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Abstract. We have performed core level photoelectron spectroscopy on a
W(110) single crystal with femtosecond XUV pulses from the free-electron laser
at Hamburg (FLASH). We demonstrate experimentally and through theoretical
modelling that for a suitable range of photon fluences per pulse, time-resolved
photoemission experiments on solid surfaces are possible. Using FLASH
pulses in combination with a synchronized optical laser, we have performed
femtosecond time-resolved core-level photoelectron spectroscopy and observed
sideband formation on the W 4f lines indicating a cross correlation between
femtosecond optical and XUV pulses.
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1. Introduction

Since the discovery of the photoelectric effeljf photoelectron spectroscopy has evolved into

a workhorse for studying the valence electronic structure, the stoichiometry and the chemical
state of matter. The evolution of synchrotron radiation sources has continuously expanded the
range of applicability, which presently spans from angle-resolved photoelectron spectroscopy
(ARPES) for band structure determination and investigation of highly correlated electron
systems 2]—[4] to high-kinetic-energy photoemission using hard x-rays to probe deep into
solid matter b, 6]. In particular, core-level photoelectron spectroscopy using x-rays (XPS, also
known as electron spectroscopy for chemical analysis (ESCA)) can probe local chemical states
of individual atoms embedded in molecul&$, in the bulk [8], and at interfaces3], properties

that are relevant to physics, materials science, chemical and biological applications. Here,
the chemical shift in the core-level binding energy is used as a local element-specific probe,
reflecting the different chemical environments surrounding the photoionized atom. Tunability
of photon energy permits enhancement of the signal from selected atomic centers through the
photon energy dependent atomic photoionization cross-se&ji@amfl selection of the probing

depth in matter according to the universal curve of electron mean free pgthResonant
photoelectron spectroscop$1]-{13] gives insights into electron correlation and vibrational
resolution in XPS allows us to map potential energy surfaces of core-excited species for
free [14]-[16] and adsorbed molecule$q]-[20] and to investigate chemical reaction kinetics

of complex molecular systems on surfac2$| [as a function of temperature and pressure.

The next scientific frontier is to investigate in real time ultrafast dynamics in complex
matter (e.g. dilute species, surfaces and interfaces) on an atomic scale with the same degree
of detail. Present day femtochemistr®2] with optical lasers is limited in acquiring atom
specific and chemical state selective information. Utilizing the core-hole-clock metBazy],
ultrafast electron delocalizatior2$] and molecular dissociation time constan2$,[27] have
been determined at specific atomic sites. However, here, dynamic information is only accessible
in the time range given by the fixed decay time of core-excited states. In order to really follow
the temporal evolution at selected atomic sites, we have to develop atom specific and chemically
selective x-ray photoelectron spectroscopy (or ESCA) further towards a femtosecond time
resolving technique. Therefore, we need to combine femtosecond optical and x-ray pulses in
pump—probe experiments, where the evolution of a system is determined as a function of the
delay between optical pump and x-ray probe pulse. The time resolved pump—probe technique
is well known from 2 photon photoemission spectroscopy (2PPE) based on optical lasers
[28, 29] producing attosecond pulse train30[-[32]. In the picosecond range, synchrotron
radiation based time resolved ESCA has been perforB8d34] and using high harmonic

New Journal of Physics 10 (2008) 033004 (http://www.njp.org/)


http://www.njp.org/

3 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

generation at optical lasers, even femtosecond dynamics have been inves8ghtddyever,
there we are restrained to some few wavelengths available from the high harmonics of the laser.
Synchrotron radiation provides a wider wavelength region, but has considerably less intensity.
Thus, if we want to use x-ray pulses for time resolved ESCA in a broad wavelength regime
and up to high energies, we need to resort to free-electron lasers (FELSs) capable of producing
brilliant x-ray pulses up to kilo-electron-volt photon energies with less than 30 fs pulse duration.
In this contribution, we establish the foundation for femtosecond time-resolved ESCA
(fs-ESCA) on a solid surface using the free-electron laser at Hamburg (FLASG})ir
combination with a synchronized optical laser. Based on our experimental data for the intensity
dependence of space charge effects on the shape and position of photoemission lines, we derive
an expression for the range of electron numbers suitable for fs-ESCA applicable for present
and future FEL sources. Applying sideband generation on a metal surface as a tool for cross
correlation between the femtosecond x-ray and optical pulses, we obtain the additional temporal
information needed for fs-ESCA.

