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Solid-state photoemission spectroscopy relies to a large part on pulsed photon sources: third-generation
synchrotron-radiation sources and ultrafast laser systems in particular. Especially when the photon pulses are
intense, Coulombic repulsion between the emitted electrons will be a limiting factor for photoemission experi-
ments aiming at highest energy and angle resolutions. In the present work, the propagation of the photoelectron
cloud to the detector is studied with a full N-body numerical simulation. The influence of various parameters,
in particular number of electrons per pulse, source size, pulse duration, kinetic-energy and emission-angle
distributions as well as presence of mirror charges in the sample, is investigated in detail. Previous experimen-
tal results obtained with various picosecond and femtosecond light sources are successfully reproduced and the
general resolution limits of solid-state photoemission using pulsed photon sources are explored. The results are
potentially important for the design and interpretation of photoemission experiments with next-generation light
sources, such as free-electron lasers and high-harmonic generation sources.
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I. INTRODUCTION

Modern solid-state photoemission techniques comprise a
powerful set of tools for determining the energy, momentum,
dynamics, and to some extent also the spatial distribution of
electron states in condensed matter. One prominent example
is angle-resolved photoemission spectroscopy �ARPES�,
which is commonly applied to measure band structures,
Fermi surfaces, and many-body effects, such as gaps and
kinks in electronic band dispersions, with routine energy
resolutions on the meV scale and momentum resolutions cor-
responding to less than 1% of typical Brillouin-zone
dimensions.1–3 Other examples are time-resolved photoemis-
sion spectroscopy �TRPES�, which has opened up the possi-
bility to measure the dynamics of nonequilibrium charge-
carrier distributions on the femtosecond time scale,4,5 and
soft x-ray photoemission spectromicroscopy providing spa-
tially resolved chemical information with submicrometer
resolution.6,7

The evolution of these techniques has always been driven
by improvements in instrumentation on the detector side as
well as on the side of the light sources. But particularly the
dramatic progress in the last decade is intimately connected
with the advent of highly efficient electron spectrometers8

and, more important for the following, with the availability
of intense short-wavelength light sources. These are espe-
cially third-generation synchrotron-radiation sources deliver-
ing brilliant undulator radiation in the spectroscopically in-
teresting extreme ultraviolet �UV� �EUV� to soft x-ray
regime, on one hand, and ultrafast laser systems generating
UV light pulses by upconversion techniques, on the other
hand. Despite their extremely useful properties, when striv-
ing for the highest possible energy resolution in photoemis-
sion, both types of photon sources may imply a fundamental
limit. Both are short pulsed �typically of picosecond or fem-
tosecond time scale, respectively� and will therefore generate
a relatively dense cloud of photoelectrons in front of the
sample surface. On the way to the detector, the mutual Cou-
lomb repulsion between the electrons will distort their initial

energy and angle distributions and this space-charge distor-
tion will in the end correspond to an effective loss of energy
and angular resolution. Even for a typical synchrotron-
radiation source, which delivers �50 ps pulses of �104

photons, space-charge effects in ARPES have recently been
shown to bring about energy shifts and broadenings of
�10 meV,9 whereas instrumental energy resolutions have
now reached values of below 1 meV.10

The limitations of solid-state photoemission due to
vacuum space-charge effects may become even more rel-
evant in the near future, as the parameters of modern extreme
ultraviolet and soft x-ray sources �in particular, pulse dura-
tion, number of photons per pulse, and spot size� are con-
tinuously pushed into new territory. Most notably, the recent
development of high-harmonic generation11,12 and free-
electron laser sources13 opens up intriguing possibilities in
the field of femtosecond TRPES by extending the accessible
binding-energy range into the core-level regime.14–20 But the
extremely high pulse densities of these other sources ��107

photons per pulse� can also lead to dramatic energy shifts
and broadenings on the order of several eV,21 thus obscuring
any intrinsic spectroscopic signature.

The occurrence of such space-charge-induced spectral
broadenings and shifts in electron emission from surfaces is
by no means a new issue. There is a rather diverse literature
on thermal electron emission,22 photocathodes,23,24 ultrafast
electron diffraction,25,26 photoemission microscopy,27 and
picosecond9,28–38 and femtosecond17,21,39,40 photoelectron
spectroscopy. It is clear that space-charge effects in photo-
emission experiments with a pulsed photon source will criti-
cally depend on the parameters of the source: number of
photons per pulse, spot size on the sample, pulse duration,
and photon energy. However, for today’s synchrotron and
laser light sources these parameters may differ by orders of
magnitude, so that via the material specific photoemission
process each set of parameters will result in a distinct initial
photoelectron distribution in real and momentum spaces. Al-
though previous efforts have performed simple numerical
simulations9,38 or have used simple analytical
models21,34,37,40 with quite some success to explain space-
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charge effects for a few typical experimental conditions, they
have also yielded open questions related to, for instance, the
exact functional dependence of the spectral broadening on
the number of electrons per pulse, the role of mirror charges
in the sample, the neglect of mutual Coulomb interaction in
the photoelectron cloud in simulations, and the loss of angu-
lar resolution due to space-charge effects. In addition, previ-
ous studies do not fully clarify the validity range of the
simple models, nor do they provide a few rough rules of
thumb for the practitioner.

The goal of the present work is to explore the limits set by
the vacuum space charge after pulsed photoemission from
solid surfaces for experimental conditions as general and re-
alistic as possible. The approach should therefore be global
and ab initio. Accordingly, we set up a molecular-dynamics
model which employs full N-body numerical simulations of
the electron propagation from the surface to the detector
�Sec. II�. However, since the final spectral broadenings and
shifts depend on many different photon source and material-
specific parameters �exemplarily shown in Sec. III� and since
it is a priori not clear whether our computational model is
realistic, we will initially try to reproduce recent results from
photoemission experiments with various pulsed picosecond
and femtosecond ultraviolet and extreme ultraviolet sources
�Sec. IV�. After having proven the effectiveness of our ap-
proach, we will then perform simulations over wider param-
eter ranges, determine the functional dependence of space-
charge effects on the most crucial parameters, and examine
the ranges of validity of some simple analytical models �Sec.
V�. In the end, we are able to discuss some general implica-
tions of space-charge effects on today’s and future photo-
emission experiments �Sec. VI�.

