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Resonant Auger effect at high x-ray intensity
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The resonant Auger effect of atomic neon exposed to high-intensity x-ray radiation in resonance with the
ls—3p transition is discussed. High intensity here means that the x-ray peak intensity is sufficient
(~10'"® W/cm?) to induce Rabi oscillations between the neon ground state and the 1s~'3p ('P) state within
the relaxation lifetime of the inner-shell vacancy. For the numerical analysis presented, an effective two-level
model, including a description of the resonant Auger decay process, is employed. Both coherent and chaotic
x-ray pulses are treated. The latter are used to simulate radiation from x-ray free-electron lasers based on the
principle of self-amplified spontaneous emission. Observing x-ray-driven atomic population dynamics in the
time domain is challenging for chaotic pulse ensembles. A more practical option for experiments using x-ray
free-electron lasers is to measure the line profiles in the kinetic energy distribution of the resonant Auger

electron. This provides information on both atomic population dynamics and x-ray pulse properties.
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I. INTRODUCTION

Since its discovery in 1980 [1], the resonant Auger effect
[2,3] and its influence on various experimental observables
have been the subject of intense investigation [4-17]. In a
simple picture, the resonant Auger effect may be interpreted
as a resonant photoionization process mediated by a particle-
hole configuration involving an inner-shell hole and an ex-
cited electron in a discrete one-electron state. The electronic
decay of the inner-shell hole gives rise to an electron spec-
trum that is similar to an Auger electron spectrum. The ex-
cited electron generally does not participate in the Auger
decay step. However, in contrast to regular Auger decay,
where the photoexcited electron is completely removed from
the parent ion, the presence of this electron in the resonant
case leads to a characteristic modification of the positions of
the Auger electron spectral lines. Further, for narrow-
bandwidth x rays, the kinetic energy of a photoelectron as-
sociated with a given resonant Auger decay channel displays
a linear dependence on the photon energy, and the width of
the electron line profile is determined by the photon band-
width, not by the Auger decay width.

As with all other x-ray-induced processes currently ex-
perimentally accessible, the resonant Auger effect studied so
far is a first-order process with respect to the interaction with
the photon field. In this paper we show how the resonant
Auger effect will be modified at high x-ray intensity. This
topic is timely for two reasons. First, the x-ray free-electron
lasers [18,19] that are currently under construction [20-22]
are expected to provide the intensity necessary to drive non-
perturbative x-ray processes on a time scale that is compa-
rable with the lifetime of an inner-shell hole [23]. Second,
these fourth-generation synchrotron radiation sources are
based on the principle of self-amplified spontaneous emis-
sion (SASE) [24]. As a consequence, the pulse properties of
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the x-ray radiation generated vary from shot to shot [25,26].
This limits the longitudinal coherence time near a photon
energy of 1 keV to a few femtoseconds [27], which is again
comparable with Auger lifetimes. As shown in Ref. [28], this
has interesting consequences for double-core-hole formation
via x-ray two-photon absorption at high, nonresonant photon
energies. Here, we discuss consequences for the high-
intensity resonant Auger effect. Because the Linac Coherent
Light Source (LCLS) [20] is the first of the x-ray free-
electron lasers that is expected to come online, we focus in
the following on its parameter regime [29]. Section II briefly
reviews resonant Auger decay at the ls—3p absorption
resonance of atomic neon. In Sec. III, we describe the theo-
retical model we use to investigate how the presence of high-
intensity x rays is reflected in the resonant Auger effect. The
results of our computations on neon are presented in Sec. IV.
Section V contains a summary. Atomic units are used
throughout unless otherwise stated.

