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Abstract
Pump-probe photoelectron spectroscopy (PES) is a versatile tool to investigate the dynamics of
transient states of excitedmatter. Vacuum space-charge effects canmask these dynamics and
complicate the interpretation of electron spectra. Herewe report on space-charge effects in Au 4f
photoemission from a polycrystalline gold surface, excitedwithmoderately intense 90 ps (FWHM)
soft x-ray probe pulses, under the influence of theCoulomb forces exerted by a pump electron cloud,
whichwas produced by intense 40 fs laser pulses. The experimentally observed kinetic energy shift and
spectral broadening of the Au 4f lines,measuredwith highly-efficient time-of-flight spectroscopy, are
in good agreement with simulations utilizing amean-fieldmodel of the electrostatic pump electron
potential. This confirms that the line broadening is predominantly caused by variations in the take-off
time of the probe electrons without appreciable influence of local scattering events. Ourfindings
might be of general interest for pump-probe PESwith picosecond-pulse-length sources.

1. Introduction

Since its discovery byKai Siegbahn and coworkers in the 1960s, photoelectron spectroscopy (PES) has become
an increasingly important tool to investigate the quantum state ofmatter. Originally focused on studying the
composition and chemical state ofmolecules by probing the local site-specific electron density with x-ray core-
level excitation and analysis of binding energy shifts [1]—often called electron spectroscopy for chemical
analysis-, PES is nowadays widely used to tackle focal topics inmaterial and surface sciences, e.g. to studymulti-
elemental compounds asmetal oxides,metal dichalcogenides and cuprates with exceptional electronic and
magnetic phases like superconductivity, charge density waves, ferromagnetism and low-dimensional electron
gases or to study catalytic reactions of adsorbates. Angle resolved photoelectron spectroscopy (ARPES) is one of
themost important techniques to investigate the electronic valence structure of solids bymeasuring electron
binding energy,momentum and possibly spin (spin-ARPES) [2, 3]. Photoelectron diffraction [4] and
photoelectron holography [5, 6] can give complementary information of the geometric structure on bulk
materials and surfaces aswell as on the coordination of adsorbates. The short escape depth of electrons (in the
order of 10Åin the soft x-ray excitation regime)makes electron spectroscopy rather surface sensitive. Hard
x-ray excitation for electron spectroscopy (HAXPES) can increase the information depth and enable depth
profilingwith energy tunable sources. Thewide tunability ofmonochromatized light pairedwith high photon
flux and brilliancemakes synchrotron radiation from storage rings the ideal source formany electron
spectroscopy applications leading to a quasi standard setup in combinationwith the hemispherical analyzer [7].

Modern high brilliance x-ray sources as synchrotrons, free electron lasers (FEL) or laser-based high-
harmonic generation (HHG) and plasma sources deliver short x-ray pulses, with a length ranging from
femtoseconds to picoseconds, and a small spot size in theμmregime. This can lead to a high peak charge density
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withmultiple photoelectrons being emittedwithin one pulse, whichwill interact via Coulomb repulsion in
vacuumand hence change their initial energy andmomentum in an uncontrolled fashion. The strength of such
so called space-charge (SC)-effects increasesmainly with the volume charge density ρe− and decreases with the
initial kinetic energy of the electrons, because of reduced interaction time.One of the first observations of SC-
effects of electrons emitted from ametal surfacewas reported by Boersch [8]. A cathodewas used to produce an
electron current for electronmicroscopy and theCoulomb interaction of slow free electrons on themetal
surface of the cathodewas observed to broaden the electron velocity distribution, thus degrading the energy and
spatial resolution of themicroscope. Zhou et al have shown that energy shifts and broadenings of electron
spectra in the order of 10 meV can already occur at x-ray pulse intensities typical of third generation
synchrotrons [9]. Considering the nowadays achievable energy resolution at synchrotron facilities using state-
of-the-art electron spectrometers (ΔE≈1 meV), it is clear that SC-effects can become the bottleneck for
photoemission experiments. Dramatic SC-effects with energy shifts and broadenings of several eV can occur at
FELswith very high photon intensities and reported electron numbers ofmany thousands per pulse ([10–12]) or
in high-intensityHHG sources [13]. Several analytic [14] and numericalmodels, e.g. simulations of the electron
cloud expansionwithASTRA [10], tree-code [15] or SIMION [16], have been used to quantify SC-effects for
different initial electron distributions.