II. COMPUTATIONAL MODEL

Figure 1 sketches a typical solid-state photoemission ex-
periment with a pulsed photon source. Shortly after the in-
coming photon pulse has been absorbed in a certain volume
near the surface of a solid sample, a cloud of photoelectrons
is created in front of the surface. The phase-space distribu-
tion of the photoelectrons will depend on the parameters of
the light pulse �number of photons per pulse, pulse duration,
spot size, and photon energy� and on the material-dependent
aspects of the photoemission process �quantum efficiency,
kinetic-energy and emission-angle distributions�.

In our numerical simulations, the photoelectron cloud
containing a specified number of electrons is built up gradu-
ally. The electrons are started at discrete times during the
photon pulse from a random position within the given spot
size on the surface and with a random kinetic energy and a
random emission angle taken from specified distributions.
The temporal profile of the light pulse and the lateral profile
of the illuminated surface area are assumed to be Gaussian
with widths of �0 and d0 �full width at half maximum
�FWHM��, respectively. In the present work, the number of
cloud electrons per pulse Nc ranges from 4 to 5�106e− per
pulse.

The propagation dynamics of the photoelectron cloud on
its way to the detector is computed by performing self-

consistent N-body numerical simulations. In each time step
�t, the new position and velocity of each electron are deter-
mined from the present position and velocity and the net
Coulomb force on the electron using leap-frog integration.
For the force calculation, the hierarchical tree-code method
is employed, which is reasonably accurate and requires only
O�N log N� operations.41,42 The charge distribution is first
partitioned into a tree structure that represents a recursive
subdivision of space into smaller and smaller cubic cells
with, in the end, at most one electron in them. Then, to
calculate the total force on any electron, the tree structure is
traversed starting at the root cell, which contains the entire
electron cloud, and going to ever finer spatial structures. In
the process, the current cell is treated in two possible ways,
depending on an “opening angle” defined as the ratio of the
width of the cell to the distance between its center of mass
and the electron for which the force is calculated. If the
opening angle is smaller than a fixed accuracy parameter �,

FIG. 1. Schematic of a solid-state photoemission experiment
employing a pulsed photon source. A light pulse with energy ��0

and duration �0 impinges on a surface area of characteristic width
d0 and kicks out photoelectrons. In the numerical simulation, the
photoelectrons are divided into cloud electrons �gray dots� and test
electrons �black dots�, both having specified initial kinetic energy
�Ekin� and emission angle �	c ,	t� distributions depending on the
source parameters and sample properties. For the test electrons, a
sharp Gaussian energy distribution �mean position Ei and width
�Ei� is typically selected. The gray energy areas in the energy spec-
trum depict simple energy distributions for the cloud electrons.
Positive mirror charges in the bulk of the sample �white dots� are
generally included in the simulation. The propagation of the elec-
trons toward the detector is influenced by mutual Coulomb interac-
tion. After about 1 ns, when the total Coulomb energy has become
negligible, the final energy spectrum of the test electrons is ob-
tained. In general, it will be shifted and broadened with respect to
the original spectrum �Ef �Ei ,�Ef ��Ei�.
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the partial force due to the cluster of electrons in the cell is
approximated by the force due to a point charge at the clus-
ter’s center of mass. Otherwise, the current cell is resolved
into its subcells which are examined in the same way. If
necessary, this process continues until forces from individual
electrons are added to the total force being accumulated.

In a typical simulation run, it roughly takes a few nano-
seconds �depending on the mean electron velocity and the
initial electron density� until the total Coulomb energy of the
photoelectron cloud becomes negligible. The run is then
stopped and the final kinetic-energy and momentum distribu-
tions are obtained. With a typical time step �t
20 ps and a
force accuracy parameter �=1, the total energy is generally
conserved to 
0.1%.

The whole procedure—random generation and self-
consistent propagation of the electron cloud—is repeated a
few times for a given parameter set. However, to get signifi-
cantly better statistics in the energy and momentum ranges of
interest, we introduce the so-called test electrons in the simu-
lation �see Fig. 1�. These “virtual” electrons, typically about
104 in each run, feel the space-charge cloud but they do not
contribute to it; they are generated in the same way as the
“real” cloud electrons, except that they start with very nar-
row �usually Gaussian� energy and angle distributions.

When using the described scheme, in remarkably many
cases, the final test electron energy distribution can reason-
ably be fitted to a Gaussian. Then, the space-charge-induced
shift and broadening are calculated via �Eshift=Ef −Ei and
�Ebroad=���Ef�2− ��Ei�2, where Ei and Ef are the initial and
final mean energies of the test electron energy distribution
and �Ei and �Ef are the initial and final FWHM widths �see
Fig. 1�. In cases where the resulting energy distribution de-
viates significantly from a Gaussian, the mean and variance
calculated directly from the distribution are used as a mea-
sure of the shift and broadening, respectively. Examples for
such non-Gaussian energy distributions will be given in Sec.
III. In general, there will be also some electrons in the dis-
tribution, which are shifted by a multiple of the final FWHM
as a consequence of short-range scattering between electrons.
These events are, however, rare—typically less than 0.1% of
the electrons are affected—so that the resulting long flat tails
toward higher energies do not disturb the overall distribution
too much. Altogether, we assign an error of �10% to the
computed values of Ef and �Ef.

Finally, the presence of a sample with a surface at z=0 is
taken into account in two different ways. First, during the
simulation the surface acts as an absorber of all electrons
entering the sample half space z
0. These electrons are
henceforward ignored in the simulation run. Second, the sur-
face is treated as perfectly metallic and, therefore, as an equi-
potential surface. To emulate this case, each cloud electron in
the vacuum at �x ,y ,z� with z�0 is instantaneously accom-
panied by a positive mirror charge inside the sample at
�x ,y ,−z� �see Fig. 1�. The resulting cloud of mirror charges
exerts attractive Coulomb forces on both the test and the
cloud electrons and may significantly influence the calcu-
lated energy shifts and broadenings.9 The other extreme, a
nonconducting sample, in which stationary photohole states
are left behind after the photoemission process, is not con-
sidered in the present work.