II. THE 1s —3p RESONANCE IN NEON

The LCLS will initially operate in the soft-x-ray regime
above 800 eV. Since the 1s ionization threshold of Ne lies at
870.2 eV [30], it is planned to perform some of the first
experiments at LCLS using atomic neon [23]. The most
prominent and well-isolated pre-edge resonance in Ne is the
excitation from the atomic ground state ('S) to the 1s7'3p
('P) state at a photon energy of 867.1 eV [31-35]. Good
agreement with the experimentally observed resonance pro-
file [33] is obtained [36,37] by assuming that the decay width
['y5-13, of the 1s7!'3p state equals the Auger width I'; -1 of
Ne* 1s7!, ie, to a good approximation [y-13,=T 51
=0.27 eV [30]. (Ab initio calculations indicate that I';-15,
could be smaller than I';-1 by ~0.01 eV [33].) The 1s7'3p
resonance state of Ne decays with a branching ratio of 64%
into electronically bound states of Ne™ plus a resonant Auger
electron [34]. This is the case we will concentrate on in the
following. Particularly important final states in this category
are the 2p~2('D)3p (spectator) and 2p~2('D)4p (shake-up)
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states of Ne* [31]. They give rise to distinct peaks in the
resonant Auger electron spectrum. Because of the relatively
large Auger decay width, the 2P, ZD, and 2F terms associated
with 2p~2('D)3p can only be partially resolved; they are un-
resolved for 2p~2("D)4p [31].

III. THEORETICAL MODEL

Even without employing a monochromator, the spectral
bandwidth of LCLS near the 15— 3p absorption resonance is
expected to be only a few hundred meV [29]. By choosing
the carrier frequency w, of LCLS to coincide with the reso-
nance frequency, it will be possible to selectively excite the
transition from the Ne ground state to the 1s7!3p state. We
therefore adopt an effective two-level model, including a de-
scription of the resonant Auger decay process, to investigate
the impact of high-intensity x-ray interaction. State |1) in this
model is the Ne ground state. State |2) is the closed-channel
component of the 1s7'3p resonance wave function. By di-
agonalizing the exact many-electron Hamiltonian in a suit-
ably selected subset of the electronic configuration space, the
Coulomb-interaction-mediated coupling to the open Auger
decay channels |i,€;) can be eliminated. Here, |i,€;) stands
for the ith eigenstate of Ne* plus a resonant Auger electron
of energy €. Employing Wigner-Weisskopf theory [38,39],
the partial decay width I'; associated with the irreversible
transition from |2) to |i,€;) is obtained as

%, (1)

where VC symbolizes the Coulomb two-body operator, and
i,€;) is assumed to be energy-normalized. Thus, the Cou-
lomb coupling matrix element between |2) and |i,€;) is de-
termined by I'; up to a phase ¢;:

A r. .
(i,€|Vcl2) = \| 7. (2)
2

We assume that the x-ray field is linearly polarized along the
z axis with field strength

E(1) = E(1)cos(w,t) + E(1)sin(w, 1), (3)

Fi =27 <l, 6i|‘>C|2>

where E.(¢) and £,(r) are slowly varying on the time scale of
21/ w,. Thus, the cycle-averaged intensity is

1) = ——{€0)+ £0), )

In this expression, « is the fine-structure constant, and the
intensity is measured in units of I,=E,/(tya;)=6.43641
X 1015 W/cm? (E), is the Hartree energy, f, the atomic unit
of time, and a, the Bohr radius).

In the calculations presented in Sec. IV, we consider two
scenarios for £(¢). In the first scenario, in order to simulate
the statistical nature of SASE free-electron laser pulses (see
Sec. I), we adopt an approach developed in Ref. [40]. Within
this model, the Fourier expansion coefficients of the electric
field in w space are each Gaussian random variables with
zero mean and a variance equal to the power spectrum at the
corresponding frequency. We choose a Gaussian power spec-
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trum centered at the frequency w, with a variance corre-
sponding to the relative LCLS gain bandwidth of 4.4
X 107 [41]. For each simulated pulse, the Fourier expansion
coefficients of the electric field in w space are selected ac-
cording to their respective probability distribution. The fields
E.(r) and E(¢) are then determined by applying the fast Fou-
rier transform algorithm to the representation of the electric
field in w space. We employ a masking function in the time
domain to smoothly turn the pulses on and off. The ensemble
average is a square pulse with rise and fall times equal to 1%
of the total pulse duration 7. The sampling width in w space
is 27/ T. The number of independent modes determines the
temporal resolution. We choose T=230 fs [29] and include
12288 independent modes. In the second scenario, we simu-
late nonfluctuating, coherent pulses by employing for £.(¢) a
simple Gaussian temporal envelope with root-mean-square
width o. In this case, we set £,(1)=0.