The so farmentioned SC-effects are produced by interaction of the analyzed electrons (i.e. probe electrons)
among themselves and they canmostly be reduced to a tolerable level by simply reducing the photon flux. The
loss of signal intensitymight be compensated by increasing the repetition rate of the source or by using electron
spectrometers with high transmission or high emission angle acceptance (e.g. ARTOF [17], momentum
microscope[18], magnetic bottle [19], retarding Bessel-Box [20]). In pump-probe experiments, the pumppulse
can be an additional source for SC-effects. Depending on the pump pulse intensity, wavelength and polarization,
a high number of conduction electronsmight be emitted into the vacuum and produce a pump electron cloud in
front of the sample surface. In that case, the dynamics of the transient under investigation, encoded in the probe
electron spectra, can bemasked by SC-effects fromCoulomb interaction of the pump electron cloudwith probe
electrons over awide range of several hundred picoseconds before and after the creation of the pump electron
cloud. Avoiding SC-effects in pump-probe experiments can be difficult since a reduction of the pumppulse
intensity is only possible as long as the investigated effect can still be excited.Moreover, a high repetition rate
only helps in case relaxation of the transient dynamics and dissipation of thermal heat are complete within the
time span separating two consecutive pumppulses.Hence, it is important to characterize space-charge
dynamics in detail in order to be able to account for them in pump-probe data analysis.

In this work, we investigate space-charge effects in Au 4f pump-probe x-ray photoemission spectroscopy,
using 40 fs (FWHM) pulses from a 800 nmTi:Sapphire laser as a pump and 90 ps (FWHM) soft x-ray
synchrotron pulses as a probe. The laser pulses produce an intense nonlinear photoemission current on a
polycristalline gold surface leading to electron clouds of about 105 electrons per pulse. In contrast, the
photoemission current produced from the probe pulse consists of only few electrons per pulse, therefore
avoiding any significant SC-effects between the probe electrons.WithMonte-Carlo simulationswe find that the
detailed dynamics of the Au 4f XPS spectra can be explained by describing the SC-effects with an analyticmean-
fieldmodel of the pump electron cloud.While thismodel is well known and has been successfully used to
describe the space-charge induced energy shift in several pump-probe XPS studies [12, 21], our high resolution
Au 4f spectra enable to test its applicability on the detailed line shape, in particular line broadening and
asymmetry.Wefind that all observations can be understoodwithin themean-fieldmodel without the need to
account for local electron–electron collision processes -also called stochastic scattering-. Our space-charge
dynamic simulations for different x-ray pulse lengths and probe electron energies reveal distinct spectral
broadening due to different take-off times of the probe electrons, which becomes in particular important for
probe pulses longer than about 10 ps.

2. Experimental setup

Allmeasurements are performed at theUE56/1-PGMbeamline at the BESSY II synchrotron. The endstation is
equippedwith the angle-resolving time-of-flight electron spectrometer ARTOF [22, 17] (by ScientaOmicron
GmbH), whichwas recently upgradedwith awide angle lens to enable up to 60◦ full-cone acceptance [23]. Here,
we operate the ARTOF at an angular acceptance of 56◦ (full cone) andwith an analyzable energy window size of
4%of the chosen center energy, providing high transmission at a nominal resolving power of 2200 and 1500 at

=E 170 eVcen andEcen=360 eV, respectively. The p-polarized x-ray probe beam,which hits the sample under
50◦with respect to the surface normal, and the analyzer optical axis lie in a horizontal plane. The sample is
oriented vertically and photoelectrons are detected in normal emission geometry. The pumppulses are
generated by the 800 nmTi:Sapphire laser of the FemtoSpex facility [24] and the laser beam is nearly parallel to
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the x-ray beam (with an angle of 2◦).We establish the spatial x-ray/laser overlap on aYAG crystal andmeasure a
x-ray spot size of 40×130 μm2 and a laser spot size of 400×900 μm2 (vertical× horizontal). Temporal
overlap is roughly establishedwith aGaAs avalanche photodiode (APD) by tuning the pump-probe delay with
an optical delay stage, which ranges between±1.5 ns around time zero. The synchrotron is operated in single
bunchmode, which provides a single x-ray pulse with≈90 ps (FWHM) pulse length at 1.25MHz repetition rate,
hence at a time interval of 800 ns. The pump-laser, with a repetition rate of 6034 Hz, is synchronized to one of
the 207 synchrotron pulses thatfit within one laser period. Since the dynamics of the Au 4f spectra are expected
to occur on a sub-nanosecond timescale and the ARTOF stores the arrival time for all individual electron events,
one can use all synchrotron pulses except the onewhich coincides with the laser to obtain an ‘unpumped’
reference spectrumduring a pump-probemeasurement. Here, we accumulate the spectra of ten revolutions to
obtain better statistics in the reference spectrum compared to the pumped spectrum. Allmeasurements are
performed at room temperature at a base pressure of 2·10−10mbar.