III. RELEVANT PARAMETERS

Space-charge-induced spectral broadenings and shifts de-
pend on the initial density of the photoelectron cloud in
phase space, which in turn depends on source and sample-
specific parameters of the photoemission experiment. To
warm up, some qualitative statements about the most rel-
evant parameters will be given in this section illustrated by
variations of an example that may be considered representa-
tive for valence-band photoemission of a metallic surface
with short pulsed vacuum-ultraviolet light: a circular light
spot with a diameter of d0=200 �m, a pulse duration of �0
=50 fs, Nc=104 cloud electrons per pulse, an initial test
electron energy of Ei=30 eV �Gaussian distribution with 50
meV FWHM�, normal emission of the test electrons �	t
=0°�, a rectangular energy distribution of the cloud electrons
in the interval of 0–30 eV, an angular distribution corre-
sponding to isotropic emission, and mirror charges present in
the sample. The calculated initial and final energy distribu-
tion curves of the test electrons are shown in Figs. 2�a� and
2�b�, respectively.

A. Number of electrons per pulse

It is expected that the higher the number of �cloud� elec-
trons per pulse Nc the stronger are the spectral distortions.
Quantitative predictions are, however, difficult. Only re-
cently, it has become clear that non-negligible space-charge
effects occur already at rather low values of Nc of about
1000e− per pulse.9 Also, the Nc dependence of the energy
broadening is still puzzling. Femtosecond ultraviolet photo-
emission results suggest a �Nc dependence,40 whereas pho-
toemission experiments with a picosecond extreme ultravio-
let source conform more to a linear dependence.9 The
systematic studies of the Nc dependence of energy broaden-
ings and shifts, following in Secs. IV and V, will help to
clarify these issues.

B. Pulse duration and spot size

Immediately after the photoemission process, the average
distance between cloud electrons is determined by the pulse
duration �0 and the source size d0, which set the characteris-
tic length scales in the directions perpendicular and parallel
to the surface, respectively. The velocity of an electron with
a kinetic energy of 30 eV is v0�3.2 mm /ns. So, if �0
�d0 /v0 �62 ps in the present case� all electrons will reside in
a quasi-two-dimensional disk in front of the surface. In this
short pulse limit, the average distance between electrons is
given by d0 /�Nc, independent of �0. Thus, the energy broad-
ening is expected to be almost independent of the pulse du-
ration �cf. Fig. 2�e� ��0=50 ps� and Fig. 2�b� ��0=50 fs��
and strongly dependent on the spot diameter �cf. Fig. 2�i�
�d0=200 �m� and Fig. 2�m� �d0=50 �m��. The other lim-
iting case occurs when �0
d0 /v0. Then, the average electron
distance is proportional to �0 /Nc and the energy broadening
is expected to be independent of d0. As to the different types
of light sources, ultrafast laser systems usually fall in the first
category, whereas synchrotron light sources lie somewhere in
between the limiting cases. The long-pulse limit, realized by
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quasicontinuous light sources, will not be investigated in this
paper. Figure 2�d� ��0=200 ps� just serves as an example for
an energy distribution that can emerge when the length of the
initial electron cloud is larger than its diameter.

C. Kinetic-energy distribution

Generally, when the energies of the test and cloud elec-
trons are similar, the test electrons will spend a longer time
close to a large number of interaction partners. Hence, the
energy broadening and shift are larger for a narrow energy
distribution of the cloud electrons that is centered near the
mean test electron energy �cf. Fig. 2�i� �narrow distribution�
and Fig. 2�f� �wide distribution��. On the other hand, for
wide energy distributions of the cloud electrons, space-
charge-induced broadenings and shifts are slightly more pro-
nounced for test electron energies near the maximum cloud

electron energy �cf. Fig. 2�c� �Ei=15 eV� and Fig. 2�f� �Ei
=30 eV�; Ec=0–30 eV�. In that case, the test electrons
have the entire cloud in their back and are pushed to higher
energies for the longest possible time. As to the dependence
of space-charge effects on the mean electron energy, Fig.
2�h� �Ei=1 eV�, Fig. 2�i� �Ei=30 eV�, and Fig. 2�j� �Ei
=900 eV� suggest that this dependence is not too pro-
nounced if one considers that in these figures the mean en-
ergy has been varied by almost 3 orders of magnitude.

D. Emission-angle distribution

Arguments, similar to those just made, hold for the initial
angular distributions of test and cloud electrons. The higher
the concentration of cloud electrons the test electron is see-
ing, the stronger will be the space-charge effects. Thus, a
forward focusing of the cloud electrons strongly increases
the energy broadening and shift of the test electrons �Fig. 2�l�
�	c=0° –45°��, whereas an off-normal test electron emission
leads to a smaller shift �Fig. 2�f� �	t=45°�� if the cloud elec-
trons are emitted isotropically. In general, the emission-angle
distribution is one of the more important factors governing
space-charge effects. But, unfortunately, it is also a param-
eter that is hard to measure completely.

E. Mirror charges

As pointed out in Ref. 9, changes in the charge distribu-
tion inside the sample can significantly modify the final test
electron energy, depending on the location of the test elec-
tron relative to the majority of the cloud electrons. For a test
electron that is behind the cloud, the positive charge in the
sample will act in conjunction with the cloud electrons and
slow down the test electron even further. In the other case,
when the test electron is ahead of the cloud electrons, the
interactions counteract each other and the acceleration of the
test electron away from the cloud will become smaller. In
both cases, the test electron energy is reduced. The impor-
tance of mirror-charge effects is illustrated by Fig. 2�k�,
where the mirror charges in the sample have been switched
off. The spectrum is strongly shifted and asymmetric. This
example demonstrates that mirror charges can in fact partly
compensate space-charge effects.

F. Coulomb interaction between cloud electrons

For the rather small number of cloud electrons per pulse
considered here, switching off the mutual interaction be-
tween them has no significant effect �Fig. 2�g��. This justifies
the simple numerical approach taken in Ref. 9, where the
cloud electrons have been assumed to move on straight lines.
For higher Nc or when �Ebroad�Ei, however, this approxi-
mation is no longer legitimate.

In conclusion, the major lesson from the above consider-
ations on a simple example appears to be that there are many
different factors governing space-charge effects in solid-state
photoemisison and, consequently, that there is no substitute
for realistic microscopic simulations if one wants to under-
stand a specific experimental situation quantitatively.