2. Experiment

The experiments were performed at the plane grating monochromator beamline PG2 at
FLASH [37, 38] using an UHV chamber equipped with standard surface science tools and a
Scienta SES 2002 electron analyzer. A clean W(110) single crystal was prepared by annealing
to 2000°C and cleanliness was checked by x-ray photoelectron spectroscopy. FLASH pulses
at 1185+ 0.2eV (3rd FEL harmonic at 38.5eV 1st FEL harmonic photon energy) impinged
onto the W(110) surface at 45ncidence angle and at 5Hz macropulse repetition rate in
50-microbunch mode with a microbunch separation ps1For our experiment it was crucial
to determine the number of monochromatic x-ray photons impinging onto the sample on a shot-
to-shot basis. For this purpose, we used a carefully calibrated MCP detédtatich detected
a fraction of the incoming photons reflected from a Au mesh (transmission 65%) behind the exit
slit. The MCP detector was cross-calibrated against a facility gas monitor detégtoaking
into account beamline transmissi@8], reflectivity at the mesh and quantum efficiency at the
MCP.

At a focal spot size of 39% 23 x 2744+ 14,m~2 [41] and 30 fs pulse duration, intensities
up to 323 x 10*°W cm~2 could be reached. The excitation bandwidth chosen was 750 meV for
the peak shift investigation and 150 meV for the sideband measurement. The electron analyzer
had~590 meV bandwidth (pass enerfy = 500 eV, 500..m slit). As in our previous gas phase
experiments42, 43], the photoemission spectra were recorded on a shot-to-shot basis with a
gated CCD camera synchronized to the FEL macropulse repetition rate. For optical excitation
we used delayed optical pulses (800 nm) with a duration of 120-150fs (FWHM) delivered
from the optical parametric amplifier system of the FLASH facility with 1 MHz repetition rate,
synchronized to the FEL. On the sample an optical excitation intensity6@-410'° W cm~2
was reached.

3. Results and discussion

Ouir first step to establish fs-ESCA with x-ray FELs is to consider the role of Coulomb repulsion
between photoelectrons created within the same fs-x-ray pulse. This space charge effect
can significantly affect spectral shapes and peak positiddis[46] which we heavily rely
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Figure 1. W 4f photoemission as a function of incident x-ray intensity. Focal size
395+ 23 x 2744 14 um?.

on in ESCA. Our objective is to find suitable x-ray fluences per pulse for electron spectroscopy
and derive a generally valid model based on the photon energy dependent photoionization cross-
section and the target density. We have thus measured energy distribution curves (EDC) for W 4f
emission as a function of x-ray photons per pulse, presented in figkice smaller values of the
number of photons, we observe the characteristic ¥) 4hd 4§/, spin-orbit pair with 2.2 eV
splitting and a 4 : 3 intensity ratio. The statistics of the spectra vary due to the differences in the
number of pulses accumulated with the respective number of photons per pulse, as displayed
in the right-hand panel of figurg with the latter simply reflecting the probability distribution
of pulse energies of FLASH resulting from the self amplified spontaneous emission (SASE)
process. We observe little modification of the EDC up to<1BY photons per pulse. However,
above 30« 10’ photons per pulse, notable peak broadening and shifting occurs.

We can now quantify our experimental findings regarding peak shift and peak broadening
of the W 4f lines as a function of the number of electrons created. In figuttee peak shift
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Figure 2. Evolution of peak shift (a) and peak broadening (b) depending on
the number of electrons created determined with least squares fitting to the
experimental and simulated photoemission spectra using equa}idrhé error
bars correspond to one standard deviation from the fit. The results are compared
to an analytical model of directed emission. (c) Zoom to the experimental data
fit for small peak broadening.

and the additional peak broadening with respect to the measurements at the lowest intensities
obtained from a least squares fit are shown, using Gaussians at 2.2 eV splitting and a 4:3
intensity ratio representing the W 4f spin-orbit pair. We convert the incident x-ray photon
numbers into a system-independent number of electhsising the W 4f photoionization
cross-section of 2.5 Mbarn per atom at B8 0.2 eV [9] and assuming a 3 A electron escape
depth g7].