3. Simulations of space-charge dynamicswith amean-fieldmodel

In themost general case, simulations of SC-effects in pump-probe photoemissionmust temporally evolve the
ensemble of pump and probe electrons, i.e. by solving the equations ofmotion for every electron in the electric
field of all other electrons, from the time of emission of thefirst electron until the timewhere the distance of
every probe electron to all other electrons is big enough that no significant change in kinetic energy and
momentumof the probe electronswill occur anymore. The complexity of this problem can be reduced in
particular experimental conditions: If the probe electron density ρprobe is sufficiently low, the interaction
eprobe− eprobe can be neglected. If, furthermore, the number of pump electrons is large compared to the number
of probe electrons (e.g. 105 : 1), the pump electron cloudmight be considered as amacroscopic system acting on
the probe electrons (‘test electrons’), without being strongly affected by them (simulations e.g. in [15]). A further
simplification is possible when the probe electrons aremuch faster than themajority of pump electrons and the
temporal width of the pump electron cloud is short enough that the cloud can be treated as a thin disc parallel to
the sample surface at time zero. These conditions apply to the parameters in our experiment and enable the
introduction of an analytic space charge potential [14, 12, 20].

Photoelectrons created in a nonlinear photoemission process from a sub-ps laser pulse on ametal surface
have typically kinetic energies below 10 eVdirectly after the emission process [25]. In this non-relativistic case,
the length of the electron cloud along the surface normal direction z is approximately 0.1 μmaccording to
equation (1).

=
· · ( )z

E

m
t

2
. 1kin

e

This length ismuch shorter than the laser spot diameter of typically few 100 μm.Therefore, one can consider the
pump electron cloud as aflat disc for which a one dimensional electrostatic potential in the z direction can be
derived (see equation (2)) [14]:
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In equation (2),N is the total number of electrons in the disc, e is the elementary charge, ε0 is the vacuum
permittivity, r is the radius of the laser spot and z is the distance from the disc center in the longitudinal direction.

Photoelectrons created by x-ray excitation (probe electrons)will be accelerated in the pump electron disc
potential. For the simplest case that probe electrons are only detected in the z direction (e.g. electron detector in
normal emission geometry), the shift in kinetic energy is directly given byV and depends only on the time
difference between the creation of the pump electron disc and the emission of the probe electron, which is
illustrated infigure 1. For negative delays, the probe electron leaves the sample with an initial velocity vXz prior to
the emission of the pump electron disc. As soon as the pump electron disc is emitted at t=tdel, the probe
electron is accelerated and the total increase in its kinetic energy equalsV(zdel)·e, with zdel being the position of
the probe electron at t=tdel (seefigure 1(a)).

For positive delays, the pump electron disc is createdfirst and the probe electron then travels through the
disc. In this situation, the probe electron is interactingwith the pump electron disc during the initial propagation
process and effects like increasing disc size, redistribution of the kinetic energies of pump electrons or collisions
of the probe electronwith pump electronsmight becomemore important. The authors of [12] and [21] have
shown that it is nevertheless adequate to approximate the propagation of the pump electron disc with an
effective cloud electron velocity vLz (see figure 1(b)). Some extensions to the 1Dmodel have been developed:
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(1) including a lateral expansion r(t) of the disc in a 2Dmodel [26];
(2) including a realistic energy distribution of the cloud electronsN(Ekin) and building partial sums of

electron discs with energies according to this distribution [21];
(3) different distributions of emission angles (normal, isotropic, cosine) and an elliptical spot shape for cloud

electrons [21, 27].
These extensions describe the dynamics of the space-charge induced energy shift with better accuracy. It

should be emphasized that, to our knowledge, the dynamics of spectral broadening (energy broadening) in
pump-probe photoemission could not yet be explained quantitatively with the analytic space chargemodel. The
reason is that the energy shift at a certain pump-probe delay for a fixed electron take-off time is the same for all
probe electrons and hence shifts the spectrum as awhole. Slightly varying energy shifts due to different kinetic
energies of the probe electrons should cause a negligible spectral broadening inXPS. Instead, experimentally
observed spectral broadening is sometimes attributed to random local collisions between electrons as is
discussed for electron beams e.g. in [8, 28].

However, in specific experimental configurations,where theprobepulse length is of the sameorder as the
timescale inwhich the space-charge dynamics occur, spectral broadening canbe explainedwithin amean-field
model, as illustrated infigure 1(c). Considering aparticular delay tdel, the probe electrons are temporally distributed,
due to thewidthΔtXof the x-ray pulse, andmight thus experiencedifferent energy shifts dependingon their position
at thepumpelectron cloud creation time.To afirst approximation, the energy distributionwidth is simply

D » D=∣ ∣ ·E tV

t t t Xbroad
d

d
L

del
, which causes symmetric energy broadening of aPES line (seefigure 1(d)).Onemight

imagine theprobe electron cloudmoving in thehomogeneousfield of a condenser that is switchedon at t=tdel.
Since the second derivative of the pump electron cloud potential is positive for all tdel ( >( ) 0V t

t

d

d
L

2

2 ), the
electron spectrum is expected to have an asymmetric tail at higher kinetic energy. However, for @t 0del , the
probe electron distribution overlaps with the pump electron cloud during its creation, and probe electrons start
partly before and partly after the laser electron disc. In that case, the simple analytic arguments for the
broadening and the asymmetric tail do not hold.