FIG. 2. Influence of various simulation parameters on a Gauss-
ian test electron spectrum with mean position Ei=30 eV and �Ei

=50 meV FWHM �spectrum �a��. The basic parameters of the nu-
merical simulation, leading to spectrum �b�, are number of cloud
electrons per pulse Nc=104, spot size diameter d0=200 �m, pulse
duration �0=50 fs, homogeneous energy and isotropic emission-
angle distribution of the cloud electrons �Ec=0–30 eV,	c

=0° –90°�, normal test electron emission �	t=0°�, mutual Coulomb
interactions between cloud electrons, and interactions with mirror
charges included. Changing individual parameters results in the fol-
lowing spectra: �c� Ei=15 eV; �d� �0=200 ps, and Nc=2�104; �e�
�0=50 ps; �f� 	t=45°; �g� no Coulomb interaction between cloud
electrons; �h�–�j� Gaussian cloud electron spectra with 50 meV
FWHM and mean energies of 1, 30, and 900 eV; �k� no mirror
charges; �l� 	c=0° –45°; and �m� d0=50 �m and Gaussian cloud
electron spectrum with 50 meV FWHM and mean energy 30 eV.
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IV. COMPARISON WITH EXPERIMENTS

The pursuit of the ultimate resolution and the availability
of other sources has recently led to renewed interest in space-
charge effects in solid-state photoemission.9,21,40 In this sec-
tion, we validate our numerical approach on recent experi-
mental results obtained with a third-generation synchrotron
light source,9 an ultrafast laser system,40 and a free-electron
laser.21 For these selected experiments, the parameter ranges
as well as the observed space-charge effects span several
orders of magnitude.

A. 60 ps EUV synchrotron-radiation source

With the recent comprehensive study by Zhou et al.,9

space-charge effects, largely ignored as a possible resolution
limiting factor in ARPES in the past, were suddenly back on
the agenda. In this work, the authors have studied space- and
mirror-charge effects in high-resolution ARPES using a
third-generation synchrotron light source �the ALS in Berke-
ley�. To probe the spectral distortions, they used the Fermi
edge of a polycrystalline gold sample kept at a temperature
of 20 K. Excitation with a photon energy of h�=34 eV then
resulted in an energy distribution like the one shown in Fig.
3�a�, with a sharp Fermi cutoff at Ei=29.38 eV. The photon
pulses used in the experiment had a duration of 60 ps
FWHM and the spot size on the sample was about 0.43
�0.3 mm2 FWHM. The number of �cloud� electrons per
pulse reached values up to 2000 and the �test� electrons were
detected at an emission angle of 	t=45°.

Using these parameters and assuming a cosine angular
distribution of the cloud electrons, we have computed the
energy shift and broadening of the Fermi edge as a function
of Nc, the number of cloud electrons per pulse. In the simu-
lations, the test electrons had a Gaussian energy distribution
centered on Ei=29.38 eV with a width of �E=18 meV
FWHM. Figure 3�b� compares the results of our simulations
with the experimental results obtained by Zhou et al.9 The
nearly linear Nc dependence of both the shift and the broad-
ening and the fact that the shift is smaller than the broaden-
ing are reproduced very well. The latter can be traced back to
the off-normal-emission geometry. For normal emission of
the test electrons, the energy shift becomes larger than the
broadening. Although experimental and simulated results dif-
fer by a factor of 2 �note the different scales of the vertical
axes in Fig. 3�b��, this does not necessarily depreciate the
value of the computational model. The absolute energy val-
ues are small and the experimental results can in fact be
reproduced almost exactly when a smaller spot size or a
more forwardly directed emission pattern is used in the simu-
lation.

B. 40 fs UV laser source

Inspired by the work of Zhou et al.,9 Passlack et al.40

subsequently investigated space-charge effects in photoemis-
sion with a femtosecond optical laser system. They used the
Shockley surface state of the Cu�111� surface as a sharp
spectral feature and probed its energetic broadening in inten-
sity dependent two-photon-photoemission experiments with

40 fs 3.1 eV photon pulses. Figure 4�a� shows a typical spec-
trum acquired at normal emission. The kinetic energy of the
surface-state peak is naturally rather low: 0.912 eV. The spot
size in the experiments was about 1.15�0.9 mm2 FWHM.

In the numerical simulations, the major source of uncer-
tainty was the incorporation of the energy-momentum rela-
tionship of the surface-state band, which causes the photo-
emission peak to disperse as a function of emission angle
�see Fig. 4�a��. Since the full angular distribution was not

FIG. 3. Space-charge effects on the photoemission spectrum of a
polycrystalline gold sample under irradiation with �0

=60 ps, ��0=34 eV photon pulses. �a� Typical energy distribu-
tion curve with the Fermi cutoff at 29.38 eV �taken from Ref. 9�. �b�
Comparison between simulated and measured �Ref. 9� Fermi edge
shifts and broadenings in the range of �0–2000�e− per pulse. Note
the different scales of the vertical axes. Power-law fits to the simu-
lated energy shift and broadening serve as guides for the eyes
��Eshift�Nc

1.11 ,�Ebroad�Nc
0.83�. The spot size is 0.43�0.3 mm2

and the test electrons are emitted with an angle of 45°. In the simu-
lation, a cosine distribution of the cloud electron emission angles is
used.
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measured in the experiment, a few assumptions had to be
made in the numerical simulations. The secondary electron
background, as determined from the normal-emission spec-
trum in Fig. 4�a�, was assumed to be constant over the emis-

sion hemisphere, the energy–wave-vector relation E�k�� of
the surface state was taken to be parabolic with an effective
mass of 0.41me,

43 and photoemission intensity variations due
to matrix-element effects were neglected. A representative
electron distribution in momentum space is illustrated in the
inset in Fig. 4�b�. The surface-state electrons in light gray are
well separated from the secondary electrons in darker gray.
Their number ratio critically affects the calculated energy
broadening. The best agreement between experiment and
simulation is obtained for a ratio of surface-state to second-
ary electrons of about 0.5.