Let I:IO denote the field-free atomic Hamiltonian, and let Z
stand for the z component of the electric dipole operator.
Then the Hamiltonian in the presence of the x-ray field is
given by

H(t) = Hy + 26(1). (5)

Because of the compactness of the 1s orbital in Ne in com-
parison to the 1s— 3p resonance wavelength, nondipole ef-
fects are of minor importance and may be neglected. Using
the electronic model space specified above, the state vector
satisfying the time-dependent Schrédinger equation

i§t|\lf,t> =H)|W,1) (6)

may be written as

|q’,t>=51(l)|1>+52(f)|2>+2fdfigi(fi’l) ie). (7)

For the expansion coefficients appearing in Eq. (7) we make
the ansatz

&) = ¢, (e Ert I (8)
&) = (e E0, ©)

and
gient) = gi(fi,f)e_i(Ez_m)tei‘P"~ (10)

Here, E; is the Ne ground-state energy, E, is the energy
position of the resonance state (including any shifts due to
Coulomb coupling between |2) and the |i,€;)), and 6=E,
—E|-w, is the x-ray detuning with respect to the resonance
transition energy.

We assume that the x-ray field couples only |1) and |2).
Describing |1) in terms of a closed-shell Slater determinant
and |2) in terms of a linear combination of two particle-hole
Slater determinants forming a spin-singlet state, the transi-
tion dipole matrix element between |1) and |2) is given by
[42]
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@21y =\2(3p.||1s) = 0.0096, (11)

where the 1s and 3p, orbitals of Ne were calculated using the
Hartree-Fock-Slater mean-field model [43]. (This strategy
gives accurate absolute x-ray absorption cross sections near
the Ne K edge [37].) The direct x-ray-induced transition
from |1) to any of the |i, €;) is neglected. (This is an excellent
approximation for neon near its K edge.) Since |2) and |i, €;)
have the same parity (2|]i, €;)=0.

In order to obtain equations of motion for ¢;(z), ¢,(t), and
gi(€,1), Egs. (7)-(10) may be inserted into Eq. (6). Upon
making the rotating wave approximation [44,45] and intro-
ducing the complex Rabi frequency

R(1) = QIZINED) + i (D)}, (12)

it follows that the equation of motion for the ground-state
amplitude reads

5 R*
ic'l(t)=—5c1(t)+¥cz(t). (13)

Treating the decay of |2) into the manifold of the |i, €;) in the
standard way [44], the equation of motion for the resonance-
state amplitude is

1571

g : 3 R(1)
ic)(t)=—i (1) + Ecz(l) + TCI(I), (14)

with the total decay width

F1571=2Fi' (15)

We remark that by employing Egs. (13) and (14) and the
initial conditions lim,_,_, ¢;(f)=1 and lim,_,_., c,()=0, the
norm in the subspace spanned by |1) and |2) may be deter-
mined:

lci (P + (0P =1 _Fls‘lf dr'|e,(1")]. (16)

Because of the decay of |2), this norm is not conserved.
Finally, we use Eq. (2) to express the equation of motion for
the amplitude for the decay channel |i,¢;) in terms of the
partial decay width I';:

1) [T,
ig.i(éi’t) = |:El(+> + € —E2 + _:|gi(€i’t) + _lC2(t).
2 2m

(17)

We have introduced Ef” to denote the channel threshold of
the ith channel (i.e., the energy of the ith energetically ac-
cessible state of Ne*). As mentioned in Sec. II, we consider
only electronically stable states of Ne* and therefore do not
assign a decay width to them.

From Eq. (17) we may conclude that the resonant Auger
electron line profile associated with the ith channel is given
by
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P(&) = lim|g,(.1)|?
1—o

2

— —ilim| dl"cz(l")ei[E£+)+E"_E2+5/2]t’|2. (18)

T t—© —

Note that while the area under the resonant Auger electron
line profile is proportional to the partial width T';, the shape
of the resonant Auger electron line profile does not depend
on I';, but is dependent on the details of the time evolution of
the amplitude of state |2) [see Eq. (14)]. Since for resonant
Auger decay E2>E§+) in comparison to the decay width, the
resonant Auger electron line shape is also independent of the
channel threshold E,('+)- Therefore, within this model, the line
profiles calculated in Sec. IV have the same shape for each of
the resonant Auger channels discussed in Sec. II. Exploiting
Eqgs. (16) and (18) and the fact that lim,_.., ¢,(r)=0, the total
resonant Auger electron yield is obtained as

