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The creation and relaxation of double K-hole states 1s°2s22p®np (n > 3) of Ne!'*t in the interaction with ultraintense
ultrafast x-ray pulses are theoretically investigated. The x-ray photon energies are selected so that x-rays first photoionize
1522522p° of a neon atom to create a single K-hole state of 1s2s22p®of Ne!™, which is further excited resonantly to double
K-hole states of 1s°2s22p%np (n > 3). A time-dependent rate equation is used to investigate the creation and relaxation
processes of 1s92s22p®np, where the primary microscopic atomic processes including photoexcitation, spontaneous radi-
ation, photoionization and Auger decay are considered. The calculated Auger electron energy spectra are compared with
recent experimental results, which shows good agreement. The relative intensity of Auger electrons is very sensitive to the
photon energy and bandwidth of x-ray pulses, which could be used as a diagnostic tool for x-ray free electron laser and

atom experiments.
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1. Introduction

Transient atomic states are critical in the fields of atoms

(78] They pose a

and molecules,!'* clusters>% and solids.
significant challenge to researchers because of their very short
lifetime.l” With the application of x-ray free electron laser
(XFEL) such as the Linac Coherent Light Source (LCLS),!%]
European XFEL!'!l and Spring-8 Angstrom Compact free
electron Laser (SACLA),['? ultrafast (few to hundreds of
femtoseconds (fs)) and ultraintense (~ 10'8-1022 W/cm?)
x-ray pulses are provided. XFEL interacts primarily with
inner-shell electrons leaving multiple core-holes in the atom
or molecule.'3-131 Single and double core-hole (SCH/DCH)
states could be created readily due to the extreme bright-
ness of XFEL and many studies on SCH and DCH states in
the interaction with XFEL have been performed in the past
decade.!'6-191

SCH and DCH states are usually created by x-ray pho-
toionization when irradiated by XFEL. However, resonant
excitation is a much more efficient channel than photoion-
ization because the resonant excitation rate is generally sev-
eral times higher. Resonant excitation actually plays a cru-
cial role on the ionization kinetics. Although resonant exci-
tation in long wavelength regions has been well studied, *’!
there has been increasing interest in x-ray regions in the re-
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cent decade.>?!->*! For example, resonant excitation can ef-
ficiently enhance ionization in complex atomic systems such
as Kr and Xe in the interaction with XFEL.[>?3] Even for rel-
atively simple atoms such as Ar and Ne, resonant excitation
can significantly affect ionization kinetic pathways and charge
state distribution.?123:24] However, these resonant excitation
studies are mainly focused on SCH states. For DCH states,
big challenges exist because of the shorter lifetime and more
complicated atomic structure. Recently, Mazza et al.!>! ex-
perimentally investigated the formation and relaxation of DCH
states of neon on European XFEL.!!!l In the experiment, x-ray
photon energy was tuned to ionize one 1s electron and then
resonantly excite the other 1s electron to np orbitals. As a re-
sult, 1s°2s22p®np were effectively created and the relaxation
process was recorded using Auger electron spectra. However,
the details of the formation and relaxation of 1s°2s>2p%np are
still not well understood.

In this work, we used a time-dependent rate equa-
tion to simulate the production and relaxation processes of
15925%2p®np in the interaction with ultraintense ultrafast x-ray
pulses. The dominant microscopic atomic processes including
resonant photoexcitation and deexcitation, photoionization, as
well as Auger decay, are considered in this calculation. Res-
onant transition channels which are crucial for the level pop-
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ulation of DCH states are studied. Auger electron emission
spectra are calculated using the atomic level populations ob-
tained from the rate equation. The relative intensity of Auger
electrons from 1s°2s?2p®np is studied in detail, showing that
it is very sensitive to the photon energy and bandwidth of the
x-ray pulses.