As seen in figure2, space charge induced peak shifting (panel a) and peak broadening
(panel b) both occur with an increasing electron density. As peak broadening sets in at lower
electron numbers than significant peak position shifts, we focus on the peak broadening as
the limiting factor for fs-ESCA with FEL pulses. In figub), we present the results from
numerical modelling of electron propagation. With the ASTRA cotlg {he phase space of
an electron cloud (radius 338n) created on a solid surface and propagated to a detector at
10 cm distance from the surface has been computed, assuming 50fs duration of the incident
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Table 1. Fitting coefficients of equatiori] for the simulations and the analytical
model in comparison with the experimental data. The errors correspond to one
standard deviation from the fit.

a b

Experiment BIX108+32x108 1.134+0.07

ASTRA simulation
Isotropic emission  34x108+2.9x 10°° 1.0940.01
Directed emission 215x103+19x10* 0.59+0.01

Analytical model
Directed emission B3x103+14%x101° 0.50+0.001

pulse. Photoelectrons of 90 eV kinetic energy and a Lorentzian energy distribution of 1eV
FWHM have been considered for initial momenta directed perpendicular to the surface (directed
emission) and for isotropic initial momentum distribution into a half sphere. In addition, we
consider an analytical model of space charge effebds 45], describing the propagation of

an instantaneously created electron disk at a nominal electron kinetic elfgrggiating line
broadeningA E to the electron number in the puldl and the initial radius of the electron disk

ro through

AE =a/ExN} 1)
1/2
with a = [e;_em (£ + %)] andb = 0.5, the electron chargeand the permittivity of free space

€0. From these model considerations, we directly see in fig(behow the initial electron phase
space affects the space charge induced peak broadening.

The experimentally observed peak broadening is close to the isotropic simulation,
reflecting the fact that the W 4f photoemitted electrons have a wide angular distribution. The
onset and the dependence on the number of electrons are significantly different for directed
emission, which is also the assumption of the analytical model. We can now summarize the
experimentally found peak broadening and the ASTRA simulations by fitting the space charge
broadening to the power law from equatial) (hrough parametera andb. The respective
values are given in table We note that the experimental results and the simulation in the case of
isotropic emission show an almost linear dependence on the electron number similar to what has
been observed by Zhat al [46].

After determining the working range for electron spectroscopy on a solid surface with
pulses from FLASH, we can how embark on femtosecond time resolved electron spectroscopy,
using delayed optical pulses for excitation. With this set-up we have studied the appearance of
sidebands in the W 4f photoemission spectrum. It is well known from gas phase spectroscopy
that the overlap of an optical pump and an XUV probe pulse in time leads to the appearance
of sidebands in the photoemission spectrum originating from the dressing field experienced by
the photoemitted electrondJ|-[52]. The magnitude of these sidebands as a function of time
delay between the laser and XUV pulses represents a cross-correlation measurement, which
has been used at FLASH to determine the statistical jitter (250 fs RAAS[p2]) between the
synchronized optical and XUV pulses. On a solid surface, a first observation of sidebands has
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Figure 3. (a) W 4f photoemission spectra for different delays between optical
and XUV pulses. (b) Single W 4f spectrum. The energy range of the sidebands is
marked (B) together with the reference range (A). (c) Evolution of the rat® A

as a function of the delay between pump and probe pulse. A dip at tleldy
indicates the appearance of sidebands. A Gaussian fit gives a width :f3RI{3

with reducedy? = 3.9.

been reported in the ultraviolet photoemission valence spectrum of Pt(111) using 1.6 eV pulses
at 2x 10>W cm2 and 42 eV high harmonic radiation puls&s]|