To investigate spectral broadeningwithin the framework of a 1Dmodel, we have developed aMonte-Carlo
simulationwhich can simulate core level electron spectra under the influence of a space charge potentialVL (as
in equation (2)). An ensemble of probe electrons characterized by three parameters is generated initially. One
parameter (PΓ) is taken from a Lorentz distributionwith awidth equal to the natural linewidth of the core level.
The second parameter (Pres) is taken from aGaussian distributionwith awidth that is equal to the experimental
broadening and, thirdly, PΔtX is taken from aGaussian distributionwith awidth equal to the probe pulse
duration, which is used to generate the start time of the electrons tstart=tdel+PΔtX. In the next step, the final

Figure 1.Pump-probe space-charge effects in a one-dimensional analyticmodel of the pump electron cloud. (a) and (b) Spatial
profiles of the electrostatic potential (red curves) of the pump electron disc for negative (left) and positive (right) delays. Red and blue
barsmark the spatial positions of the pump electrons and probe electron(s) respectively at the same ∣ ∣tdel . The total increase of kinetic
energy of a probe electron is depictedwith black arrows. (c)Electrostatic potential versus time difference between the pump pulse and
the probe electrons. For a given delay tdel, the temporal widthΔtX of theGaussian probe pulse (blue) introduces an approximately
Gaussian distribution of the energy shifts of the probe electrons (light blue) centered aroundEshift with awidthΔEbroad. (d)Exemplary
space-charge effect on a PES linewithin the analyticmodel. Besides the energy shift and energy broadening, an asymmetry
characterized by a tail at higher kinetic energies occurs due to the positive second derivative ofVL. The black linemarks theGaussian
envelope in case of symmetric broadening.
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kinetic energy for each electron from the ensemble is calculatedwith equation (3). Finally, the electrons are
binned in kinetic energy.

= + + = +G D( ) · ( )E P P V t t P e. 3L tkin res del X

This electron spectrum simulation is rather time efficient and can be used as a fit function. For typical test
electron numbers between 105 and 106, the execution time of the simulation scales almost linearly with the
electron number and is about 1 μs/e− on a desktop computer. This enables to do a globalfit to a data set
comprising photoemission spectra at several delays to achieve a set of optimal parameters forVL(z). Before
testing the applicability of themodel to the experimental data, the effect of varying some crucial parameters on
the dynamics of energy shift and spectral broadeningwill be shown.

Figure 2 shows simulated dynamics of aGaussianXPS line in the 1D space chargemodel for various
parameter settings. The line widthΓ and peak position Epeak are analyzed by usingfits and by calculating
statisticalmomenta of the spectra.

It should be noted that aGaussian line shape is used in the initial tests of themodel for simplicity and
straightforward comparability between fits and statisticalmomenta, i.e. statisticalmean value and standard
deviationσ correspond to thefitted peak position and s= ·FWHM 2 2 ln 2 respectively. In contrast, all
experimental data will befittedwithVoigt profiles.

The pump electron cloud is created at t=0 ps and the probe electron spectra are simulated for delays
between−200 and+200 ps in 2 ps steps. Infigure 2(a), delay traces are simulatedwithNel=105 pump
electrons, a laser spot radius r=300 μmand amean pump electron energyEL=30 eV. The probe electron
energy isEX=100 eV, the linewidth isΔEgauss=0. 3 eV (FWHM) and the probe pulsewidth isΔtX=70 ps
(FWHM).While the energy shift of the PES lineΔEshift=Epeak−EX is almost the same for thefit and the
statistical analysismethod for every delay, the line widths obtained from the twomethods differ slightly for
−120 ps< tdel<120 ps. Simulated PES spectra andGaussian fits are shown for selected delays infigure 2(b).
One can clearly observe an asymmetry in the PES lines for tdel=−50, 0 and 50 ps. The agreement of the fits to
the spectra can be gauged from theχ2-plot infigure 2(a) top. The highestχ2, as well as the biggest disagreement
between the fit width and the standard deviation, is found at tdel≈−50 ps. This can be explainedwith the high

