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Abstract

The so-called vacuum space-charge acceleration of emitted electrons triggered by ab-
sorption of soft X-rays (a few 100 eV) under intense near-infrared laser excitation is
studied experimentally and theoretically. The influence of high excitation densities on
the properties of Auger and photo electrons liberated by a probe X-ray beam is inves-
tigated for grazing-incidence photons interacting with an atomically clean Cu (111)
surface as a model system. Transient electron spectra have been taken in a pump—
probe setup at the BESSY II storage ring using a newly developed compact electro-
static retarding Bessel-box spectrometer. Strong electron-energy shifts have been
found and assigned to space-charge acceleration. Model calculations based on experi-
mental input parameters are in good agreement with experimentally obtained energy-
gain values indicating ultimate limits of ultrafast X-ray experiments with photo or Au-

ger electrons as a probe.
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1. Introduction

Electron spectroscopy provides many tools for the investigation of atoms, molecules,
clusters and solids. Excitation by charged particles or electromagnetic radiation ena-
bles gaining not only structural information', but also detailed insights into electron
dynamics, especially if time-resolved measurements are being used.

Modern lasers allow for investigations of ultrafast processes on a fs- or sub-fs-
time scale.> 3 * Alternatively, excitation by primary swift heavy ions proceeds also via
an electrostatic pulse and may be as fast as 10"'7 s.° Snapshots of the corresponding
electronic time-evolution in the range of 1 to 10 femtoseconds may be extracted from
the observation of different ion-induced x-ray- or Auger-decay peak-structures.®
Novel excitation sources that allow for time-resolved experiments are free-electron-
lasers (FEL) that yield x-ray pulses with a width of only a few fs. These pulses may
be used to determine the lattice structure’® or to investigate short-time dynamics us-
ing pump—probe techniques® '°. For pump—probe techniques with FEL or with other
strong short pulses of photons as well as for decay-time techniques with fast heavy
ions® ' it is nearly impossible to avoid high degrees of electronic excitation and cor-
responding non-perturbative effects (this does not hold true for synchrotron radiation
based experiments'> 13 however). Specifically, laser irradiation may yield a huge
number of ejected electrons that influence the peak position and structure of all other
ejected electrons via electron-electron interaction in the vacuum. Here we study one
of the main effects due to strong fs-laser irradiation — space charge acceleration — with

special emphasis on maximum energy shifts, delay-time distributions and the influ-

ence of the laser-spot shape.

2. Experimental Methods and Spectra
The experimental data and evaluations presented here are based on measurements of
the total electron yields and electron spectroscopy of emitted Auger- and photo elec-
trons liberated by the X-ray beam as well as laser-induced electrons. Experiments have
been performed at the UE56/1 PGM-1 X-ray beamline'* !° at the BESSY II storage
ring of the Helmholtz-Zentrum Berlin for X-ray energies between 300 and 1000 eV.
We have used our electron-timing (ET) chamber with the newly developed retarding

Bessel box (RBB) spectrometer'® for electron detection. Details of the experiments
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involving laser pulses in single-beam as well as pump—probe experiments have been
presented in a previous paper.'”’

In short, for the excitation we have used a vertically polarized X-ray beam with
a broader and nearly collinear near-infrared (NIR) laser beam (wavelength of 800 nm
at pulse lengths of about 100 fs). The Cu targets were irradiated by both beams under
grazing-incidence conditions (grazing angles were around 20° w.r.t. the target surface).
Atomically clean surfaces of Cu (100), Cu (110) and Cu (111) targets (produced by
MaTecK company, Germany) have been prepared using cycles of electron-beam heat-
ing and Ar-ion sputtering at residual-gas pressures of around 10'° mbar in the ET cham-
ber. No significant surface coverage has been detected using photo-electron spectros-
copy and Auger analysis with incident electrons or X-rays. The crystalline target struc-
ture has been verified by observing the angular variation (via target rotation) of the total
target current as well as of the Cu-LMM Auger count-rate for an incident electron beam.

Table 1 summarizes typical experimental conditions (energy, energy resolu-
tion, depth sensitivity and lateral extensions) regarding the two incident beams (infra-
red laser and X-rays) as well as of the detected electrons used during the experiments.
Further details regarding this table have been published recently.!” The lateral resolu-
tion in the pump-probe experiments is determined locally by the projection of the X-
ray beam spot onto the sample surface. The size of the laser induced electron-emis-
sion spot, however, determines timing and strength for the space-charge effects. The
effective x and y extensions for this spot have been re-adjusted in this work as ex-
plained further below.