In figure 3, our results on sideband generation at the W 4f edge are shown, using
1.55 eV optical radiation (62 x 10'°°W cm~2). Here, the nominal delay between the optical
and the x-ray pulses has been varied. As the sidebands appehisateV with respect to the
photoemission peaks, we present in figdte) the ratio between the unmodified photopeak
(A) and the sideband intensity (B) (see figld@®)). At temporal overlapt(= 0), determined
separately by x-ray induced transient optical reflectoméidy, the appearance of sidebands
to the W 4f photoemission leads to a dip in the ratigBAwith a Gaussian width oAt =
440+ 90fs. The temporal width of this cross-correlation measurement is governed by the
temporal jitter of the FEL with respect to the optical laser as well as temporal drifts within
the FLASH macro-bunch trains of up to 800fs caused by electronic feedback systems of the
accelerator structurésfl]. The temporal width of the optical pulse (120-150fs) and the XUV
pulse are negligible in our case, but their cross-correlation can be retrieved when the jitter is
determined independently through electro-optical sampbidg{52].
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4. Conclusion

In conclusion, we have conducted an investigation of space charge induced peak shift and
peak broadening in W 4f core-level photoemission from a W(110) single crystal surface
using femtosecond x-ray pulses from the FLASH. We have established experimentally and
computationally what should be generally applicable conditions for photoelectron spectroscopy
on solid surfaces using femtosecond x-ray pulses from FEL facilities. As a next step, we have
studied within this working range time-resolved core-level photoelectron spectroscopy on a
surface combining FLASH with a femtosecond optical laser synchronized to the femtosecond
x-ray pulses. The observation of sidebands to the W 4f core level lines confirms the cross-
correlation between the femtosecond x-ray and optical pulses needed for future studies of
femtosecond time-resolved core-level photoelectron spectroscopy on solid surfaces.

Acknowledgments

We gratefully acknowledge support by K Fléttmann and the scientific and technical staff of the
FLASH facility, in particular A Azima, S Dusterer, H Redlin and R Treusch. This work was
supported by the German Ministry of Education and Research (BMBF) through grants nos 05
KS4GU1/8 and 05 KS4GU/9 and the Helmholtz Joint Research Centre ‘Physics with coherent
radiation sources’.

References

[1] Einstein A 1905 Uber einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen
GesichtspunkfAnn. Phys17 132-48
[2] Damascelli A, Hussain Z and Shen Z-X 2003 Angle-resolved photoemission studies of the cuprate
superconductorRev. Mod. Phys/5473-541
[3] Hufner S 1996”hotoemission Spectrocsopy: Principles and Applicat{@eslin: Springer)
[4] Kevan S D (ed) 1992Angle-Resolved Photoemission: Theory and Current Applicat{@msterdam:
Elsevier)
[5] Thiess S, Kunz C, Cowie B C C, Lee T-L, Renier M and Zegenhagen J 2004 Hard x-ray photoelectron
spectroscopy from 5-14.5 keSolid State Commui32589-94
[6] Takata Yet al 2005 A novel probe of intrinsic electronic structure: hard x-ray photoemission spectroscopy
J. Electron Spectrosc. Relat. Phendm4-1471063-5
[7] Siegbahn Ket al 1969ESCA Applied to Free Moleculé¢amsterdam: North-Holland)
[8] Wertheim G K 1990 New method for bulk quantitative analysis by ESCAlectron Spectrosc. Relat.
Phenom5031-8
[9] Yeh J J and Lindau | 1985 Atomic subshell photoionization cross sections and asymmetry parameters:
1< z< 103At. Data Nucl. Data Table82 1
[10] Jablonski A and Powell C J 2003 Information depth and the mean escape depth in Auger electron spectroscopy
and x-ray photoelectron spectroscapyac. Sci. Technoh 21274-83
[11] Zangwill A and Soven P 1980 Resonant photoemission in barium and cBtiys Rev. Lettd5 2047
[12] Weinelt M, Nilsson A, Magnuson M, Wiell T, Wassdahl N, Karis O, Fohlisch A, Martensson N, Stéhr J and
Samant M 1997 Resonant photoemission at thee@ges of Ni: resonant Raman and interference effects
Phys. Rev. LetZ8967-70
[13] Allen J W 1991 Electron spectroscopy of strongly correlated syskimsicaB 171175-84
[14] Feifel R et al 2002 Interference quenching of =1 vibrational line in resonant photoemission of: N
possibility to obtain geometrical information on the core-excited fRaies. Rev. LetB9 103002