2. Theoretical method

To understand the atomic level population kinetics inter-
acting with XFEL, a master equation approach is primarily
recommended.?%?’! However, a rate equation approximation

15,28-301 pecause of the relatively

is commonly used instead!
low temporal coherence of x-ray pulses in self-amplified spon-
taneous emission (SASE) mode.?!32] The details of a rate
equation approach can be found elsewhere,**! but a brief in-
troduction is given here. The population r; of atomic level i is

determined using the following

dn; M N
Fri Y niRji—ni Y Rij, ey
J#i J#i

where R;; and Rj; represent the depopulating and populating
rates between levels i and j, respectively, and N is the to-
tal number of energy levels considered in the calculation. In
this work, contributions to the rate from photoexcitation and
deexcitation, photoionization and Auger decay processes are
considered.

The intensity of XFELs has a Gaussian profile with re-
spect to space, time and photon energy, which is expressed as
follows:

“n2(5)? g -n2(4)2 [ 102 ()2 ?)

Ihv(”at) :I()e EFZ )

where Iy is the peak intensity in W/cm? and hvy is the cen-
tral photon energy of the x-ray pulse. A, 7 and I are the
half width at half maximum (HWHM) of the Gaussian pro-
file of the x-ray pulse on the distribution of space, time and
photon energy, respectively. The XFEL pulses at the SASE
mode are usually spiky and thus the x-ray pulses are partially
temporal coherent. [3*] The envelope of these spikes in the time
and frequency domain can be approximated by Gaussian func-
tions with an averaged duration and bandwidth. 8! The popu-
lations in experiments are obtained by averaging over many
shots which eliminate the influences of spikes in the x-ray
pulses. Therefore it is reasonable to assume Gaussian distri-
bution functions for the x-ray pulse intensity.

The resonant excitation rate from levels i to j can be ex-
pressed as follows:

j/
RS = %Gij(hv)d(hv), 3)

where o;;(hv) = ’Z‘:Cz

with f;; being the absorption oscillator strength and S(/v) be-

fijS(hv) is the absorption cross section

ing the line shape.

A complete set of atomic data including energy levels, os-
cillator strength, photoionization cross section and Auger de-
cay rate is obtained using FAC code, *3! which solves the Dirac
equation to obtain the orbital wavefunctions. A distorted wave
approximation is used to treat continuum atomic processes.
Configuration interaction and relativistic effects are consid-
ered in this calculation. Note that double Auger decay rate
of 1592522p®np is about one order of magnitude smaller than
the single Auger decay rate. 36! Therefore only single Auger
decays are included in the this work. In the present calcula-
tion, the neon atoms are populated initially in the ground state
of 1s22s?2p°®. The configurations of the ground, singly ex-
cited from valence shells, SCH and DCH states are included.
Take Ne'* as an example. The following configurations are
considered: 1s22s22p°, 1s22s2p°, 1s22s22p*31, 1s%2s2p’3l,
1s22p%31, 1s2s22p°, 152s22p331, 152s2p®31, 15°2s%2p°nl (n =
3-8,1=0,1,2,...,n—1). The rate equations are solved in
the different positions of the laser spot to obtain the popula-
tions. The calculated populations after temporal and spatial
averaging are used to compare with the experimental results.

t,[9] the x-ray photon energies

In the recent experimen
are tuned to first photoionize one 1s electron and then ex-
cite resonantly the other 1s electron of neon to an np orbital.
Such a process can be simply expressed as 1s22s22p® +hv —
152522p® + e~ and 1s2s22p® + hv — 1s°2s22p%np (n > 3).
Photoexcitation and photoionization rates of these processes
are crucial for the production of 1s°2s22p®np. Because of
the extremely non-equilibrium properties of hole atoms,37-38
obtaining precise transition data is difficult. In this work,
the R-matrix method is used to calculate the transition data
near the K-edge of 1s2s>2p® of Ne!*, which is a very ef-
fective approximation to treat the photon— and electron—atom
interactions. 3?49 The details of the R-matrix calculation are
similar to our previous work.!*!! In summary, 44 energy terms
are chosen as target states which belong to the SCH states
of Ne?™, i.e., 1s2s22p>, 1s2s2p°, 1s2s22p*3p, 1s2s2p>3p and
1s2p%3p. Five real (1s, 2s, 2p, 3s, 3p) and four pseudo-orbitals
(3d, 4s, 4p, 4d), which are obtained using the CIV3 code, *?]
are employed to construct wavefunctions of these target states.
The calculated ionization threshold of 1s2s?2p® is 994.3 eV

which agrees well with the experimental value of ~ 993 eV.[43]