Simulated and measured40 energy broadenings of the
normal-emission surface-state peak are compared in Fig.
4�b�. The agreement is excellent over almost the entire range
of �0–80 000�e− per pulse. Only for the lowest and the high-
est electron numbers some small deviations occur. The simu-
lated energy broadening can be well approximated by a
power law �Ebroad�Nc

x with x�0.5. As will be further dis-
cussed in Sec. V, this square-root behavior is characteristic
for photoelectron pulses with very low kinetic energies
��1 eV� and may not be extrapolated to higher energies.

In addition to the energy broadening effects, the results of
our simulations suggest a stretching of the surface-state dis-
persion relation E�k�� due to space-charge effects. In the
present case, off-normally emitted surface-state electrons
have higher kinetic energies as compared to normally emit-
ted surface-state electrons, so that the first will be ahead of
the latter. As a consequence, the surface-state electrons with
the largest emission angles and thus the largest wave vectors
parallel to the surface k� will be pushed to higher kinetic
energies, whereas the electrons at the bottom of the band, at
k� =0, will be slowed down. For the normal-emission peak
�k� =0�, the numerical simulations reveal an energy shift of
about −1.5 �eV per cloud electron. The experimental study,
on the other hand, reports a negligible energy shift up to
Nc�40 000.40 However, since the simulated energy shift
critically depends on the densities of surface-state and sec-
ondary electrons in momentum space �inset of Fig. 4�b��, it is
expected that this discrepancy can be overcome once a better
knowledge of the angular distribution of both types of pho-
toelectrons is available.

C. 40 fs EUV free-electron laser

With the availability of a free-electron laser in the ex-
treme ultraviolet regime �FLASH in Hamburg�, femtosecond
time-resolved core-level photoemission spectroscopy has
now come within reach. Pietzsch et al.21 recently performed
such measurements on the W 4f lines with laser pulses of
118.5 eV photon energy and a duration of about 40 fs and
they particularly studied the space-charge-induced spectral
distortions as a function of the pulse intensity. A typical spec-
trum for a low pulse intensity is plotted in Fig. 5�a�. The
number of photons per pulse was determined using a
multichannel-plate-based diagnostic tool.44 The number of
photoelectrons per pulse, however, was not measured inde-
pendently; it was calculated from the number of photons
using tabulated values for the photoionization cross section,
the photon penetration depth, and the electron escape depth.

FIG. 4. Space-charge effect on the two-photon-photoemission
spectrum of a Cu�111� surface under irradiation with intense �0

=40 fs, ��0=3.1 eV photon pulses. �a� Typical energy distribu-
tion curves of the Shockley surface state for emission angles of
	t=0° �solid curve� and 	t=15° �dotted curve�, respectively �taken
from Ref. 40�. In the case of normal emission, the surface-state
photoemission peak �light gray� is located at a kinetic energy of
0.912 eV and sits on a characteristic secondary electron background
�dark gray�. �b� Comparison between the simulated and measured
�Ref. 40� energy broadenings of the surface-state peak in the range
of �0–80 000�e− per pulse. The simulated broadening shows a
power-law behavior �Ebroad�Nc

0.5 �solid line�. The spot size is
1.15�0.9 mm2 and the test electrons are emitted in the normal
direction. In the simulation, an angular distribution of the cloud
electrons is assumed that accounts for the parabolic energy-
momentum dispersion relation. The inset illustrates the distribution
of surface-state �light gray� and secondary electrons �dark gray� in
momentum space.
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The experiments were performed with a spot size of about
0.27�0.4 mm2.

In the numerical simulations, we have assumed a cosine
angular distribution of the cloud electrons and set the test
electron acceptance angle to 13°, in accordance with the pho-
toemission experiment. Figure 3�b� compares the results of
our simulations to the experimental results of Pietzsch et
al.21 The plotted energy shifts and broadenings represent av-
erage values for the two W 4f peaks in the spectrum. The

linear energy shift and the nearly linear energy broadening as
functions of the number of electrons per pulse are again well
reproduced by the simulations. The simulated results, how-
ever, overestimate the experimentally determined values by
about a factor of 3 �note the different scales of the horizontal
axes in Fig. 5�b��. This rather large deviation may presum-
ably arise from an error in the experimentally determined
electron numbers, considering the fact that these numbers are
obtained very indirectly.21

The major conclusion to be drawn from the examples pre-
sented above then is that the computational model used to
simulate the space-charge effects is fairly realistic. The mea-
sured dependencies of energy broadenings and shifts on the
number of electrons per pulse are qualitatively well repro-
duced for all discussed cases. Quantitative deviations lie
within a factor of 3 and are likely due to uncertainties in the
experimental parameters. The angular distribution of the
photoelectrons and the number of electrons per pulse, in par-
ticular, are critical parameters that are often not fully deter-
mined in the experiments or sometimes hard to measure ac-
curately. For experiments tainted with such uncertain
parameters, the numerical simulations may provide a much
better understanding of the observed space-charge effects.

V. GENERAL LIMITS

The rather successful modeling of the experimental re-
sults, as just shown, suggests using the numerical simula-
tions to fill the parameter gaps between the specific experi-
mental situations discussed in Sec. VI. The goal of this
section thus is to explore the resolution limits posed by the
Coulomb interaction between the emitted electrons on a
more general basis. To this end, we will first allude to two
simple analytical models and will then discuss two branches
of photoemission spectroscopy, which reflect two rather dif-
ferent situations in terms of the kinetic-energy distribution
and the pertinent energy scale. In core-level spectroscopy,
most of the photoelectrons are concentrated in a narrow en-
ergy interval and the relevant energy scale is roughly 0.1 eV.
In valence-band spectroscopy, on the other hand, the feature
of interest—for example, a Fermi edge—usually sits on a
wide energy background containing almost all of the emitted
electrons. Here the interesting energy scale is usually smaller
than 10 meV. In addition, space-charge-induced distortions
of the angular distribution may become relevant, as they will
lead to a loss of momentum resolution.

A. Simple models for the energy broadening

In the literature, two very simple analytical models have
been used to estimate the onset of space-charge effects in
pulsed photoemission spectra and, in particular, to explain
the experimentally observed dependencies of the energy
broadening on the number of electrons per pulse Nc, the spot
size diameter d0, and the initial kinetic energy Ei.