> f deP(e) =1 - lim|c,(1)]?. (19)

t—

Throughout the rest of this paper we assume that w, equals
the energy separation between the atomic ground state and
the resonance state, i.e., we set 6=0. The equations of mo-
tion (13), (14), and (17) are solved utilizing a fourth-order
Runge-Kutta integrator. Before the interaction with an x-ray
pulse, the atom is assumed to be in its neutral ground state.
Our numerical calculations are based on a transverse spatial
pulse profile that is circular with a uniform intensity distri-
bution inside the circle. Spatial averaging, which would be
necessary for nonuniform intensity distributions, is not per-
formed.

IV. NUMERICAL RESULTS

At low x-ray intensity, the probability of depopulating the
Ne ground state is small, and the transition from level |1> to
level [2) may be treated perturbatively. Even as the intensity
is increased, x-ray-induced emission from |2) back to |1)
remains irrelevant as long as the resonant Auger decay of |2)
is faster than the induced emission process. In order to in-
duce Rabi oscillations [44] between levels |1) and |2) on a
time scale that is comparable to the resonant Auger lifetime
of level |2), the x-ray intensity required is

1 (2771—‘15—1
221

This approximate minimum intensity needed for Rabi oscil-
lations is so unusually high because Auger decay is ultrafast,
taking place on a time scale of femtoseconds, and because
transition dipole matrix elements involving an inner-shell
electron are relatively small.

Assuming LCLS pulse parameters, it is possible to reach
and even exceed I,;;,. In Fig. 1(a), we plot the time evolution
of the Ne ground-state population during a typical chaotic
x-ray pulse [first scenario described in the paragraph follow-
ing Eq. (4)]. The ground-state population drops rapidly dur-
ing the first few radiation spikes, as a consequence of the

]nﬁn

2 W
= 18—
) 15X 108 =5 (20)

- 8Ta
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FIG. 1. (Color online) Time evolution of the x-ray intensity (red
dashed line) and of the neon ground-state population (solid black
line) for a single shot (a) and for the averaged ensemble (b). Pa-
rameters characterizing the x-ray pulse ensemble: pulse length 230
fs (FWHM); 10'3 photons per pulse; focal diameter 1 pm.

x-ray-induced excitation from the ground state to level |2)
followed by the resonant Auger decay of level |2). Superim-
posed on the irreversible depletion of the ground-state popu-
lation are Rabi oscillations with a period of the order of one
femtosecond. Because of x-ray phase fluctuations, the cha-
otic x-ray pulse is not exactly in resonance with the 1s
— 3p transition. This is the reason why generally there is no
complete population transfer from level [1) to level |2) dur-
ing the Rabi oscillations.

In order to detect the x-ray-induced Rabi oscillations in
Ne as suggested by Fig. 1(a), one would have to measure—
for an individual SASE free-electron laser pulse—the time
evolution of the ground-state population (or, alternatively, of
the resonant Auger electron yield) with subfemtosecond time
resolution. As shown in Fig. 1(b), after averaging over an
ensemble of 10 000 chaotic x-ray pulses, the oscillatory be-
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FIG. 2. (Color online) Total resonant Auger electron yield after
exposure to a Gaussian-shaped pulse of duration o=0.5 fs (green
dotted line), 0=2 fs (red solid line), and o=10 fs (blue dashed
line) as a function of the x-ray peak intensity.

PHYSICAL REVIEW A 77, 053404 (2008)

0.8 T T T T i
K - e 8610 Wiem” ]
0.6 D -=- 4.9%10" W/em® 7]
I : = 13x10" W/em® |
= 0.4+ : |
g [ //\: ',:\/ )
Q '\,' \ \
2 02 PRI 7
2 [ 2 i R 1’\ ‘w/' AN 1
5 ‘ NP WAV N T ‘
g TN R (PC A VAL T S W T
LA ) o 24x10" Wiem” |
5 ool Jiuih o T 83x10T wiem” |
z N YT 17x10" Wrem®
< s oA foy 1
7 }'I\ \ AN I A \"\
0.1+ ; I’ ey, P P -
SN NN I( RN
L "/ rn :I\\/ \\ h .‘A :r‘ \\ 4\. i
RO Y S N
0 | i R | | | | | e A | n
2 15 1 05 0 05 I 15 2

energy [eV]