3. Results and discussion

The calculated photoabsorption cross section of 1s2s22p°
of Ne'* near the K-edge, which is convolved with the total
width (natural and Auger width), is illustrated in Fig. 1(a).
The dashed line represents the x-ray profile with a center pho-
ton energy of 991 eV and bandwidth of 4.5 eV (HWHM)
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which is consistent with the reported x-ray bandwidth of
0.1%.[5] The photon energy (991 eV) corresponds to the
transition energy of 1s2s22p® — 1s°2s22p®5p. However, the
x-ray can also effectively excite nearby transition lines of
152522p% — 1s°2s22pS4p /6p/Tp/ - --.
of 1s2s22p® — 1592522p®3p is approximately 982 eV, which
overlaps with the edge of the x-ray profile. Because of the

The transition energy

large absorption oscillator strength, the photoexcitation rate of
1525%2p® — 1592522p%3p should play a role. The x-ray profile
also includes the photoionization region, so 1s2s22p°® +hv —
1592522p® + e~ could occur. The corresponding photoabsorp-
tion rates of different channels from 1s2s>2p° at the center of
the laser spot are shown in Fig. 1(b). The 1s — 3p, 1s — 4p
and 1s — €p rates are larger than 1s — 5p, although the x-ray
center photon energy 991 eV corresponds to the 1s — 5p tran-
sitions. Furthermore, the rate of 1s — 4p is larger than that
of 1s — 3p whereas both are smaller than the photoionization

rate.
:Eg T
a
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Fig. 1. (a) Photoabsorption cross section near the K-edge of 1s2s%2p°
of Ne!™. The dashed-line represents an x-ray pulse with center photon
energy hvy =991 eV and bandwidth I" = 4.5 eV. (b) The corresponding
photoexcitation and photoionization rate of different transition channels
at the center (» = 0 pm) of the laser spot. For the x-ray pulse, A =1 um,
7 =10 fs, and the maximal laser intensity Iy = 1 x 10'® W/cm? reaches
atr =20fs.

Photoabsorption rates determine the level populations
shown in Fig. 2. The populations of DCH states increase
quickly at the center of laser spot (r = 0) as shown in Fig. 2(a),
reach their maximum at approximately 7 fs, and then de-
plete at about 15 fs. The population of 1s°2s*2p%4p is the
largest with a maximum value of about 1.3%. The popu-
lation of 15°2s>2p® is smaller than that of 1s°2s?2p®3p and
15925%2p®4p. However, the photoionization rate is larger than
the resonant absorption rate (as shown in Fig. 1(a)). This is
due to Auger decay rate. The Auger rate of 1s°2s22p° is about
1.9x 1013 51 [414445] which is larger than that of 1s°2s>2p%np
(~ 1 x 1013 §71) 36461 Therefore, the population of 1592s22p®
is smaller than that of 1s°2s?2p®3p/4p. The maximal pop-
ulations of the DCH states become smaller at the outer posi-

tions of the laser spot. For example, the maximal population of
15°2522p%4p is ~ 1.3% at the center of the laser spot, ~ 0.8%
atr =1 um and ~ 0.15% at r = 2 pum. The outer the position
in the laser spot, the later the population reaches its maximum
value. The population profile gets wider from the innermost
to the outermost positions. This is mainly due to a decrease
in laser intensity from the inner to outer positions, resulting
in a consequent decrease in the photoexcitation rate. In the
interaction with x-rays, the neon atoms are depleted quickly.
Consequently 152s>2p® of Ne!™ are populated which are fur-
ther transferred into 15°2s22p® of Ne?* by photoionization and
1592522p®np by resonant photoexcitation. The population of
Ne?* is depleted due to the large Auger decay rate. As a result
the population is transferred to the SCH states of Ne*>* which
further decays into Ne**. Different charge states are created
in such a way in the interaction of ultrafast ultraintense x-ray