Figure 2. Simulated space-charge dynamics of aGaussianXPS line. (a)Delay traces for a 70 ps x-ray pulse (light blue) and an initial
electron kinetic energyEX=100 eV (othermodel parameters arementioned in the text). The dynamics of the linewidth as derived
fromGaussianfits to the simulated electron spectra (red) can be comparedwith the standard deviation of the spectra (blue). The
dashed lines show the corresponding SC-induced spectral broadening. The peak position shifts derived from thefits (grey) are almost
identical with the statisticalmean value (not shown). (b)Gaussian fits (blue) to the simulated electron spectra (red) for different delays.
The biggest deviation can be found for tdel=−50 ps. Theχ2 of thefits versus tdel is depicted on top of (a). (c), (d)delay traces of SC-
induced spectral broadening and energy shift (from fits to simulated spectra) for various x-ray pulse lengths (c) and various kinetic
energies of the probe electrons (d).
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second derivative of the pump electron cloud potentialVL(z), which causes the electrons from the probe pulse to
be shifted very asymmetrically in energy. To extract the SC-induced spectral broadeningΔEbroad from the total

linewidthΓ, theGaussian line widthΔEgauss is subtracted quadratically:D = G - DE Ebroad
2

gauss .
—It should be emphasized thatΔEbroad could in principle be calculated from simulationswith zero initial

PES linewidth (ΔEgauss=0). However, in this case the simulated spectrum can sometimes not bewell fitted
with aGaussian, particularly for tdel≈0, due to the discontinuity ofVL(t) at t=0.Hence a smallΔEgauss is
introduced to achieve proper fit results. IncreasingΔEgauss generally improves the fit quality, but the extraction
ofΔEbroad can bemore difficult. Nevertheless, it has been tested that the delay traces are only weakly effected by
varyingΔEgauss.

In the following, the influence of the probe pulse length on the dynamics of the probe electron spectra will be
shown. Infigure 2(c), delay traces ofΔEshift andΔEbroad, determined from fits, are simulated for some
characteristicΔtX. All parameters exceptΔtX andΔEgauss are kept the same as infigure 2(a).

For short probe pulse length, i.e.ΔtX=1 ps, the energy shift trace is steep and is supposed to resemble the
pump electron cloud potential. The longer the probe pulses are, the smaller the energy shiftmaximumbecomes,
whichmight be interpreted by a temporal convolution of the pump electron cloud potential with the probe
pulse. The trend is very different for the spectral broadening. ForΔtX=1 ps, there is no spectral broadening
visible within the statistical accuracy. For longer pulses, a characteristic shapewith two distinctmaxima appears,
which gets smeared out for the longest pulses ofΔtX=300 ps.

Let us now associate the pulse lengthwith realistic x-ray sources. The situation of very short pulses of 1 ps or
even below is typically realized at FELs. An energy shift of the photoemission signal with a sharpmaximumat a
time delay between the pump and probe pulses of tdel=0was observed in e.g. [11, 12]. However, the authors of
this work have not reported on pumppulse induced spectral broadening quantitatively. This is also not expected
fromour simulations andwould be beyond take-off time variations of the probe electrons in amean-field
model. A pulse length of 10 ps is for instance established in the low-αmode at a synchrotron.Here, onewould
expect a spectral broadeningmuch smaller than the energy shift within themean-fieldmodel whichmight,
however, only be detected if the instrumental resolving power is rather good and the intrinsic lifetime
broadening is not too big. A pulse length of 70 ps is usually available at a third generation synchrotron in normal
operationmode.Here, the spectral broadening caused by the electron take-off time distribution is of the same
order as the energy shift and should become relevant for pump-probe XPS. In the rather extreme case of
ΔtX=300 ps, which is aimed for at some fourth generation high brilliance sources asMAX IV, energy shift and
broadening persist overmore than 200 ps and the broadening can even surpass the shift. Although these storage
rings are naturally not oriented towards pump-probe studies, due to the long pulses, one should expect
significant probe pulse-length induced spectral broadening.

Another interesting parameter is the probe electron energy EX. Figure 2(d) shows simulations of delay traces
for different EX in the soft x-ray regime, allmeasurable with anARTOF. The higher the probe electron energy is,
the steeperVL(tdel) becomes for negative delays, which raises the amplitude of the first energy broadening
maximumand shifts its position towards tdel=0. Themaximumof the energy shift is shifted from tdel=0 to
higher positive delays and the amplitude decreases with higher probe electron energies. At =E 700 eVX , the
broadeningmaximumand the shiftmaximumare clearly separated and itmight be difficult to resolve the
second broadeningmaximumat all. In the case EX=EL, the delay traces of the energy shift and of the spectral
broadening become symmetric with respect to tdel. Here onemight raise the questionwhether the 1Dmodel is
still valid, because identical probe and pump electron velocities would contradict the 1D-model assumption that
probe electrons aremuch faster than pump electrons. However, as will be discussed later in detail, the parameter
EL shall be interpreted as an effective pump electron energy (EL

eff ), which—though based on themean kinetic
energy of the pump electron cloud—also implicitly accounts for a dynamic expansion of the cloud and is
therefore expected to be higher than themean kinetic energy of the pump electrons.