The electrostatic RBB electron spectrometer was placed in the horizontal plane
at 90° with respect to the X-ray beam corresponding to an electron-ejection angle
around 70° w.r.t. the target surface. Electron energies between zero and about 1000 eV
have been investigated, in order to determine spectra owing to the different processes
(photo ionization, Auger decay and purely laser-induced emission) under identical ex-
perimental conditions. Additional near-edge X-ray absorption fine structure (NEXAFS)
measurements for an Auger line at the Cu-L3 excitation threshold have also been per-
formed. Absorption spectra with and without laser excitation appear to be identical in-
dicating negligible laser-induced binding energy shifts during the pump—probe experi-
ments.!” For further detailed target or beam properties and for the methods of time-zero
determination and alignment of the different beams, the reader is referred to our previ-

ous Cu pump—probe paper.'’



Fig. 1 displays the electron yield per laser pulse Ycioud determined from time-
averaged target-current measurements at a laser repetition rate of 6 kHz. The error bars
in the y-direction account for electronic noise and target-current fluctuations. The error
bars in the x-direction show the estimated absolute uncertainty due to intensity losses
within the laser-transfer system of the beamline. Only the first two non-trivial data
points of the figure (at 25 and 50 mW) are roughly consistent with the Epuse® depend-
ence, expected for 3-photon ionization at low laser-pulse energies Epuise. This indicates
that the electron-emission spot might be smaller than the laser spot at small laser pow-
ers.!® 1 At larger pulse energies we find a nearly linear behavior of Y vs. power, cor-
responding to a (partial) saturation of the local electron production at the spot center or
to space-charge effects within the laser-generated charge cloud.

Fig. 2 displays measured Cu (111) Auger-electron spectra for an X-ray excita-
tion energy of 933 eV (slightly above the Cu-L3 resonance). The thin red line is an
experimental reference curve for pure X-ray excitation and it is completely consistent
with previous investigations on Cu targets.?’ The corresponding electron escape depth
is mainly given by the electron inelastic-mean-free-path (IMFP)?! and its values sug-
gests that the top 2 to 5 surface layers of Cu are probed by the electron spectra in this
work (see table 1).

The solid blue symbols have been measured in the pump—probe mode (after
optimization of the overlap between X-ray and laser beams in space and time) at a mean
NIR-laser power of 200 mW for a grazing angle ®¢ of 22° w.r.t. the surface. It is seen
that these pump—probe data deviate from the red reference curve by an energy shift
towards higher electron energies. The underlying thick solid blue fit curves represent
the reference data (cut into three different energy ranges) after a slight intensity adjust-
ment (related to small valence-band modifications) and after a significant shift of the
energy scale.!” The corresponding three energy shifts AE are indicated in the plot to-
gether with their uncertainties. Similar evaluations have been performed for different
emission mechanisms, laser powers, electron energies and pump—probe delays and will

be presented in section 4.

3. Model Calculation of Vacuum Space-Charge Acceleration
The physical situation during pump—probe experiments with electron detection

is a non-trivial multi-particle problem that is further complicated by the infinite range



of the Coulomb interaction. In order to reduce the complexity of the problem, we re-
strict ourselves to simplifying boundary conditions:

1) We distinguish between a few fast X-ray driven test electrons and a much
slower laser-induced electron cloud that might consist of a huge number
of electrons.

2) We consider only the case of axial test-electron emission in the direction
of the surface normal (z-direction).

Both conditions are roughly in accord with the experimental situation as defined in
the previous section. Furthermore, we assume that the time-dependence of the elec-
tron cloud may be replaced by its asymptotic motion, related to the experimental en-
ergy, angular and time-distributions of laser-induced electrons and their measured to-
tal number per laser pulse. Further, we estimate that the mean field leads to a much
stronger influence on the test electrons than the stochastic residual electron—electron