with neon.
0.015 : I : : . | .
o — 1s92522pS3p .
0.010 - — 1s92522pS4p (a) r=0 mm ]
. 1592s22pf5p
L - - 1s92522pS6p ]
= = 14094295,6
0.005 }:ngégogg ]
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; | . | .
0 T I T I ¢ i '
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0
0.0015
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0
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Fig. 2. Population evolution of 1592s>2p®np and 15°2522p® in laser spot
of (a) r =0 um, (b) »r = 1.0 pm, and (c) 2.0 pm. The x-ray parameters
are the same as those shown in Fig. 1.

Auger electron spectra are important because they reveal
information about the ionization processes.'!! In this study, the
intensity of Auger electrons is calculated using

v/m
I(e) = ;n]AJl (e—e)2+ 72 “4)
where n; is the population of hole state j, Aj; is the Auger
decay rate, & is the energy of Auger electrons, and 7y repre-
sents the spectral width (HWHM) which takes a Lorentzian
line shape.

Figure 3 shows the calculated Auger electron emission
spectra. These theoretical spectra are obtained by temporal
and spatial averaging over the duration and laser spot.!'>47]
Auger electrons are obtained from the decay of 15°2s22p®np
of Ne!™ and 15%2s22p® of Ne?* in the electron energy range
of 865-890 eV, as shown in Fig. 3(a). The peaks at electron
energy of ~ 880 eV are contributed mainly by the decay of
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15925%2p®3p — 152s?2p*3p + e~ and the peak at ~ 875 eV
is caused by 1s°2s>2p%4p — 1s2s*2p*dp 4+ e~. The peaks
at ~ 870 eV are contributed by 15°2s?2pSnp (n > 5) and
1s92s?2p®.  The theoretical spectra are convolved with an
instrumental resolution of 1.05 eV (HWHM),?*! and normal-
ized to the experimental peak at ~ 870 eV to compare with the
experimental spectra (Figs. 3(b) and 3(c)). The relative inten-
sity is very sensitive to the x-ray photon energy at a particular
x-ray bandwidth, as shown in Fig. 3(b). The intensities of
Auger electrons from 15°2s22p®3p and 1s°2s22p%4p are larger
than the corresponding experimental results at x-ray center
photon energy of 990 eV (black solid line). With the increase
in x-ray photon energy, both intensities decrease. The best
agreement with the experimental results is achieved for the
x-ray photon energy of 991 eV, which is consistent with the
reported value of 991+0.5 eV.!>! Figure 3(c) shows the rel-
ative intensity for a fixed x-ray photon energy of 991 eV and
variable bandwidth. The sensitivity to the bandwidth is also
observed. However, as the bandwidth increases, the intensi-
ties of 1s92522p%3p and 15°2s22p®4p show an opposite trend,
with the former increasing while the latter decreasing. This
behavior differs from that shown in Fig. 3(b). For a fixed band-
width (Fig. 3(b)), as the x-ray photon energy increases from
990 eV to 992 eV, the photons that can excite 1s — 3p and
Is — 4p decrease and thus both populations of 15°2s>2p%3p
and 1s°2s?2p®4p decrease. For a fixed x-ray photon energy
(Fig. 3(c)), as the x-ray bandwidth increases from 4.0 eV to

