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Two-color (x-ray + infrared) electron spectroscopy is u@dnvestigating laser-assisted KLL Auger decay
following 1s photoionization of atomic Ne with few-femtosecond x-raysgs from the Linac Coherent Light
Source (LCLS). In an angle-resolved experiment, the olvesidth of the laser-modified Auger electron spec-
trum and its structure change significantly as a functiohef@mission angle. The spectra are characterized by
a strong intensity variation of the sidebands revealingopagstructure. This variation is caused, as predicted by
theory, by the interference of electrons emitted at difietenes within the duration of one optical cycle of the
infrared dressing laser, which almost coincides with tfegitne of the Nels vacancy.

Auger decay is the dominating relaxation mechanism fomwas first observed by Schins et al. [12, 13] for LMM Auger
ionized atoms of low nuclear charge with inner shell vacan4ransitions in argon. In those experiments the Auger edestr
cies and is a salient and one of the most fundamental pracesseere detected in an angle-integrated way, and the measured
arising from the interaction of short wavelength radiatioth ~ spectra consisted of strong central (unperturbed) linélsaan
matter. Since this process takes place on the ultra-shogtti  few sidebands separated by the IR photon energy. The inten-
scale of a few femtoseconds, information about its dynamsity of the sidebands decreased regularly with the number of
ics is obtained, in general, indirectly via spectroscopicls  excess photons.

ies and comparison with advanced theoretical models (€.9. |n this Letter, we present the first experimental investiga-
[1]). Alternatively, direct measurements in the time domai tion of the angular and spectral distribution of sidebanmds i
have become possible by using ultra-short attosecondpuls¢ AAD induced by femtosecond x-ray pulses from the Linear
produced by harmonic generation from a few-cycle femtoseccoherent Light Source (LCLS) at SLAC [7]. Our experimen-
ond laser [2-4]. Recently, new opportunities were opened Ugy| results demonstrate the strong modification of the Auger
by the advent of free-electron lasers (FELs) operating én th gjectron angular distribution by the infrared dressingdfi@t
XUV and x-ray wavelength regime [5-7]. The unprecedentegyarticular a pronounced modulation of the sideband intensi
properties of these new sources, providing very intense femjes, which are interpreted as arising from the interfeesoic
tosecond XUV and x-ray pulses, have given rise to new reglectron waves emitted within one optical cycle. Thus, the
sults arising from the investigation of the atomic inneelsh  experiment reveals a fundamental process, one which will be
phenomena, especially the atomic Auger process [8, 9].  observable in all two-color angle-resolved electron stador

In particular, various two-color experimental schemeshav temporally overlapping pulses, where the relevant timéesca
been explored to study atomic photoionization [10], as wellfor electron emission (pulse duration for photoionizatmm
as, atomic and molecular relaxation processes [11]. For theore hole lifetime for Auger emission) is on the order of an op
case of overlapping infrared (IR) and x-ray pulses, thengtro tical cycle. The phenomenon is independent of the target un-
optical field gives rise to sidebands in the electron spettru der investigation, i.e. will be observed for atoms, molesul
These sidebands arise due to interaction of the photo- arlusters or solids. The target chosen for the demonstration
Auger electrons with the laser field and are associated witis atomic Ne, since the lifetime of the Ne 1s vacancy (about
absorption or emission of a few IR photons by the outgoing?.4fs) is comparable to the duration of one optical cyclerof a
electrons. For the decay of an inner shell vacancy, this pheB00 nm optical laser (about 2.6 fs). In addition, Ne has aarath
nomenon is known as laser-assisted Auger decay (LAAD) andimple KLL Auger spectrum dominated by the strong transi-



energy of the Auger electrons, which favors the production
of sidebands even at relative small IR intensities. The kmal
laser on contributions from the satellite structure, which is olveer

on the low kinetic energy side of the mdif, line, produces

a slight asymmetry in the LAAD spectrum.

The angular distributions of the Auger electrons are ana-
x10 lyzed using three time-of-flight (TOF) analyzers, which eer
mounted at different angles054.7 and 90) with respect
0.5 to the linear polarization vector of the x-ray pulses. Sifore

laser off the measurement only the emission angle with respect to the

%0 250 00 50 o0 230 optical laser polarization is important, all other anglesrev
Electron energy (eV) obtained by rotating the relative orientation of the linpar

larization vector of the optical laser by means of a half-vav
plate. The TOF analyzers have an energy resolution of about
650 meV for 800 eV electrons, i.e. sufficient to resolve the in
dividual sidebands (cf. Fig. 1), which are separated by the
IR photon energy (1.55eV). Typical acquisition times for an

) i N ) ) electron spectrum were in the order of 20-30 min, i.e. an av-
tion Net 1s712p° — Ne?* 2p* 1 D, [14] with the Auger elec- erage of more than 30 000 pulses.