interaction, the so-called Boersch-effect?® 2% 17

, as well as possible Ohmic losses of
the moving charges.?*

Previously, we have performed mean-field calculations of the electron-energy
shift by solving the differential equations (Newton’s equations) for electron motion
along the z-direction. For these computations, a cosine-type angular variation of
ejected electrons®® and their image charges?® below the metal surface was accounted
for.!” It was shown that condition 1) leads to a simple formula for the energy shift,
where the integral over absolute energy- and time-distributions (for sub-ps electron
cascades) may exactly be replaced by the measured total electron yield and by a
weighted mean energy of the cloud electrons. These previous computations were per-
formed for a uniform circular laser spot on the target, related to an analytical formula
for the electric field strength. The theoretical results for the maximum space-charge
energy shifts were about 22% lower than the experimental data. It was speculated in
that work that the estimated size of the laser spot might be somewhat uncertain and
that a Gaussian-like elliptical laser spot might yield other results than a homogeneous
circular one (used previously) with an effective radius. Thus, in the following we pre-
sent results where the analytical electric field is replaced by the more involved numer-
ical integration over 2D charge and image-charge densities as function of the distance
between charge cloud and surface. Note that several other model calculations (many
of them are Monte-Carlo type multi-electron simulations) exist in the literature!® '3 1%

27.28,29.30.31 These are based on different assumptions regarding the angular and



energy distributions of cloud electrons and on the importance of image charges.

Fig. 3 displays our computed delay-time distributions (X-ray minus laser-pulse
time) for different shapes of the laser spot on the target. All of them may be character-
ized as asymmetric cusp-shaped functions. The short-dashed blue curve is computed
for a uniform circular spot of fitted size (explained further below). Note that the corre-
sponding radius in the computation is 34% lower than the one estimated previously
from the camera picture!’. It is seen that the maximum computed energy shift of about
8.7 eV corresponds to zero delay (for small intrinsic pulse widths). As checked for
different cases, the mean width At of the calculated time distribution is proportional to
the spot size over the electron velocity. Hence, At is a mesoscopic quantity.

The thin red curve in Figure 3 shows the data for a uniform elliptical shape in-
volving the same geometrical 1D mean radius (also the same area) as for the radial
disk and the experimental aspect ratio of 1:3 for typical grazing angles of the laser
beam on the target. The dotted green curve represents the model results for a radial
Gaussian distribution with the 1D mean charge radius set equal to the corresponding
disk value. At negative times all curves are steeply rising, because test electrons leave
the surface before the electron cloud is created. For this condition all the curves are
close to each other. The curves differ significantly only at large positive times, when
the laser-induced electron cloud is already strongly expanded before the emission of
the test electron. Note that the shape of the distribution and the maximum energy shift
are strongly influenced by the angular distribution of cloud electrons and by the cor-
rect inclusion of the image-charge fields. However, the curves in Fig. 3 are so close to
each other that a simple product ansatz for an extrapolation should yield an accurate
estimate for an elliptical Gaussian shape of the laser spot (shown as thick long-dashed
black line). Exactly this corrected curve is used for comparison with experimental
data in the next section.

The results of Figure 3 indicate that the time spectra are nearly independent of
the shape of the laser spot when an effective electron emission radius is kept constant.

This radius R,ff is defined as the geometrical mean of the 1D averages (|x|) and (|y|)

in the x and y direction of the electron-emission spot according to

Rerr = {xD Iy} (1)

For a homogeneous disk, e.g., Refr is exactly half the disk radius R. A consistent modi-

fication of our published scaling law!” for the energy shift AEscaling (valid for high test-



electron energies E: in comparison to the effective cloud-electron energy E& ) yields

for an averaged spot shape

AEscaling =b Ycloud/Reff,’ cloud/Et > (2)

with the adjusted parameter b = 2.63-10® eV m (if AE is measured in eV and R in m)

and the total electron yield per laser pulse Ycioud (see Figure 1). The effective cloud

energy ESf . is computed from the broad energy spectrum % of the electron
cloud by using
2
Bl = [ VaE s g [+ Sdond g 3)

The interpolated experimental results (determined previously from low-energy electron
spectra of laser generated electrons) for this parameter are 6.1, 9.3, 10.0, 12.0 eV for
laser powers of 75, 125, 150, 200 mW at a 6 kHz repetition rate.!” Note that these for-
mulas are valid only for pulse widths (laser and x-ray pulse) that are small compared to
the typical width of the delay-time distribution, which is roughly given by the ratio of
Refr over the mean cloud velocity (about 50 ps may be extracted from Figure 3). For
very long x-ray and/or laser pulses the delay curve will be determined by those pulse

widths.