4. Experimental results and discussion

In the following, the dynamics of Au 4f core electrons emitted from a polycristalline gold sample under the
influence of a laser-induced pump electron cloud is experimentally investigated. Au 4f XPS spectra are recorded
forEph=260 eV and 450 eV at aflux of about 109 ph s–1. The laserfluences are 1.3±0.1 mJ cm−2 for
Eph=260 eV and 1.5±0.1 mJ cm−2 forEph=450 eV. Themeasured laser-induced total photoemission
currents—here called sample current—are Isamp=330±15 pA and Isamp=450±15 pA, corresponding to
(3.4±0.2)·105 and (4.6±0.2)·105 emitted electrons per pulse respectively. Although the sample surface is
not perfectly homogeneous and the pump electron yield at fixed laser fluence varies along the surface by up to
30%, the sample proved to be robust against laser irradiation and no additional preparationwas necessary.
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Figure 3(a) shows reference spectra (laser switched off)with high statistics recorded at the synchrotron
repetition rate (1.25 MHz). The electron spectrometer alignment was optimized for the Au 4f5/2 PES line. The
Au 4f7/2 peak is effected byminor optical aberration of the analyzer atEph=260 eV, leading to an increased line
width in the angle-integrated spectrum. The applied fitmodel consists of twoVoigt profiles with constant
Lorentzianwidth of 0.33 eV (in good accordancewith literature [29]), a Shirley-type background and a constant
background. The intensity ratio between the two peaks isfixed according to themultiplicity of the spin orbit
splitting I(Au4f5/2)/I(Au4f7/2)=3/4. Thefit results are in good agreement with the data.We do not observe a
significant contribution of a surface state, as reported in [29], presumably because no extensive surface
preparation has been done.

All pumpedAu 4f spectra (recorded at the laser repetition rate of 6 kHz) can be seen in a two-dimensional
intensity plot infigure 3. The spectra have beenmeasured for delays between−150 and 150 ps in 4 ps steps
(values read from the delay stage) for Eph=260 andEph=450 eV. An additional delay scan has beenmeasured
from152 to−148 ps forEph=260 eV as a further verification. Figure 4 shows delay traces of theGaussian line
width of bothAu 4f5/2 and 4f7/2 peaks and of the 4f5/2 peak position for the pumped spectra and for the sumof
ten unpumped spectra between the laser revolutions. The peak positions andwidths are obtained from fits to the
electron spectra by keeping the spin–orbit splitting and the background parameters fixed to the results from the
corresponding reference spectra (figure 3(a)) and only varying the 4f5/2 peak position, theGaussian line width
contribution of both peaks and the intensity of the 4f5/2 peak. As expected, the unpumped traces show only very
weak delay dependency, in the order of fewmeV,whichwe attribute to slightly changing x-ray beamor sample
position during a delay scan.

Figure 4(d) shows normalized delay traces for all photon energies. The SC-induced energy shiftΔEshift is
achieved by subtracting the delay trace of the unpumped spectrum from the delay trace of the pumped spectrum
(ΔEshift=Epump−Eunpump), while the SC-induced spectral broadening is achieved by subtracting the
unpumped linewidth from the pumped linewidth quadratically (D = D - DE E Ebroad pump

2
unpump
2 ). The two

traces recorded at Eph=260 eV are very similar, confirming the reproducibility of themeasurements, and have
beenmerged together and smoothed for better visualization.ΔEshift has a rather broadmaximumat about
−10 ps andΔEbroad shows a remarkable asymmetry with amaximumat−50 ps, a steep edge to smaller delay,
and at larger delays a lowermaximumat about 20 ps. The delay traces atEph=450 eV look overall similar, with

Figure 3. (a)Au4f photoemission spectra recordedwith high statistics and the pump laser switched off. Experimental data aremarked
with red dots, the blue lines are fits to the data. (b)–(d)Au4f spectra recorded for pump-probe delays in 4 ps steps around time zero.
TheAu 4f5/2 peak positions, as derived fromfits, aremarked for the pumped spectra (solid lines) and the corresponding reference
spectra (dashed lines), respectively. b scan from –150 to 150 ps atEph=260 eV. (c) scan from−150 to 150 ps atEph=450 eV.
(d) scan from152 to−148 ps atEph=260 eV.
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the exception that the broadening trace appearsmore symmetric and themaximumof the energy shift trace is
shifted a few picoseconds tomore positive delay, which could be explained by slightly changed synchronization
of the laser and the x-ray between the differentmeasurements.