New Journal of Physics 10 (2008) 033004 (http://www.njp.org/)


http://dx.doi.org/10.1002/andp.19053220607
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1016/j.ssc.2004.09.021
http://dx.doi.org/10.1016/j.elspec.2005.01.044
http://dx.doi.org/10.1016/0368-2048(90)80003-S
http://dx.doi.org/10.1016/0092-640X(85)90016-6
http://dx.doi.org/10.1116/1.1538370
http://dx.doi.org/10.1103/PhysRevLett.45.204
http://dx.doi.org/10.1103/PhysRevLett.78.967
http://dx.doi.org/10.1016/0921-4526(91)90513-E
http://dx.doi.org/10.1103/PhysRevLett.89.103002
http://www.njp.org/

9 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[15] Contini G, Di Castro V, Stranges S, Richter R and Alagia M 2000 Gas-phase photoemission study of
2-mercaptobenzoxazole Phys. ChenmA 1049675-80

[16] Ueda K 2003 High-resolution inner-shell spectroscopies of free atoms and molecules using soft-x-ray
beamlines at the third-generation synchrotron radiation sourcéthys. B: At. Mol. Opt. Phys36
R1-47

[17] Fohlisch A, Wassdahl N, Hasselstrém J, Karis O, Menzel D, Martensson N and Nilsson A 1998 Beyond the
chemical shift: vibrationally resolved core-level photoelectron spectra of adsorb&h@ZORev. Let81
1730-3

[18] Fohlisch Aet al 1999 Franck-Condon breakdown in core-level photoelectron spectroscopy of chemisorbed
COChem. Phys. Let815194-200

[19] Fohlisch A, Hasselstrom J, Karis O, Menzel D, Martensson N and Nilsson A 1999 Vibrational fine structure
in core level photoelectron lines of adsorbed molecules: system dependent &ffelgstron Spectrosc.
Relat. Phenonml03303-8

[20] Andersen J N, Beutler A, Sorensen S L, Nyholm R, Setlik B and Heskett D 1997 Vibrational fine structure in
the C 1s core level photoemission of chemisorbed molecules: ethylene and ethylidyne on Riin@rhl)
Phys. Lett269371-7

[21] Denecke R, Trankenschuh B, Engelhardt M P and Steinriick H P 2003 Adsorption kinetics of CZRan Cr
surfacesSurf. Sci532-535173-8

[22] Zewail A H 2000 Femtochemistry: atomic-scale dynamics of the chemical bond (adapted from the nobel
lecture)d. Phys. ChemA 1045660

[23] Wurth W and Menzel D 2000 Ultrafast electron dynamics at surfaces probed by resonant Auger spectroscopy
J. Chem. Phy251141

[24] Bruhwiler P A, Karis O and Martensson N 2002 Charge-transfer dynamics studied using resonant core
spectroscopieRev. Mod. Physi4 703

[25] Fohlisch A, Feulner P, Hennies F, Fink A, Menzel D, Sanchez-Portal D, Enchenique P M and Wurth W 2005
Direct observation of electron dynamics in the attosecond doMaiare436373—6

[26] Bjorneholm O 2002 Resonant core level studies of molecules and clusters: electronic structure and
femtosecond dynamicSurf. Rev. Lettd 3—-12

[27] Nahon L, Svensson A and Morin P 1991 Experimental study of the 4d ionization in atomic iodine by
photoelectron and photoion spectrosc@&bhys. RevA 432328-37

[28] Petek H and Ogawa S 1997 Femtosecond time-resolved two-photon photoemission studies of electron
dynamics in metal®rog. Surf. Sci56 239