4. Results and Discussion
Fig. 4 displays different types of time distributions vs. the X-Ray time-delay. The up-
per plot shows model results only. The blue dashed curve shows the results for full
numerical calculations of the electron-energy shift extrapolated towards an elliptical
Gaussian laser-induced spot on the sample. This is exactly the ‘corrected’ curve in
Fig. 3. The solid thick olive curve in Fig. 4 is computed from the dashed curve by ap-
plying a Fourier transform low-pass filter. The chosen filter parameter corresponds to
a convolution with a typical X-ray pulse (20.5 ps FWHM?* for the measured value of
0.43 mA in the laser-synchronized bunch) for the low-o. mode of the storage ring. The
use of a simple convolution in time for simulating the influence of time structures on
the mean-energy shift is suggested by the linear Ycioud dependence in Eq. 2.

The lower plot shows ratios of the electron intensity with and without laser ex-
citation. The symbols with error bars (all-over uncertainty) show experimental data
taken for the same laser and X-ray parameters as used for the electron spectra in Fig.

2. However, for the lower plot in Fig.4 the detected electron energy was set to the



fixed value of Eo=940 eV and the delay time was scanned. This means we have se-
lected the high-energy wing of the Cu L3-VV Auger structure and any positive energy
shift in the range of 0 to 30 eV leads to enhanced electron yields. The two curves in
the lower plot correspond to the same parameters as in the experiment and result di-
rectly from the two curves in the upper plot. The plotted energy shifts AE have been
transformed into simulated intensity ratios R by using R=Y(Eo—0.75 AE(At))/Y (Eo),
where Y(E) is the undisturbed energy spectrum in Fig. 2 (the thin red curve). It is seen
that there is a nearly perfect agreement between theoretical and experimental data, ex-
cept for the scaling factor 0.75 that simplifies the comparison of the experimental and
theoretical shapes. As discussed in relation to Fig. 1, the electron-emission spot might
be smaller than the size of the laser spot, consistent with the findings of other au-
thors!® 1%, Fitting of this spot size for a fixed aspect ratio of 3 has resulted in 0.264 x
0.792 mm (about 34% smaller than the estimated laser-spot size), considered for all
model results given in this paper.

Fig. 5 displays experimental and theoretical electron-energy shifts for different
undisturbed electron energies and NIR-laser powers at fixed laser repetition frequency
of 6 kHz for grazing-incidence angles. The measured energy enhancements are ex-
tracted from the energy difference of Auger-electron or photo-electron peaks with and
without the NIR pump-laser beam, after re-adjustment of the laser focus and time-de-
lay setting. The plotted experimental data points show our previously published re-
sults'’, except for the 200-mW values that have been re-evaluated (see Fig. 2) and ex-
tended. The shifts are monotonically decreasing with increasing kinetic electron en-
ergy and with reduced laser power.

The four solid and dashed curves in Fig. 5 correspond to absolute theoretical
results for the different laser powers. These results have been calculated for an ellipti-
cal laser spot at At=0 and corrected for the influence of a non-uniform laser density
(Gaussian) as well as for the effect of the convolution with the low-a pulse width (see
Fig. 4). Test calculations for different energies yield a nearly energy-independent cor-
rection factor of ~0.86. There is good agreement of these theoretical ab-initio acceler-
ations with our experimental data (without any intensity fit). The 200-mW values
might be an exception from this finding, as the model results seem to exceed the ex-
perimental data by about 14% (~1.5 o) and a 25% deviation was also found in Fig. 4.
Specifically for this case, the cloud-electron density might be so high that there is a



redistribution of electrons within the cloud (Coulomb explosion), turning the initial
cosine angular distribution towards isotropic.!”

Replacing the image charges by rigid surface charges (expected for insulators
without electronic polarizability) in our model reduces the computed energy shift by
about a factor of 2. Neglecting all the compensating positive charges due to ionization
or polarization (as often used in simplified model calculations) enhances the energy
shift by about a factor of 5. Thus, the good agreement between model and experi-

mental data points to the importance of adiabatic image charges.

S. Conclusions and Outlook
We have performed our experiments with well-defined metallic targets. Further, we
have also characterized the boundary conditions of space-charge acceleration by
measuring the energy distribution of laser-induced electrons and their total number
per laser pulse. The pump—probe measurements have been performed with laser-repe-
tition rates of 6 kHz and reference spectra without laser excitation have been taken
simultaneously at an X-ray-repetition rate of a few hundred MHz, given by the bunch
separation in the electron-storage ring. We have found vacuum space-charge accelera-
tions corresponding to energy gains of nearly 10 eV for the X-ray driven electron
emission during laser irradiation.