FIG. 3. (Color online) Resonant Auger electron line profile for a
Gaussian-shaped pulse of duration o=2 fs for different peak inten-
sities. The peak intensities chosen correspond, respectively, to the
first three maxima (a) and the first three minima (b) of the total
resonant Auger electron yield depicted in Fig. 2.

havior of the Ne ground-state population disappears. A time-
domain measurement of the x-ray-induced population dy-
namics is therefore quite challenging.

If the x-ray pulses are coherent and sufficiently short, a
time-resolved measurement is, in fact, not necessary. This is
illustrated in Fig. 2, where the total resonant Auger electron
yield after exposure to a coherent x-ray pulse [second sce-
nario described in the paragraph following Eq. (4)] is plotted
as a function of the x-ray peak intensity. The idea here is that
for fixed pulse duration, the state |\I’,t) reached at the end of
the x-ray pulse will depend on the x-ray peak intensity. If the
x-ray pulse is long in comparison with the resonant Auger
lifetime (o=10 fs in Fig. 2), then even if Rabi oscillations
take place during the x-ray pulse, by the time the pulse is
over, the atom is ionized with a probability of 1 (see Fig. 1).
However, when the pulses are sufficiently short (o=0.5 and
2 fs in Fig. 2), then, after the laser pulse is over, the atom
has a finite probability of being in its ground state after hav-
ing undergone one or more Rabi oscillations. As the intensity
is increased, the first minimum in the resonant Auger elec-
tron yield appears when the atom manages to complete one
Rabi cycle during the x-ray pulse (277 pulse); the second
minimum appears when the atom manages to complete two
Rabi cycles during the x-ray pulse (47 pulse), and so forth.

As shown in Fig. 3 for =2 fs, Rabi flopping induced by
a coherent x-ray pulse also leads to a marked modification of
the resonant Auger electron line profile associated with a
given resonant Auger channel. At an x-ray peak intensity of
8.6 X 10'® W/cm?, corresponding to a 7 pulse, the resonant
Auger electron line profile consists of a single peak [Fig.
3(a)]. A fit reveals that this peak is more similar to a Gauss-
ian than to a Lorentzian. Even when fitted to a Lorentzian,
the full width at half maximum (FWHM) obtained is only
0.20 eV, which is smaller than I'|-1. This is consistent with
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the fact that for the pulse duration chosen here, the spectral
bandwidth of the coherent x-ray pulse is smaller than the
Auger width; for a 7 pulse, the width of the resonant Auger
electron line profile is largely determined by the x-ray band-
width. However, if nar pulses with n> 1 are chosen, the reso-
nant Auger electron line profile does not resemble either a
Gaussian or a Lorentzian and is substantially broader than
either the x-ray bandwidth or the Auger width. This is illus-
trated in Fig. 3(a) for 37 (49X 10'7 W/cm?) and 57 (1.3
X 10" W/cm?) pulses, and in Fig. 3(b) for 27 (2.4
X107 W/em?), 4m (8.3x10'7 W/em?), and 67 (1.7
X 10'® W/cm?) pulses. For both (2n+1)7 [n=0,1,...] and
2nm [n=1,2,...] pulses, the resonant Auger electron line
profile displays n+1 local maxima. Such a multipeak elec-
tron spectrum for a short, intense laser pulse was predicted
more than 20 years ago [46]. An analogous multipeak effect
should exist in resonance fluorescence [47] and has been
interpreted as a temporal diffraction phenomenon [48].

We would like to point out that the FWHM of the multi-
peak line profiles plotted in Fig. 3 approximately tracks the
peak Rabi frequency during the respective x-ray pulse and
thus is a measure of the x-ray peak electric field amplitude.
For instance, at a peak intensity of 4.9 10'7 W/cm?, the
peak Rabi frequency is 1.0 eV, which agrees approximately
with the width of the corresponding line profile shown in
Fig. 3(a). The peak Rabi frequency at a peak intensity of
1.7X 10" W/cm? is 1.8 eV, in approximate agreement with
Fig. 3(b).