[29] Zhu X-Y 2004 Electronic structure and electron dynamics at molecule—metal interfaces: implications for
molecule-based electroni&rf. Sci. Repb6 1

[30] Kienberger R, Hentschel M, Spielmann C, Reider G A, Milosevic N, Heinzmann U, Drescher M and Krausz F
2002 Sub-femtosecond x-ray pulse generation and measurémpeinfhysB 74 S3-9

[31] Drescher M, Hentschel M, Kienberger R, Uiberacker M, Yakovlev V, Scrinzi A, Westerwalbesloh Th,
Kleineberg U, Heinzmann U and Krausz F 2002 Time-resolved atomic inner-shell spectrdsainpy
419803-7

[32] Remetter Tet al2006 Attosecond electron wave packet interferomifiay. Phys2 323-6

[33] Glover T Eet al 2003 Metal-insulator transitions in an expanding metallic fluid: particle formation kinetics
Phys. Rev. LetB0236102

[34] Pietzsch A, Fohlisch A, Hennies F, Vijayalakshmi S and Wurth W 2007 Interface photovoltage dynamics at
the buried Bak/Si interface: time resolved laser-pupsgnchrotron-probe photoemissiéppl. Phys.A
88587-92

[35] Siffalovic P, Drescher M and Heinzmann U 2002 Femtosecond time-resolved core-level photoelectron
spectroscopy tracking surface photovoltage transiengs@aAsEurophys. Lett60 924

[36] Ackermann Wet al 2007 Operation of a free-electron laser from the extreme ultraviolet to the water window
Nat. Photonicdl 33642

New Journal of Physics 10 (2008) 033004 (http://www.njp.org/)


http://dx.doi.org/10.1021/jp001979d
http://dx.doi.org/10.1088/0953-4075/36/2/312
http://dx.doi.org/10.1088/0953-4075/36/2/312
http://dx.doi.org/10.1103/PhysRevLett.81.1730
http://dx.doi.org/10.1103/PhysRevLett.81.1730
http://dx.doi.org/10.1016/S0009-2614(99)01194-X
http://dx.doi.org/10.1016/S0368-2048(98)00499-X
http://dx.doi.org/10.1016/S0009-2614(97)00288-1
http://dx.doi.org/10.1016/S0039-6028(03)00170-5
http://dx.doi.org/10.1021/jp001460h
http://dx.doi.org/10.1016/S0301-0104(99)00305-5
http://dx.doi.org/10.1103/RevModPhys.74.703
http://dx.doi.org/10.1038/nature03833
http://dx.doi.org/10.1142/S0218625X02001732
http://dx.doi.org/10.1103/PhysRevA.43.2328
http://dx.doi.org/10.1016/S0079-6816(98)00002-1
http://dx.doi.org/10.1016/j.surfrep.2004.09.002
http://dx.doi.org/10.1007/s00340-002-0913-9
http://dx.doi.org/10.1038/nature01143
http://dx.doi.org/10.1038/nphys290
http://dx.doi.org/10.1103/PhysRevLett.90.236102
http://dx.doi.org/10.1007/s00339-007-4072-z
http://dx.doi.org/10.1209/epl/i2002-00306-3
http://dx.doi.org/10.1038/nphoton.2007.76
http://www.njp.org/

10 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[37] MartinsM, Wellhéfer M, Hoeft J T, Wurth W, Feldhaus J and Follath R 2006 Monochromator beamline for
FLASH Rev. Sci. InstrumZ7 115108

[38] Wellhéfer M, Martins M, Wurth W, Sorokin A A and Richter M 2007 Performance of the monochromator
beamline at FLASHI. Opt. A: Pure Appl. Op©9 749-56

[39] Bytchkov A et al 2004 Development of MCP-based photon diagnostics at the TESLA test facility at DESY
Nucl. Instrum. Methodé 5282547

[40] RichterM et al2003 Measurement of gigawatt radiation pulses from a vacuum and extreme ultraviolet free-
electron laseAppl. Phys. Lett832970

[41] DusterefSet al2006 Spectroscopic characterization of vacuum ultraviolet free electron laser Pplségtt.
311750-2