In this paper, we have performed more detailed ab-initio model calculations of
the vacuum space-charge acceleration based on our experimental data of the laser-in-
duced electron cloud that defines the mean acceleration field. Special emphasis was
devoted to the influence of the shape of the laser spot and to the delay-time depend-
ence of energy shifts. Specifically, it was found that the different focal shapes (Gauss-
ian vs. uniform elliptical and circular disk) lead to similar results when the mean 1D
radius Refr is kept constant. Comparison between experiment and theory indicates that
the variation of the energy shift of Auger and photo electrons for different parameters
(test-electron energy, laser power, delay time) is well understood. The good agree-
ment with our computed energy shifts even on an absolute scale (after determining the
effective emission-spot size and after convolution with the X-ray pulse width), shows
the predictive power of the model. This type of mean-field model may be applied to
FEL radiation and other types of space-charge energy shifts as well. It is emphasized
that the long-ranged nature of the electrostatic acceleration process leads to a cusp

shaped delay curve, typically on a ps time-scale. Experimentally, a dominant ps-cusp
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of the energy shift is an indication that a possible underlying femtosecond dynamics

might be overshadowed by space-charge effects.
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Tables, Figures and Captions

Table 1: Typical parameters for incident photons and escaping electrons used in this work

Energy Reso-lu- | Attenuation/ | Spot Size | Spot Size
Ex, Err, tion AE/E Escape (horizontal) | (vertical)

or E. Depth Xeff Veft
d
X-ray 315-1000eV | <0.1% 15-250 nm 270 um 60 pm
IR-laser 1.55eV <0.5% 3—-5nm 792 um 264 pm

Electrons | 20— 1000 eV 3% 0.5-1.7nm — —
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Mean Pulse Energy Epulse (ud)
8.33 16.67 25.00 33.33

800 nm IR on Cu(111)

3.0x10° -
2.5x106-"
2.0x106'"
1.5x106'"
1.0x106'"

5.0x10°

Electron Yield per Laser Pulse

0.0 4 ' } t i ¢
0 50 100 150 200
Mean Laser Power (mW)

Fig. 1: (color online) Total electron yield as a function of the mean NIR-laser power,

respectively the mean energy per laser pulse Epulse, taken at a grazing angle @, of 25°

with respect to the surface. The solid blue curve serves to guide the eye and starts

with the expected asymptotic perturbative dependence (~Epulse’) at low pulse energies.
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Fig. 2: (color online) Electron-energy spectra for the L3 Auger decay in Cu (111). The
three visible Auger maxima correspond to L3-Auger transitions involving different
combinations of the initial M23 shell and the valence band (V). For vertical polariza-
tion, a background due to valence-band photo ionization is about 10% below the Cu-
L3VV line. The solid symbols have been measured in the pump—probe mode in the
BESSY low-alpha mode at an optimized delay and the thin red curve shows experi-
mental reference data taken simultaneously without laser excitation (the thick solid
blue fit curves are explained in the text). The mean NIR-laser power is 200 mW (33
uJ per pulse) in the pump—probe case and all data have been taken for vertically polar-
ized X-rays at a primary photon energy of about 933 eV (at the Cu-L3 resonance max-

imum) and a grazing angle 6, of 22° with respect to the surface
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Fig. 3: (color online) Computed delay-time distributions for three different shapes of
the electron-emission spot on the target (short-dashed blue curve: circular disk, thin
red curve: elliptical shape, dotted green curve: Gaussian radial distribution) with iden-
tical effective radii (see text). The thick long-dashed black curve corresponds to an

extrapolation that describes an elliptical Gaussian shape of the laser spot.
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P =200mW on Cu(111)
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Fig. 4: (color online) Time distributions vs. X-Ray time-delay w.r.t the laser pulse.
Upper plot: full simulation of the electron-energy shift (blue dashed curve) and the
same results convoluted with the low-a X-Ray pulse length (thick olive curve). Lower
plot: the results plotted above transformed into a simulated intensity ratio (after a 25%
reduction of the shift, for better comparison). The symbols with statistical error bars

show experimental results taken under exactly the same conditions (see Fig. 2).
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Fig. 5: (color online) Electron-energy enhancements extracted from the energy dif-
ference of electron peaks with and without the NIR pump-laser beam. Results have
been obtained for different photon energies and NIR-laser powers: at mean values of
200 mW (open up triangles), 150 mW (blue squares), 125 mW (red and open circles),
and 75 mW (open down triangles). Closed (colored) symbols indicate values that have
been determined from photo-ionization peaks. All open symbols are related to shifts
of Auger-electron peaks. The curves correspond to the absolute theoretical results for

the 4 different laser powers as described in the text.
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