In the following, the applicability of themean-field 1D space chargemodel to explain the experimental
results will be tested. By using the XPS peak simulations as a fit function to the data, it should be possible to
derive an optimal parameter set for the space charge potential from a globalfit to all electron spectra from a delay
scan. To keep the processing time of the fit function sufficiently short, only the Au 4f5/2 peak isfitted and a linear
background is applied, instead of a Shirley-type-background. The upper limit of the kinetic energy range is set
close to the rising edge of theAu 4f7/2 peak. All fit parameters, except the spectral intensity and the delay, are
linked between all spectra of a delay scan. The individual delays are fixed to the experimental values obtained
from the delay stage. Figure 5 shows experimental, and simulated spectra for selected delays. A remarkable
agreement can be observed for both photon energies and theχ2 of the global fit is very good, as can be seen in the
fit parameter table (table 1). It is worth tomention that the globalfits converge stably to the same parameter
values for various starting conditions.

Although the global fit to the XPS spectra of a delay scan is themost direct way to confirm the applicability of
themean-fieldmodel, onemight also compare the delay traces of the experimental and simulated spectra by
applying aVoigt-type peak fit to the simulated spectra. Figure 6 shows such comparison. Both the energy shifts
and the energy broadenings arematching quantitatively, and all characteristic features of the delay traces of the
experimental data are captured in the simulated traces. This further confirms that the broadening can be
describedwithin amean-field space chargemodel and is almost completely caused by the electron energy spread
due to the x-ray pulse length of about 80–90 ps (FWHM). The simulated x-ray pulsewidth is in good agreement
with a directmeasurement of the electron bunch in the storage ringwith a streak camera givingΔtX≈90 ps and
the simulated pump electron cloud radii are in good agreementwith themeasured laser spot diameter. The
simulated electron numbersNel≈105 are a factor of three lower than expected from themeasured total
photoemission currents, whichmight be explainedwith the neglect ofmirror charge effects [27] or a partial back
flowof cloud electrons to the sample due toCoulomb repulsion.

The effective pump electron energies EL
eff=101 eV andEL

eff=272 eV seem to be too high to directly
associate themwith themean kinetic energy of the pump electrons (EL). Although photoelectrons, excited by

Figure 4. (a)–(c) delay traces of Au 4f XPS linewidth and peak position derived from fits to the data sets offigure 3. All panels display
the Au 4f5/2 peak position for pumped spectra (black line) and unpumped reference spectra (grey). TheGaussian linewidth of the Au
4f5/2 (red) andAu 4f7/2 (blue) peaks are shown for pumped spectra (dark colors) and unpumped reference spectra (light colors).
(d)Delay traces of energy shift and spectral broadening. The spectral broadening (purple) is an average of the Au 4f5/2 andAu 4f7/2
broadenings. Both scans atEph=260 eV are combined and the traces are carefully smoothed for better visualization. Error bars are
shown forEph=260 eV and taken from the standard deviations of thefits. Twomaxima at tdel≈−50 ps and tdel≈20 ps are clearly
visible in the energy broadening trace forEph=260 eV.
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intense 800 nm laser radiation, with kinetic energies exceeding 100 eV have been reported [12, 21], the vast
majority of electrons in the cloud hasmuch lower kinetic energies. To explain this discrepancy, it should be
emphasized that the dynamic of the energy shift of the probe electrons is governedmostly by EL for positive
delays in the simple 1D space-chargemodel. The somewhat rude approximation of thismodel of a rigid pump
electron discmoving perpendicular to the sample surface neglects a dynamic change of the pump electron cloud
size and its charge density, due to e.g. Coulomb repulsion and a non-normal distribution of electron take-off
angles, which is implicitly incorporated into EL

eff . In the limiting case of very small EL
eff , whichmeans that the

cloud remains quasi statically on the sample surface after its creation, the energy shift of the probe electrons is

Figure 5.Global fit of simulated Au 4f5/2 electron spectra to experimental data under the influence of space-charge effects. Selected
experimental spectra for delays between−150 and+150 ps in 20 ps steps are shownwith error bars from statistics (grey). The fits
(black lines) are in very good agreement with the data for all delays. Energy shifts, broadenings and asymmetries are well reproduced
within the analytic one-dimensionalmodel for both photon energies.

Table 1.Parameters of the globalfits to theXPS spectra of
two different delay scanswithin themean-field 1Dmodel.
Nel: number of cloud electrons; rcloud: cloud disc radius;EX:
Au 4f5/2 kinetic energy; EL

eff : effective pump electron
energy;ΔtX: x-ray pulse length (FWHM);ΔEgauss: Au 4f5/2
Gaussian linewidth; t0: pump-probe time zero;#deg. free:
number of degrees of freedom;χ2: chi-square statistic of the
fit. Uncertainties are given as standard deviations of thefits.

