarding the interaction of free-electron laser
pulses with Ar [4] 22] involves bound orbitals, where only
one 1 quantum number is associated with each orbital.
Since, for Xe we consider bound orbitals which are ex-
pressed as a sum of 1, m quantum numbers, we adapt our
formulation of the Auger process for molecules to atoms.
As aresult, we find that the matrix element for the Auger
rate involving two valence orbitals a and b, an inner-shell
orbital ¢ and a continuum orbital € with quantum num-
bers I’,m’ to be
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where r« = min(ry,rg) and r>. = max(ry, re). The values
k and q are the angular and magnetic quantum numbers
of the spherical harmonics involved in the multipole ex-
pansion of the Coulomb interaction term 1/r1s. S, S, Mg
and Mg are the initial and final total spins and the pro-
jection of these spins. The equation for the total Auger
rate is given by Eq. .
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where Ny, is the number of core holes in orbital ¢ and N,
is a normalisation factor given by

NaN
Nap = 2a>< ]20 valence electrons in different orbitals,
Na(Nay -1
= % valence electrons in the same orbital,

where N, and Ny denote the occupation numbers of or-
bitals a and b. In order to obtain the Auger rate I's {—u ¢
between sub-shells s, t and u, we add the Auger rates
I'ya—sc,e over the a and b orbitals in the s, t sub-shells.
However, we do not sum over the c¢ orbitals in sub-shell
u, since we average over the initial states.

E. Double Auger Decay

The only energetically allowed double Auger decay pro-
cess involves Xet with a 4d hole. In the double Auger
process a bp electron drops in to fill the 4d hole, while
two more 5p electrons escape to the continuum. Accord-
ing to Ref. [3I] the double Auger decay rate is equal
to 21% of the single Auger decay rate that involves the
same initial state as the double Auger decay. The single
Auger processes involve either a 5p electron filling in the
4d hole and the ionization of a 5p electron or a 5s electron
filling in the 4d hole while a 5p or a 5s electron escapes.
We find that the value of the double Auger decay rate is
6.14 x 104 a.u.

F. Shake-Off

When an electron escapes with high energy upon ion-
ization there is a sudden change in the potential felt by
the remaining bound electrons. This may cause a sub-
sequent ionization of another bound electron, a process
referred to as shake-off. Using the sudden approximation
[38, 39], we calculate the probability for an electron to
be shaken-off from the n,1 sub-shell as follows

27 i
] ; (11)

where ¢ (H;) and ¢;(Hg) are the wavefunctions for the
21 + 1 orbitals of the n, 1 sub-shell in the initial and final
Hamiltonians, respectively, and n; is the occupation of
the i orbital.
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III. Results

Our goal is to identify the pathways leading to the
formation of the charged states Xe?t and Xe®t for the
pulse parameters used in the experiment described in Ref.
[15]. These charged states are produced when Xe inter-
acts with a pulse of full-width half-maximum of 340 as
and photon energy of 93 eV and 115 eV. The energies
needed to sequentially ionize electrons from the 4d shell
are roughly equal to 70 eV for the removal of the first
electron, 87 eV for the removal of the second one and
106 eV for the removal of the third electron.

We employ a Gaussian laser pulse described in cylin-
drical coordinates as follows

W(Q) [ —or2 ]
exp 5
Z

I(r,z;t) = I(t)w(z)2

(12)

where r is the radius and z is the beam propagation axis.
The beam waist is denoted by wq, which is equal to 0.85
um for the 93 eV pulse and 2.12 ym for the 115 eV pulse.
The beam radius at a distance z is given below

w(z) = woy/1+ (z/zr)?,

where zR is the Rayleigh length and is equal to 93 ym for
both pulses. Furthermore, to calculate the ion yields and
the prevalent pathways, we perform a volume averaging.
To do so we consider a grid (r, z) consisting of equidistant
points. Namely, r varies from 0 ym to 4.82 ym in steps of
0.01 um and z varies from -10% um to 10* ym in steps of
0.5 ym. These grid points were chosen so that we obtain
good convergence for the ion yields. At each grid point
we compute the intensity of the pulse in accordance
with Eq. (12). The ion yields are then calculated
for each grid point. The sum of the respective yields
of all grid points give us the total yield for each ion state.