[42] Nagasono Met al 2007 Resonant two-photon absorption of extreme-ultraviolet free-electron-laser radiation
in heliumPhys. RevA 75051406

[43] FohlischA, Nagasono M, Deppe M, Suljoti E, Hennies F, Pietzsch A and Wurth W 2007 High-brilliance
free-electron-laser photoionization of N\yround-state depletion and radiation-field-induced modifications
Phys. RevA 76013411

[44] Siwick B J, Dwyer J R, Jordan R E and Miller R J D 2002 Ultrafast electron optics: propagation dynamics of
femtosecond electrons packdtsAppl. Phys92 1643

[45] Passlack S, Mathias S, Andreyev O, Mittnacht D, Aeschlimann M and Bauer M 2006 Space charge effects in
photoemission with a low repetition, high intensity femtosecond laser sduégepl. Phys100024912

[46] ZhouX J, Wannberg B, Yang W L, Brouet V, Sun Z, Douglas J F, Dessau D, Hussain Z and Shen Z-X 2005
Space charge effect and mirror charge effect in photoemission spectrakdél@gtron Spectrosc. Relat.
Phenom14227

[47] Pawell C J and Jablonski A 2000 Evaluation of electron inelastic mean free paths for selected elements and
compoundsSurf. Interface Anal29 108-14

[48] FléttmanK 2007 Astra user manual. Onlinelatp://www.desy.de/~mpyflo/Astra~documentation/

[49] Schins] M, Breger P, Agostini P, Constantinescu R C, Muller H G, Grillon G, Antonetti A and Mysyrowicz A
1994 Observation of laser-assisted auger decay in @bga. Rev. Let?32180-3

[50] Meyer M et al 2006 Two-color photoionization in XUV free-electron and visible laser fi@ldgs. RevA 74
011401

[51] Radclife P et al 2007 Single-shot characterization of independent femtosecond extreme ultraviolet free
electron and infrared laser pulséppl. Phys. Lett90131108

[52] Cunovic Set al 2007 Time-to-space mapping in a gas medium for the temporal characterization of vacuum-
ultraviolet pulseAppl. Phys. Lett90121112

[53] Miaja-Avila L, Lei C, Aeschlimann M, Gland J L, Murnane M M, Kapteyn H C and Saathoff G 2006 Laser-
assisted photoelectric effect from surfaédg/s. Rev. LetB7 113604

[54] GahlC, Azima A, Beye M, Deppe M, Débrich K, Hasslinger U, Hennies F, Melnikov A, Nagasono M,
Pietzsch A, Wolf M, Wurth W and Foéhlisch A 2008 A femtosecond x-ray/optical cross-correNatior
Photonics?2 165-9

New Journal of Physics 10 (2008) 033004 (http://www.njp.org/)


http://dx.doi.org/10.1063/1.2364148
http://dx.doi.org/10.1088/1464-4258/9/7/030
http://dx.doi.org/10.1016/j.nima.2004.04.058
http://dx.doi.org/10.1063/1.1614417
http://dx.doi.org/10.1364/OL.31.001750
http://dx.doi.org/10.1103/PhysRevA.75.051406
http://dx.doi.org/10.1103/PhysRevA.76.013411
http://dx.doi.org/10.1063/1.1487437
http://dx.doi.org/10.1063/1.2217985
http://dx.doi.org/10.1016/j.elspec.2004.08.004
http://dx.doi.org/10.1002/(SICI)1096-9918(200002)29:2<108::AID-SIA700>3.0.CO;2-4
http://www.desy.de/~mpyflo/Astra~documentation/
http://dx.doi.org/10.1103/PhysRevLett.73.2180
http://dx.doi.org/10.1103/PhysRevA.74.011401
http://dx.doi.org/10.1103/PhysRevA.74.011401
http://dx.doi.org/10.1063/1.2716360
http://dx.doi.org/10.1063/1.2714999
http://dx.doi.org/10.1103/PhysRevLett.97.113604
http://dx.doi.org/10.1038/nphoton.2007.298
http://www.njp.org/

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	References