The first model was put forward by Long et al.37 The
sample is assumed to be a sphere of diameter d0 and the
photoelectrons are assumed to reside within an expanding
spherical shell of negligible thickness, implying that the

FIG. 5. Space-charge effects on a W 4f core-level spectrum
under irradiation with �0=40 fs, ��0=118.5 eV photon pulses.
�a� Typical energy distribution curve with photoemission peaks at
kinetic energies of �87 and �89 eV �taken from Ref. 21�. �b�
Comparison between simulated and measured �Ref. 21� peak shifts
and broadenings in the range of �0–200 000�e− per pulse. Note the
different scales of the axes for the simulated �bottom axis� and
measured data �top axis�. Power-law fits to the simulated energy
shift and broadening serve as guides for the eyes ��Eshift

�Nc
0.98 ,�Ebroad�Nc

0.73�. The spot size is 0.27�0.4 mm2. In the
simulation, a cosine distribution of the cloud electron emission
angles is used and the test electron acceptance angle is set to 13°.
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pulse duration is much smaller than the transit time of the
fastest electrons to the detector. For the energy spread, in this
case the difference between the energy gained by an electron
at the leading edge and the energy lost by an electron at the
trailing edge of the shell, the authors find that

�Ebroad � 6 � 10−6Nc

d0
, �1�

where �Ebroad is given in eV and d0 is in millimeter. Relation
�1� predicts that the energy broadening in pulsed photoemis-
sion spectra is independent of the electron energy and the
pulse duration, which is consistent with the considerations on
the short pulse limit in Sec. III. Note that, coincidentally, Eq.
�1� corresponds to the potential energy of an electron that sits
either at the center of a uniformly charged disk or on the
surface of a charged sphere, both with a total charge −Nce
and diameter d0. Hence, the same estimate for the onset of
Coulomb energy broadening could be obtained even more
easily by employing simple electrostatic models for the elec-
tron cloud and arguments based on energy conservation.34

The second model has originally been developed to de-
scribe the propagation dynamics of femtosecond electron
packets in ultrafast electron diffraction25 but was later also
used to explain the space-charge-induced broadening in fem-
tosecond pulsed photoemission spectra.40 The charge distri-
bution is assumed to be pancake shaped, i.e., the ratio of the
spatial length of the electron cloud to its diameter is very
small, and the space-charge-induced energy spread is as-
sumed to be proportional to the group velocity of the elec-
tron pulse and to the rate of broadening of the pulse length.
The latter is calculated from analytical formulas for the po-
tential of a homogeneously charged disk. It is found that

�Ebroad � C�NcEi

d0
, �2�

where �Ebroad and Ei are given in eV, d0 is in millimeter, and
the factor C is somewhere in the range of 0.002–0.005.25,40

Contrary to relation �1�, this “mean-field model”25 of femto-
second electron pulse propagation predicts a square-root de-
pendence on the number of electrons per pulse and spot di-
ameter and, additionally, a square-root dependence on the
mean kinetic energy. In what follows, the predictive power
and range of validity of both models will be investigated
within the range of parameters typically used in core-level
and valence-band photoemission spectroscopies.

B. Core-level spectroscopy

We regard the following simplified scenario as character-
istic of core-level photoemission spectroscopy �generally
known as x-ray photoelectron spectroscopy �XPS� or elec-
tron spectroscopy for chemical analysis �ESCA��: a single
Gaussian peak centered on the variable energy Ei and with
a constant width of 100 meV �FWHM� representing the ini-
tial kinetic-energy distribution of both the cloud and the
test electrons. The angular distribution is assumed to be
equally simple: isotropic emission of the cloud electrons and
surface-normal emission of the test electrons. In the numeri-

cal simulations then the number of cloud electrons per pulse
Nc, the diameter of the light spot d0, the initial mean energy
Ei, and the pulse duration �0 are varied systematically as
follows: Nc=100–500 000, d0� 	0.1,0.4,1 mm
, Ei
� 	1,10,100,1000 eV
, and �0� 	20 fs,1 ps,50 ps
. Note
that unusually low values of the kinetic energy have been
included because sometimes a valence-band spectrum taken
with a low photon energy can resemble a core-level spec-
trum, as for example in the second case discussed in Sec. IV.

Figure 6 shows the calculated energy shift and broadening
of the test electron spectrum as functions of the linear elec-
tron density Nc /d0. The error bars result from the systematic
variation of the parameters; they represent the standard de-
viations. We note that in the case of long pulses ��0
=50 ps� the energy shift tends to zero and mostly lies out-
side the given error bars �see also Fig. 2�c� for a typical line
shape in the long pulse limit�. As indicated by the fitted solid
lines, the energy shift as well as the energy broadening ap-
proach a linear dependence on Nc /d0 at high electron densi-
ties. In this regime, relation �1�, the model proposed by Long
et al.,37 overestimates the simulated space-charge-induced
energy broadening by a factor of 3. At low electron densities
�Nc /d0
104e− /mm�, the energy broadening deviates from
the linear relationship and approaches some finite value of
�10 meV. This behavior is connected with how the broad-

FIG. 6. Simulated energy shift �gray data points� and energy
broadening �black data points� as functions of the cloud electron
density Nc /d0 for a situation similar to core-level photoemission
spectroscopy. The error bars result from a systematic variation of
the light spot diameter d0 �0.1, 0.4, and 1 mm�, mean energy Ei �1,
10, 100, and 1000 eV�, and pulse duration �0 �20 fs, 1 ps, and 50
ps�. In the simulation, identical initial Gaussian energy distributions
for cloud and test electrons with 100 meV FWHM are used. The
cloud electrons are emitted isotropically over the hemisphere; the
test electrons are emitted in the normal direction. The solid lines
represent power-law fits to the simulated data ��Eshift

� �
Nc

d0
�0.98 ,�Ebroad� �

Nc

d0
�0.98�. The dashed line corresponds to relation

�1� �Ref. 37�; the dotted lines plotted over the area highlighted in
gray are calculated from relation �2� for the different mean energies
Ei �Refs. 25 and 40�. The inset illustrates the space-charge effects
on an energy spectrum.
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ening is being determined �see inset of Fig. 6�. Considering
that the initial peak width is 100 meV, the accuracy of the
simulations is simply not sufficient to reproduce the linear
dependence down to the lowest electron densities.