(13)

A. Ion yields and ratios of ion yields

In what follows, we first compare our results with
experimental ones for relative ion yields [15] [32] and ion
yield ratios [15]. In Ref. [I5], the experimental pulse
was obtained by high-harmonic generation while Ref.
[32] involves synchrotron radiation. To account for the
uncertainty in the intensity of the experimental results,
we consider intensities equal to 10 Wem 2, 8x103
Wem 2 and 6x105 Wem 2. Tables and show that
our results for ion charges up to Xe3t are in reasonable
agreement with the experimental results for the charged
states Xe2t and Xe37.

In Table we also show the ratio of the Xe*t and
Xe2t ion yields for the 93 eV pulse. We find that the



TABLE II. Relative ion yields and yield rations for Xe in-
teracting with an XUV pulse of photon energy 93 eV. The
intensity is given in units of Wem 2. The yields of all charged
states add up to 100.

Ion  Ref. [I5] Ref. [32] This work
1014 8x101  6x1013

Xet 34 5.7 1.42 1.42 1.42
Xe2t 77.6 63.6 74.8 74.8 74.8
Xe3t 19.0 25.7 23.7 23.7 23.7
Xett
T 4.0%x1073 - 1.5x1072 1.2x10°2 8.9x10°3

€

TABLE III. Relative ion yields and yield rations for Xe in-
teracting with an XUV pulse of photon energy 115 eV. The
intensity is given in units of Wem 2. The yields of all charged
states add up to 100.

difference with the experimental ratio in Ref. [I5] de-
pends on the intensity considered and roughly amounts
to a factor of two for 6x10'3 Wem 2. Moreover, in Table
III we compare the ratio of the ion yields Xe*+ and Xe3+
with the experimental ratio [I5] for the 115 eV pulse. We
find that the ratio we compute differs by roughly a fac-
tor of two from the experimental result for 1014 Wem 2.
We note that the ion yields for Xe** and Xe®t are sub-
jected to an experimental statistical uncertainty of up to
15 %. The deviations between the computed and the ex-
perimental values for the above ratios of the ion yields
may be also partially explained by the experimental un-
certainty in the pulse duration and intensity. In addition,
in Fig. [I]we plot the dependence on the propagation axis
z of the ratio Xe*t/Xe?t for the 93 eV pulse and of the
ratio Xet /Xe3t for the 115 eV pulse, for three differ-
ent intensities. We believe that the agreement between
theory and experiment within a factor of 2 is reasonable
in view of the experimental uncertainties.

Ton  Ref. [15] Ref. [32] This work
1014 8x1013  6x1013
XeT - 2.95 7.23 7.23 7.23
Xe?t 69.2 70.5 70.5 70.5
Xedt - 27.8 22.3 22.3 22.3
Xedt
3T 1.2x1072 - 4.9%x1073 3.9x1073 2.9%x1073
e
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FIG. 1. Yield ratio as a function of the propagation distance in the focus. Orange lines denote the experimental results adapted
from Ref. [I5] and blue lines denote our own ratios of the ion yields.

B. Pathways

Next, we identify the prevalent pathways that lead to
the formation of Xe ion states Xe™*, where n = 1,2, 3.

These pathways are shown in Fig. (a) for the 93 eV
pulse and in Fig. [[(b) for the 115 eV pulse. In Fig.
the vertical axis corresponds to the relative ion yield of



each ion state, where the latter is shown on the horizon-
tal axis. The sum of the yields of all charged states of
Xe™ with n = 15, is equal to 1. Figs. a)—(b) show
that the prevalent pathway leading to the formation of
XeT is ionization of a valence electron by single-photon
absorption (Py (v = 5s,5p)). We also find that Xe?* is
formed by a sequence of two processes. The first process
involves ionization of a core electron by single-photon
absorption (P¢ (¢ = 4d)). The subsequent process is a
single Auger decay (A). In addition, we find that Xe37 is
formed mainly by ionization of a core electron by single-
photon absorption (P, (¢ = 4d)) followed by a double
Auger process (DA), i.e. an electron fills in the 4d core
hole, while two other electrons escape. Hence, Xe3t is
formed by a sequence of a single-photon absorption pro-
cess and a double Auger one. As expected, our results

Pc (c=4d)

P 2-photon

Py (v=55,5p)

Pcy and shake-off
A

DA

1.21(a)
1.0 93 eV

Xe" Xe*
Tons

Pe (c=4d)

Pc 2-photon

Py (v=5s,5p)