600||||||||||||||||||||||||

- (a) E‘ & N & — Nelt+ 7
400 - SprE e 2 & — Ne?*+ ]
L alsg & Ao = 4
Zr& Z\S %
200 |- <\ % = .
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.é I e e A e
e r (b) =45y ——hn=2990eV -
4 150 - hvy =991 eV
= B —hry=992 eV T
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~ - - Expt.
42‘: r ]
z
R =St ;
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Fig. 3. Auger electron emission spectra in interaction with x-ray
pulses. In panel (a), Auger electron emission spectra contributed by
1592522p%np of Ne!* and 1592s?2p® of Ne?* are shown. The x-ray
pulse parameters are the same as those shown in Fig. 1. In panel (b), the
x-ray bandwidth of 4.5 eV is fixed and the x-ray center photon energy is
variable. In panel (c), the x-ray center photon energy of 991 eV is fixed
and the x-ray bandwidth is variable. Other x-ray pulse parameters are
the same as those shown in Fig. 1. The theoretical spectra are shifted by
2.2 eV to the lower electron energy range to fit the experimental spectra.
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Fig. 4. Auger electron spectra in interaction with x-ray pulses with a
variable center photon energy of (a) 982 eV, (b) 988.5 eV, (c) 991 eV
and (d) 1000 eV. The black dashed lines represent the experimental
results.[>] The red solid lines represent the theoretical spectra with in-
strumental broadening (1.05 eV) included and the green dashed lines
are with no instrumental broadening included. Other x-ray pulse pa-
rameters are the same as those shown in Fig. 1.

6.0 eV, the photons that can excite 1s — 4p decrease while
the photons that can excite 1s — 3p increase. Therefore the
populations of 1s92s>2p®3p and 15°2s?2p®4p exhibit opposing
changing characteristics.

For systematical investigations, Fig. 4 compares the theo-
retical and experimental results for a variable x-ray photon en-
ergy of (a) 982 eV, (b) 988.5 eV, (c) 991 eV and (d) 1000 eV,
respectively. At an x-ray photon energy of 982 eV (Fig. 4(a)),
the resonant excitation rate of 1s2s?2p®4hv — 1s92522p%3p is
the largest which is about one order of magnitude larger than
that of 1s2s22p® + hv — 1592s>2p%4p. The Auger decay of
1s°25%2p®3p into the fine structure levels of 1s2s>2p*3p forms
the peaks near the electron energies of 875 eV, 877 eV, 880 eV
and 885 eV. The relatively weak peaks near the electron energy
of 871 eV are from the shakeup process of 1s°2s*2p®3p —
152s22p*4p + e . The theoretical spectra are broadened and
agree well with the experimental results after considering the
instrumental broadening effect.!?! Figure 4(b) shows the case
for the x-ray photon energy of 988.5 eV which corresponds to
the transition energy of 1s2s>2p® +hv — 15°2s>2p®4p. How-
ever, it is interesting to find that the largest Auger electron
intensity is from 1s°2s?2p®3p. The photoexcitation rate of
1s — 3p is larger than that of 1s — 4p by 70% because of
the larger absorption cross section of 1s — 3p (as shown in
Fig. 1). Due to the bandwidth of x-ray pulses, 15°2s>2p%np
(n > 5) and 15%2s%p are also populated and the Auger decay
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of these DCH states form the peaks near the electron energy
of 870 eV. The Auger electron emission spectra are very dif-
ferent as the x-ray photon energy increasing from 988.5 eV to
991 eV. The strongest electron emission spectra are from the
decay of 1592s22p®3p at hvy = 988.5 eV while they are the
weakest at 1vp = 991 eV. These characteristics clearly demon-
strate the sensitivity of Auger electron emission spectra on
the x-ray photon energy when they are located in the reso-
nant excitation regions. At the highest x-ray photon energy
of 1000 eV (Fig. 4(d)), no resonant absorption can be excited
while only photoionization occurs. Therefore only 1592s22p®
is created and its decay forms the emission peak at ~ 870 eV.

4. Conclusion

In summary, the formation and relaxation of neon K-
shell DCH states in the interaction with ultraintense ultrafast
x-ray pulses are theoretically investigated. Particular atten-
tion is paid to 1s°2s?2p®np, which are resonantly excited from
152s%2p®. The population evolution of atomic hole states is
studied using a rate equation approach. The results show that
resonant excitation could efficiently populate DCH states. The
Auger electron emission spectra are investigated at different
x-ray photon energies ranging from resonant excitation to the
photoionization region, and they show significantly different
characteristics. These calculations agree well with the exper-
imental results.!?> The Auger electron spectra are very sen-
sitive to the center photon energy and bandwidth of the x-ray
pulses when the x-ray photon energy corresponds to a specific

resonant excitation. This conclusion could be helpful for life-

time control of hole states. 4!
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