The linear dependence on Nc /d0 can be rationalized
straightforwardly. Space-charge-induced energy broadening
generally results from the conversion of Coulomb potential
energy of the suddenly created electron cloud into kinetic
energy as the cloud propagates to the detector. Since the
electron cloud in pulsed photoemission experiments is typi-
cally pancake shaped and the potential energy per electron in
such a charge distribution is proportional to Nc /d0, it follows
that the initial potential-energy spread and thus also the final
kinetic-energy spread will be proportional to Nc /d0.

The dotted lines on the gray area in Fig. 6 represent the
energy broadening predicted by relation �2�, the mean-field
model of electron pulse propagation in ultrafast electron
diffraction.25,40 Clearly, this model does not describe the situ-
ation adequately. It overestimates the space-charge effects in
the studied parameter range and suggests a strong energy
dependence as well as a square-root dependence on Nc /d0,
both not existing in the data set.

As to core-level photoemission spectroscopy in general,
Fig. 6 gives a quantitative estimate for the onset of space-
charge broadening in the spectra. For the space-charge-
induced energy broadening to be kept below �50 meV, a
value comparable to the rather moderate energy resolution
typically used, linear pulse densities must be limited to fewer
than 10 000e− / �pulse mm�. This number agrees within a fac-
tor of 2 with experimentally determined onsets of space-
charge broadening,28,29,37 in particular with the results of the
second study40 discussed in Sec. IV �see Fig. 4�b��.

C. Valence-band spectroscopy

In high-resolution angle-resolved photoemission spectros-
copy �ARPES�, an important focus usually lies on fine de-
tails of the valence-band structure near the Fermi energy. To
simulate a representative case, we employ a rectangular en-
ergy distribution of the cloud electrons extending from 0
to Ei, the initial energy of the test electrons. Hence, this
scenario emulates the broadening of a Fermi edge when the
secondary electron background and the valence band show
relatively little structure. As in the simulations of the core-
level case, the cloud electron emission is isotropic and the
test electrons are emitted in the forward direction. The num-
ber of cloud electrons per pulse Nc, the spot diameter d0,
the mean energy Ei, and the pulse duration �0 are again
varied in the simulations as follows: Nc=4–40 000,
d0� 	0.04,0.1,0.4 mm
, Ei� 	1,10,100 eV
, and �0
� 	10 fs,10 ps
.

Figure 7�a� displays the resulting energy shift and broad-
ening of the test electron spectrum as functions of the linear
electron density Nc /d0. Although for a given value of Nc /d0
the shifts and broadenings vary on average by a factor of
about 2 �see error bars in Fig. 7�a��, general trends are again
clearly discernible �solid lines in Fig. 7�a��. For Nc /d0
�1000e− /mm, a linear dependence of the energy shift and
broadening on Nc /d0 can be identified, whereas at lower

electron densities the determination of the shift becomes
rather inaccurate and the broadening tends to saturate at
some finite value well below the width of the initial energy
distribution of the test electrons �5 meV FWHM�. In the

FIG. 7. �a� Simulated energy shift �gray data points� and energy
broadening �black data points� as functions of the cloud electron
density Nc /d0 for a situation corresponding to angle-resolved
valence-band spectroscopy. The error bars result from a systematic
variation of the light spot diameter d0 �0.04, 0.1, and 0.4 mm�, mean
energy Ei �1, 10, and 100 eV�, and pulse duration �0 �10 fs and 10
ps�. In the simulation, an initial Gaussian test electron energy spec-
trum with mean energy Ei and 5 meV FWHM is used sitting on top
of a rectangular distribution of the cloud electron energies in the
interval 0–Ei �see inset�. The cloud electrons are emitted isotropi-
cally over the hemisphere; the test electrons are emitted in the nor-
mal direction. The solid lines represent power-law fits to the simu-

lated data ��Eshift� �
Nc

d0
�1.02 ,�Ebroad� �

Nc

d0
�0.98�. The dashed line

corresponds to relation �1� �Ref. 37�. �b� Simulated momentum
broadening as a function of Nc / �d0

�Ei�. The same parameter sets as
in �a� are used, except that the mean energies Ei are now 1, 25, and
100 eV. The inset illustrates the space-charge-induced divergence of
the electron distribution in real space.
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linear regime, the model proposed by Long et al.37 overesti-
mates the onset of space-charge effects �solid lines in Fig.
7�a��, which is understandable because the model is based on
the assumption of a near monoenergetic energy distribution.
The energy broadening predicted by the mean field model of
ultrafast electron diffraction25 has not been included in this
figure because, as shown above, it strongly overestimates the
energy dependence of space-charge effects.

Regarding modern high-resolution ARPES experiments,
Fig. 7�a� reveals that linear electron densities of up to about
3000e− /mm will be tolerable if the space-charge-induced en-
ergy broadening and shift are to be kept below �5 meV.
This estimate is in fair agreement with Ref. 9 in which a
Fermi-level broadening of �5 meV was measured for
roughly 600e− per pulse and an average spot diameter of
0.37 mm.

In ARPES, however, not only the energy of the emitted
electrons is measured, but also their wave vector parallel to
the surface k�, which is directly related to the measured ki-
netic energy Ekin and the measured emission angle 	 by

k� =�2me

�2 Ekin sin 	 . �3�

Since vacuum space-charge effects will not only distort the
energy distribution of the photoelectrons but also their angu-
lar distribution, it is clear that, in addition to energy reso-
lution, also momentum resolution �k� can be lost. It follows
from Eq. �3� that, near normal electron emission �	�0°�,
the momentum resolution is proportional to the angular res-
olution �	,

�k� ��2me

�2 Ekin�	 , �4�

where �	 now covers the effects of both the finite angular
resolution of the spectrometer and the angle blurring due to
space charge.

To estimate the loss of momentum resolution in ARPES
caused by space charge, we have performed analogous simu-
lations as above, but this time with mean energies Ei
� 	1,25,100 eV
. As a measure of �	 we have taken the
space-charge-induced lateral extension of the electron cloud,
as illustrated in the inset of Fig. 7�b�.