The multipeak structure in resonant electron or fluores-
cence spectra has apparently not yet been experimentally ob-
served [49]. Part of the problem may be that precise control
of the pulse area is required [49]. (Another practical diffi-
culty is volume averaging over the spatially non-uniform in-
tensity profile of the laser beam.) Using a SASE free-electron
laser such as LCLS, control of the pulse area will not be
available. We therefore compare in Fig. 4 resonant Auger
electron line profiles obtained for a single chaotic x-ray pulse
[Fig. 4(a)] and for an ensemble of 10000 chaotic x-ray
pulses [Fig. 4(b)]. The single-shot electron line profile at low
intensity (2.0 10'> W/cm? in Fig. 4) is extremely spiky
and reflects the multimode nature of a chaotic radiation
pulse. When averaged over many shots, the resonant Auger
electron line profile can be approximated by a Lorentzian
with a FWHM of 0.24 eV, which is ~10% less than I'j 1.
However, if the x-ray intensity is high enough to induce Rabi
oscillations within a resonant Auger lifetime (8.5
% 10'7 W/cm? in Fig. 4), both the single-shot electron line
profile and the ensemble average are substantially broader
than I'|;-1. Thus, even without control over the pulse area,
the measurement of resonant Auger electron line profiles
could be used to indirectly detect the presence of x-ray-
driven Rabi oscillations. It would be particularly interesting
if single-shot measurements of resonant Auger electron line
profiles were feasible. As can be seen in Fig. 4(a), at high
x-ray intensity the single-shot electron line profile is much
smoother than at low intensity, and a nodal structure remi-
niscent of the multipeak structures in Fig. 3 is discernible.
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FIG. 4. (Color online) Resonant Auger electron line profiles for
a single shot (a) and after averaging over an ensemble of 10 000
shots (b). The red dashed lines are results for an average peak
intensity of 8.5X 10'7 W/cm? (focal diameter of 1 um with tem-
poral intensity distribution for single shot corresponding to Fig. 1).
Solid black lines correspond to an average peak intensity of 2.0
% 10" W/cm? (focal diameter of 21 um). A pulse duration of 230
fs and 10'3 photons per pulse are assumed.

V. CONCLUSION

In this paper, we have employed an effective two-level
model to investigate the impact of resonant high-intensity
x-ray radiation on the resonant Auger effect of atomic neon
at the 1s— 3p transition. This model assumes, for instance,
that x-ray absorption by valence electrons may be neglected
in comparison to the strong coupling between levels |1) and
|2). We have also neglected ac Stark shifts due to electronic
states outside the model space. Estimates indicate that these
effects are relatively small and should not affect the general
conclusions of this paper. A comprehensive analysis of these
effects will be a subject of future investigations.

As shown in the previous section, detecting x-ray-induced
Rabi oscillations using a SASE free-electron laser by mea-
suring the time evolution of the Ne ground-state population
(or of the resonant Auger electron yield) is challenging. In
addition to requiring single-shot measurements, this would
necessitate subfemtosecond temporal resolution. In principle,
it is possible to measure the peak-intensity dependence of the
resonant Auger electron yield. However, the resonant Auger
electron yield as a function of the peak intensity will display
oscillations associated with Rabi flopping in the time domain
only if the x-ray pulses are ultrashort (shorter than the Auger
lifetime) and fully longitudinally coherent. As an alternative,
we recommend to perform spectroscopy of the resonant Au-
ger electron line profile. For ultrashort, coherent x-ray
pulses, one would expect to see interesting multipeak effects
as soon as the x-ray intensity is high enough to induce Rabi
oscillations. Hints of such multipeak effects are still visible
for individual chaotic pulses. After averaging over many
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chaotic x-ray pulses, the resonant Auger electron line profile
at high x-ray intensity is structureless, but is substantially
broadened relative to the resonant Auger electron line profile
obtained at low x-ray intensity. The width of the resonant
Auger electron line profile allows one to estimate the peak
electric field amplitude, and thus the peak intensity, for x
rays of sufficiently high intensity. It may therefore be pos-
sible to exploit the resonant Auger effect as an effective di-
agnostic tool for x-ray free-electron lasers.
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