tron energy of 804.3 eV. In the absence of the optical lager th Recent theoretical papers [19-21] have shown that for

angular distribution of the KLL Auger electrons is isotropi Auger electrons with large energy, the number of sidebands i

[15] since thbe 1s lvaf:ar:jcy Frodlécedhby Ilnearly_ polarlzgd Xthe electron spectrais large and the intensity of the sitdha
rays cannot be polarized (aligned). Thus any anisotropyen t when measured in an angle-resolved experiment, is modu-

angular distribution of the KLL Auger electrons in LAAD is lated revealing a so-called 'gross structure’. Moreovewgs

determined by interaction of electrons with the opticablas o jicted that the number and the intensity of the sidebands
field. strongly depend on the emission angle relative to the dptica
The experiments were performed at the AMO (atomic,jaser polarization. An angle integrated spectrum masksethe
molecular, and optical physics) endstation at the LCLS.[16] effects but gives a result consistent with the earlier alzser
Neon gas was ionized by x-ray pulses from LCLS operatingjons of [12, 13]. Since the energy of the Auger electron is
at a wavelength of 1.2nm, i.e. 1000eV photon energy, in thgarge, one can use the strong field approximation (SFA) [22]
low-charge mode providing extremely short pulses of a fewo theoretically describe the Auger-electron spectrumhin t
(2-5) femtoseconds duration. The pulses of a Ti:Sapphire opR laser field. This approximation assumes that in the in-
tical laser operating at a wavelength of 800 nm were eleetromer atomic region the Auger process is not influenced by the
ically synchronized to the LCLS x-ray pulses [17] and pro-|R |aser field, a condition that is satisfied for the modeyatel
vided a dressing field of about TOW cm~* in the interaction  strong IR fields considered here. In contrast, in the outer re
region. The spatial overlap of the x-ray and IR beams wagjion, the interaction of the emitted electron with the rasid
achieved by viewing the beams on a YAG screen which wason can be ignored and the propagation of the emitted ellectro
moved into the interaction region. Rough temporal overlags determined by the IR field only. Thus the outgoing electron
was achieved with the help of a fast photodiode providing &an be described by a Volkov wave function [23]. SFA was
time resolution in the order of 30 ps. Precise temporal &djus already successfully applied to the Auger electron emissio
ment and optimization of the spatial overlap was obtained om Refs [12, 13, 24]. A simplified description of the Auger-
the two-color signal in the photoelectron spectra. In otder electron spectra, based on SFA, has been developed in Refs.
minimize the measurements sensitivity to spatial and tealpo [19, 20]. They have demonstrated that for sufficiently large
fluctuations of the LCLS pulses, the optical laser was opelrat Auger energies the SFA gives results close to the numerical
with long pulses (about 3 ps) compared to the temporal jittegolution of the non-stationary Schrodinger equation Wiirie
between the x-ray and IR pulses of about 140fs [17, 18] an@|udes both interactions of the electron: the IR field and the
was focused to a diameter of about/#@ in the interaction  residual ion. The theoretical results presented here heee b
volume (compared to the 20n x-ray focal spot size.) Typ- obtained using this model [19, 20].
ical spectra recorded with and without the optical laser are The strong variation of the LAAD spectra as function of
presented in Fig. 1. the emission angle is displayed in Fig. 2. The electron spec-
Application of the optical dressing field dramatically afte trum recorded with the detector set perpendicular to the po-
the electron spectrum. In this case, the electron emission larization of the IR dressing field (9Pshows an unperturbed
completely governed by the optical field leading to a sidebban Ne KLL Auger line. As the angle is reduced, the Auger line
structure, which extends over more than 50 eV, i.e. contgini splits up into sidebands and for emission parallel to thecapt
more than 15 sidebands on each side of the undressed Augéld (0°) the spectrum is dominated by the sideband structure.
line. This dramatic effect is mainly caused by the high kinet At high emission angles (80- 80°) the line intensities are
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FIG. 1: KLL Auger spectrum of atomic Ne recorded at the erissi
angle of O relative to the polarization vector of the optical field with
and without additional optical dressing field.
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FIG. 2: 2D angle-resolved spectra of KLL Auger electronsifride (®)
in the laser field presented as a color-scaled plot. Left Ipahe
observed spectra; right panel: the calculated spectrajraat for a

laser intensity).7 x 10*2 W cm™2.
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clearly characterized by a modulated distribution witlosty
minima and maxima for particular sidebands. This behavior
is revealed even more clearly in the theoretical spectrg. (Fi
2, right panel) which were calculated for an optical laser in 0
tensity of0.7 x 102 W cm~2. The intensity of the central e Elecé(())on enerzlyo V) 20w
(undisturbed) peak is almost zero for some angles showing
that its strength is completely redistributed among the-sid r|G. 3: Experimental (a) and theoretical (b) Auger spectratfie
bands. In general, both the theory and the experiment showmission angle of 60 degree.
that the most populated groups of sidebands lie on the periph
ery of the spectra. Theory [21] shows that the energy interva
between these most populated groupsig'/ £, cos J, where  |ated spectrum is in excellent agreement with the experimen
I'is the IR intensity,E,, is the Auger electron energy, ad |, the central part of the spectrum, the relative intensity o
is the emission angle. The width of the spectral distributio gjghporing sidebands oscillates between minimal and-maxi
decreases with increasing emission angle. At exacthyt®®  m g values, proof positive that interference between eect
theory predicts only one peak since the IR electric fieldi® ze \ayes emitted at different times during a single opticaleyc
along this direction. is occurring as predicted. In addition, the observatiomese