Parameter 260 eV 450 eV

Nel 97 000±1000 132 200±900

rcloud [μm] 291±3 248±2

EX [eV] 168.559±0.002 359.186±0.002

EL
eff [eV] 101±2 272±2

ΔtX [ps] 89.1±0.9 82.6±0.6

ΔEgauss [eV] 0.350±0.004 0.614±0.002

t0 [ps] −11.1±0.3 −1.1±0.2

#deg. free 2651 3107

χ2 2785 3780
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constant for positive delays. Conversely, the bigger EL
eff is, the faster the energy shift decreases with increasing

positive delay, which could be induced by a higher EL, but also by a dynamic expansion of the pump electron
cloud.We have calculated that a cosine emission distribution of pump electronswould lead to comparable
energy shifts for positive delays as a normal emission distribution, and resemble our experimental data, when EL
would be reduced by about a factor of three. Prospective investigation of different sophistication of themean-
field approach for space-charge dynamicsmight enable to predict EL

eff from experimentally accessible
parameters like energy and angular emission distribution and number of cloud electrons, whichmight then be
used to simulate the spectral distortions frompump-probeCoulomb interactions ad-hoc.

While spectral shifts due to SC-effects in pump-probeXPS are less critically removable in data analysis,
spectral broadening—potentiallymasking spectral fine structures-is hardly assessable. Our simulations clearly
show that for probe pulses longer thanΔt≈10 ps an inevitable spectral broadening due to take-off time
variations occurs.Moreover, this seems to be the dominating source of spectral broadening in our experiments,
which in turn let us conclude that one can establish experimental configurationswith short, low-intensity x-ray
probe pulses where the SC-induced spectral broadening can essentially be eliminated or strongly suppressed
even for high pump electron numbers exceeding 105 e− per pulse. This raises the questionwhether pump-pulse-
induced spectral broadening in pump-probe PES is in general predominantly caused by deterministic
distributed energy shifts of the probe electrons, which could result fromdifferent take-off times, positions or
angles of the probe electrons in the three-dimensionalmean-field potential of the pump-electron cloud. In such
scenario itmight be possible to systematically narrow the energy shift distributions of probe electrons and hence
reduce spectral broadening by decreasing probe-pulse length, by establishing high spot size ratios between pump
and probe beam -to achieve a homogeneous pump-electron density across the probe electron beam- or by
restricting the analyzed emission angle. On the other hand local probe-electron/pump-electron scattering,
which should be particularly relevant for slowly spreading, high density pump electron clouds,might bemore
difficult to systematically deal with. It is worth tomention that pump-probe XPS dynamics of other transient
macroscopic potentials, e.g. surface photovoltage, can possibly be simulated analog to space-charge dynamics as
long as the transient can be describedwith amean-field and the probe electron dynamics are predominantly
deterministic.

5. Summary and conclusion

In this workwe have investigated vacuum space-charge effects in pump-probe electron spectroscopy on a gold
surface. An intense 800 nmpump laser pulse has produced a nonlinear photoemission current, in the order of
105 electrons per pulse, which influences the Au 4f photoelectrons via Coulomb interaction. By utilizing a high
transmission, high resolution time-of-flight spectrometer (ARTOF), we recordedXPS spectra with high
statistics, detecting peak positionswith 5 meV and peakwidthswith 20 meV accuracies, as well as detailed line
shapes and asymmetries. The high repetition rate and low photonflux of the x-ray beamhave allowed to study
pumppulse induced space-charge effects, excluding any significant probe–probe electron interactions. Spectral
peak shifts and broadenings up to several 100 meVwere observedwith the broadening displaying a distinctive
time evolution. In order to understand such dynamics, we have simulatedXPS spectra by using amean-field
model of the space charge cloud potential. Thewhole set of XPS spectra can be excellently reproducedwith these

Figure 6.Comparison of delay traces from experimental data and simulations. Experimental data are shownwith dots and error bars
and simulations with solid lines forEph=260 eV (left) andEph=450 eV (right). An overall agreement regarding the shape of the
traces, as well as the amplitude, between experiments and simulations is achieved. Small deviations, particularly for Eph=260 eV,
might be explainedwith the slightly different fitmodels for experimental data and simulations (see text) and not considering the Au
4f7/2 peak in the simulations.
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simulations leading to reasonable values for the pump cloud potential parameters.We found that the peak
broadening can be explained quantitatively by variations in the take-off time of the probe electronswithin the
≈90 ps (FWHM) x-ray pulses and that, consequently, local electron–electron scatteringmust be ofminor
importance. Our simulations show that such a deterministic spectral broadening can generally be expected for a
probe pulse length exceeding about≈10 ps. Further experiments with systematic variation of the pump-probe
spot size ratio and probe pulse lengthmight providemore insight into space-charge inducedXPS dynamics, with
particular regard to the peak broadening, whichmight help to properly distinguish them from transient
dynamics of different origin.
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