Pc)y and shake-off
A
DA

1.0 115eV

Xez+
Tons

FIG. 2. Pathways leading to the formation of ion charges
Xet, Xe?t and Xe®t for two different photon energies of 93
eV and 115 eV. The vertical axis shows the yield of each ion
state on the horizontal axis. The yields of all charged states
add up to 1. Each column corresponds to a different process.
For each charged state, the sequence of the processes takes
place from left to right. Pc (¢ = 4d) stands for ionization of a
4d electron by single-photon absorption; Pc 2-photon stands
for ionization of a 4d electron by two-photon absorption; P
(v = 5s,5p) stands for ionization of a valence electron 5s or
5p by single-photon absorption; P /v and shake-off stands
for ionization of a core or valence electron by single-photon
absorption followed by ionization of another electron due to
shake-off; A and DA stand for Auger decay and double Auger
decay, respectively. The intensity considered is 10" Wem 2.

for the prevalent pathways leading to the formation of
Xet, Xe?t and Xe3t are consistent with a slope equal
to one on a log-log scale of the ion yields as a function of
intensity [32], see Fig. 3.

Yield

_2 ]

1071 " qon
Xe2t
1041 —Xe3t
_Xe4+
5+

1 0—6 ] Xe

108

Intensity (Wem™2)

FIG. 3. Log-log plot of the ion yields versus pulse intensity
for the 93 eV pulse (a) and for the 115 eV pulse (b). The
numbers along the lines correspond to the slope of each of the
yields versus intensity.

In Fig. |7_l|(a) for the 93 eV pulse and Fig. Ekb) for
the 115 eV pulse, we show the prevalent pathways for
charged states Xe*t and Xe5t. We find that the preva-
lent pathway leading to the formation of Xe** consists
of a sequence of four processes. First, a 4d core electron
is ionized by a single-photon absorption (P, (¢ = 4d)).
Then, before the Xe™ ion relaxes, another 4d core elec-
tron is ionized via single-photon absorption. Thus, the
first two electrons are ionized by two sequential single-
photon absorption processes forming a double core-hole
state. This is a process that was not accounted for in
Ref. [I5]. The third and fourth electrons are ionized by
a sequence of two single Auger processes. Therefore, we
find that the prevalent pathway leading to the formation
of Xe*t involves the absorption of two photons. This is
consistent with the slope of the yield versus intensity of
Xe*t being equal to two, see Fig.

For both the 93 eV and the 115 eV pulses, we find
that Xedt is formed mainly by one pathway that involves
four processes. The first two electrons are ionized by a
single-photon absorption followed by shake-off (P, /v and
shake-off). Next, a direct two-photon ionization process
takes place (P. 2 — photon). That is, a 4d core electron
escapes by absorbing two photons. Following the two
ionization processes, two Auger decays take place, one
after the other, resulting in the emission of the fourth
and the fifth electron. It is quite interesting that Xe®t is



formed by a pathway involving a two-photon ionization
process when Xe interacts with an attosecond XUV pulse.
In previous studies of Xe interacting with a femtosecond
XUV pulse, two-photon ionization processes were found
to play a significant role only for ion states higher than

-3

7

Xe™t [13]. Energetically, two photons would suffice for
the formation of Xe®t. Surprisingly, we find that Xe®+
is preferentially created via absorption of three photons.
As expected, this is reflected in the slope being roughly
equal to three for Xe®t in Fig.

x10
(@) B P (c=4d)
Il P, 2-photon
1.501 Bev B P, (v=55,5p)
| B P, and shake-off
- 1.25 — A/
E 1.00 = D./;
>_‘ 0 75 Other
0.50
0.25
0.00 —
Ions
4
x10 (b) B P (c=4d)
3.5 115eV Il P. 2-photon
P, (v=5s5p)
3.0 B P, and shake-off
= 2.5 A
i) B DA
.>'-_: 2.0 Il Other
1.5
1.0
0.5
0.0

4+
Xe

FIG. 4. Same as Fig. for

IV. Conclusion

We have identified the main pathways leading to the
formation of charged states up to Xe®t when it inter-
acts with an attosecond XUV pulse. Both for Xe**t and
for Xe®t we find that the main pathway for their forma-
tion proceeds via two sequential photo-absorption pro-
cesses, i.e. via the formation of a double core-hole state.
For Xe*t these sequential photo-ionization processes in-
volve each one photon. However, for Xe®t one of the
two sequential photo-ionization processes involves a di-
rect two-photon absorption process. So far, such direct
two-photon absorption was only identified for the forma-
tion of charged states higher than Xe’t for interaction
with femtosecond XUV pulses [13].

Xe5+
Ions

charged states Xett and Xeot.
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