The origin of these intensity oscillations lies in interfer interferences evidences that the Auger electrons areezhitt
ences caused by the emission of the Auger electrons at ditoherently independent from the exact moment of emission
ferent times during one optical cycle. As shown in Ref. [21]during the decay, which is consistent with the theoretiesit:
there are two types of interference. For an Auger lifetimag th ment [25]. We note, that due to the temporal jitter between th
is larger than the period of the IR field, Auger electrons emit FEL and IR pulses, the experimental spectra were recorded at
ted at different periods but at the same phase of the IR fieldandom time delays and phase differences. This jitter was th
interfere and result in the formation of the sidebands. How-oretically simulated by averaging over the time-delay leetw
ever another interference arises when emissions occuw®at t IR and x-ray pulses within one optical cycle. All calculatio
different times that have the same vector potential witliia 0 were performed for a single Auger transition with no contri-
IR cycle. These electrons acquire the same energy from the IBution from weaker satellite lines [26]. These satellites a
laser field and the corresponding electron waves can thereforesponsible for the higher intensity in the low energy pért o
interfere at the detector position. It is this interferetitat  the experimental spectrum. However, the slight asymmetry
leads to a modulation of the sideband amplitudes (see [21] fabetween low and high-energy parts of the calculated sp@ctru
details). is inherent in the theory (see eqs. (20) - (22) in [25]).

This gross structure is evident in both the theoreticaland e The result of the non-uniform IR intensity is more severe
perimental spectra for large emission angles. Figure 3 showfor emission angles close t¢ @Fig. 2), as revealed by the
the measured and calculated spectra for an emission angle differences between the experimental and the "ideal” theo-
60°. In order to obtain good agreement with the experimentetical spectrum. At small angles the central region of the
the theoretical spectrum includes averaging over a smatin experimental spectrum is nearly uniform, i.e. the intgnsit
sity interval (0.5-0.8%10*2 W cm~2. This averaging takes varies only slightly from line to line. In contrast, the theo
into account that the spatial intensity distribution in fllee  retical spectrum, calculated for a constant IR intenskpyes
cus is not flat but varies with position. The average calcua rather strong modulation. In figure 4 we show the experi-
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mental and calculated spectra for electrons emitted-at0°. (a)
In the measured spectrum (Fig 4a), the increased intemsity f
the two groups of high-order sidebands near 820 and 790 eV
is clearly observed, but in other regions the variation ialtm
However, the theoretical spectrum, solid curve in Fig. 4¢; ¢
culated for an IR field intensity df.0 x 102 W cm~2 shows a

well developed modulation also in the central part of the dis
tribution. This structure is less apparent in the experialen
spectrum. To check our assumption of a non-uniform IR field
causing this discrepancy we performed simulations foediff
ent intensities in the range (0.6 - 1:0)0'2 W cm™2. As an e e am—
example in Fig. 4c, two spectra for the intensitle® x 10'2 ‘ ‘ ‘ ‘

W cm~2 and0.7 x 102 W cm~2 are shown. One clearly 21©) 1
sees that in many cases a particular sideband has minimal or
maximal intensity changing from one spectrum to the other.
The strong dependence of the gross structure on the IR laser
intensity is related to the fact that the former is determine
by the above mentioned parametgf £,. At large kinetic
energies of the Auger electroi{) even a small variation of

the intensity ) leads to a noticeable effect in the sideband

structure. The spectrum averaged over the IR intensity-inte MrkAY Y
val (0.6-1.0%x10'2 W cm~2 is displayed in Fig. 4b. For the 780 P Blectton energy (eV) 50
average calculated spectrum the gross structure in thelenidd

part almost disappears and the spectrum becomes very sinklG. 4: (a) Experimental Auger spectrum recorded ‘atéative to
lar to the experiment. The strong intensity dependenceeof ththe IR linear polarization direction. (b) Calculated Auggectrum
positions of maxima and minima of the gross structure, espe2véraged over the intensity interval (0.6 - &= W cm ~. (c)

o I Calculated Auger spectra for two IR intensitiésd x 10*2 W cm™2
cially in the central part of the spectrum, leads to a smagthi (solid curve) and).7 x 10> W cm~2 (dashed curve).
of the interference patterns.

In conclusion, we have observed pronounced interference
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