The computed momentum broadening shows a linear de-
pendence on Nc / �d0

�Ei�, the number of cloud electrons per
pulse divided by the spot diameter and the square root of the
initial test electron energy �see Fig. 7�b��. This functional
dependence can be understood as follows. The increase in
angular spread is approximately given by �	��v� /v0,
where �v� is the surface-parallel velocity spread and v0 is the
group velocity of the test electrons. With the reasonable as-
sumptions that v0�v� ��Ebroad�Nc, the space-charge-
induced �	 becomes proportional to Nc /Ei and thus, via
relation �4�, �k� �Nc /�Ei.

In modern ARPES, momentum resolutions well below
0.01 Å−1 can be achieved.10,45,46 As Fig. 7�b� shows, keeping
space-charge-induced momentum broadening below this
value implies a limit on the electron density of roughly
10 000e− / �mm eV1/2�. For photoelectrons emitted from a 0.4

mm spot with a kinetic energy of 30 eV, this means a rather
high tolerable number of electrons per pulse of �22 000.
Thus, as regards to space-charge effects in ARPES, one
should be much more concerned about loss of energy reso-
lution than loss of momentum resolution. In other words, in
typical pulsed ARPES experiments the lateral expansion of
the photoelectron cloud is much more critical than its trans-
verse expansion.

In closing this section, we have demonstrated that the
mutual Coulomb interaction between the emitted electrons in
pulsed photoemission experiments poses an inevitable limit
to the achievable energy resolution. But the more important
point here is that space-charge-induced energy shifts and
broadenings reach values of �5 meV, a number comparable
to the combined energy resolution of modern light sources
and electron spectrometers, already at rather low electron
densities of �3000e− / �pulse mm� diameter of the light spot.

VI. SUMMARY AND CONCLUSIONS

When more than one electron is ejected from a solid
sample in a pulsed photoemission experiment, the emitted
electrons will interact via Coulomb repulsion while traveling
to the detector. For highly conductive samples, the photo-
electrons will also feel the attractive Coulomb forces of their
mirror charges inside the sample. Since these space-charge
effects directly pertain to the two most important quantities
to be measured in photoemission spectroscopy, the kinetic
energy and the emission angle of the photoelectron, they
need to be considered when ultimate energy and angular
resolutions are to be achieved. Moreover, vacuum space-
charge effects will be a crucial factor in achieving even mod-
erate resolution when other pulsed photon sources with ex-
treme peak brilliance, for example, free-electron lasers, are
used.

Since the magnitude of space-charge effects depends on
many source and sample-specific parameters, in particular
the number of electrons per pulse, the spot size on the
sample, the pulse duration, the initial energy, and angular
distribution of the photoelectrons, and since the electron den-
sities at which the effects become significant are expected to
be rather low,9 a molecular-dynamics simulation seems to be
the natural approach to a detailed understanding. As we are
also interested in the case of rather high electron densities,
for which interaction-induced changes in the phase-space
distribution of the propagating electron cloud become rel-
evant, we have chosen to perform full N-electron simulations
using a modified tree-code algorithm.41

We have tested the numerical approach on three recent
experimental cases9,21,40 covering picosecond and femtosec-
ond ultraviolet and extreme ultraviolet photoemission spec-
troscopies. The experimental results could be reproduced
fairly well; larger discrepancies could be ascribed to uncer-
tainties in the experimental parameters. The numerical simu-
lations thus contribute to a better understanding of specific
experimental situations. Moreover, they allow us to abstract
from these specific experiments and discuss space-charge ef-
fects from a more general perspective.

To this end, we have simulated typical experimental situ-
ations, representative of core-level as well as valence-band
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photoemission spectroscopies, over wide parameter ranges.
Not unexpectedly, the number of electrons per pulse and the
diameter of the light spot on the sample have turned out as
the most crucial factors determining the space-charge-
induced energy broadening and shift. The pulse duration
�
100 ps in all simulations� and the kinetic energy of the
photoelectrons are of much lesser importance. In the numeri-
cal simulations, isotropic electron emission and normal-
emission detection have been assumed. For a more forwardly
directed electron emission, the broadenings and shifts will of
course be larger. For example, a cosine angular distribution
typically increases energy broadenings and shifts by about
20%–30%. Mirror-charge effects have been included in all
simulations of the present work. If they are neglected, the
calculated energy broadenings and shifts are about 50%–
100% larger for a given parameter set.

The results of the numerical simulations have been com-
pared to simple analytical models. Within the range of pa-
rameters typically used in solid-state photoemission, the
model introduced by Long et al.37 turns out to be remarkably
accurate in predicting the onset of space-charge-induced en-
ergy broadening. The mean-field model developed by Siwick
et al.25 to describe pulse propagation in ultrafast electron
diffraction, on the other hand, is only valid for very low
kinetic energies ��1 eV� and femtosecond pulses. The pre-
dictions of this latter model may not be extrapolated to
higher kinetic energies.40

Our comprehensive simulations have finally yielded a few
rules of thumb for the onset of space-charge broadening in
solid-state photoemission. In core-level spectroscopy �XPS�,
for the energy broadening to be kept below �50 meV, the
pulses must be limited to fewer than �10 000e− /mm spot
diameter. In valence-band spectroscopy �ARPES�, the 5 meV

resolution limit corresponds to �3000e− /mm. A somewhat
surprising result is that momentum broadening in ARPES is
much less critical. The space-charge-induced momentum
broadening is inversely proportional to the square root of the
kinetic energy. For the broadening to be smaller than
0.01 Å−1 for a 1 mm diameter spot, the pulses must stay
below �10 000e− /eV1/2.

In conclusion, our results have clearly confirmed that the
mutual Coulomb interaction between emitted electrons poses
an elementary limit on energy resolution and, to a much
lesser degree, on angular resolution in solid-state photoemis-
sion spectroscopy. This limit strongly depends on the bril-
liance of the photon source. The high-intensity pulses and
sharp foci of present and future sources are particularly prob-
lematic. Also, time-dependent flux variation is an issue, as it,
for example, occurs at third-generation synchrotron-radiation
sources without top-off mode on the time scale of hours and
at free-electron lasers employing self-amplified spontaneous
emission �SASE� on a shot-to-shot basis. Other strategies to
avoid space-charge effects in solid-state photoemission are
clearly desirable. A rather obvious approach is to combine a
high-repetition low-pulse-intensity photon source with a
high-resolution electron spectrometer capable of detecting a
wide energy range and, at best, the full emission hemisphere
in parallel.
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