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An apparatus for sub-nanosecond time-resolved ambient-pressure X-ray photoelectron spectroscopy

studies with pulsed and constant wave X-ray light sources is presented. A differentially pumped

hemispherical electron analyzer is equipped with a delay-line detector that simultaneously records

the position and arrival time of every single electron at the exit aperture of the hemisphere with

∼0.1 mm spatial resolution and ∼150 ps temporal accuracy. The kinetic energies of the photoelec-

trons are encoded in the hit positions along the dispersive axis of the two-dimensional detector. Pump-

probe time-delays are provided by the electron arrival times relative to the pump pulse timing. An

average time-resolution of (780 ± 20) ps (FWHM) is demonstrated for a hemisphere pass energy Ep

= 150 eV and an electron kinetic energy range KE = 503–508 eV. The time-resolution of the setup

is limited by the electron time-of-flight (TOF) spread related to the electron trajectory distribution

within the analyzer hemisphere and within the electrostatic lens system that images the interaction

volume onto the hemisphere entrance slit. The TOF spread for electrons with KE = 430 eV varies

between ∼9 ns at a pass energy of 50 eV and ∼1 ns at pass energies between 200 eV and 400 eV. The

correlation between the retarding ratio and the TOF spread is evaluated by means of both analytical

descriptions of the electron trajectories within the analyzer hemisphere and computer simulations of

the entire trajectories including the electrostatic lens system. In agreement with previous studies, we

find that the by far dominant contribution to the TOF spread is acquired within the hemisphere. How-

ever, both experiment and computer simulations show that the lens system indirectly affects the time

resolution of the setup to a significant extent by inducing a strong dependence of the angular spread

of electron trajectories entering the hemisphere on the retarding ratio. The scaling of the angular

spread with the retarding ratio can be well approximated by applying Liouville’s theorem of constant

emittance to the electron trajectories inside the lens system. The performance of the setup is demon-

strated by characterizing the laser fluence-dependent transient surface photovoltage response of a

laser-excited Si(100) sample. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894208]

I. INTRODUCTION

Time-domain X-ray spectroscopy techniques are gain-

ing increasing attention in a variety of scientific commu-
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nities due to their potential to reveal details of fast dy-

namic processes in matter that are not accessible in static

X-ray experiments and which cannot be addressed with

traditional time-resolved all-optical methods. The prospect

to probe changes in local electronic structures and chemi-

cal transformations in real time with element specificity is

a major driver for the development of laboratory-based1–4

and accelerator-based5–8 ultrafast X-ray techniques that

complement both energy-domain X-ray spectroscopy efforts

at synchrotrons as well as time-domain spectroscopy tech-

niques using ultraviolet, visible, and infrared lasers. In the

regime of picosecond to nanosecond time-resolved X-ray

0034-6748/2014/85(9)/093102/8/$30.00 © 2014 AIP Publishing LLC85, 093102-1
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measurements, synchrotron light sources are particularly at-

tractive due to their inherent timing structure with X-ray pulse

durations on the order of ∼30–100 ps,9–13 pulse repetition

rates at MHz levels, continuous and wide range photon en-

ergy tunability, excellent long-term stability, and the ready

availability of a large variety of mature experimental X-ray

techniques.

Generally, time-resolved synchrotron experiments can

be divided into two classes: time-discriminating and time-

recording (“tagging”). In the time-discriminating approach,

an external stimulus, such as a laser is synchronized to a spe-

cific X-ray pulse with a fixed time-delay and the detector is

gated to suppress signals from most or all other synchrotron

bunches.10–16 This approach gives access to very high time

resolution reaching the femtosecond regime8, 11, 17 but uses

only a small fraction of the available X-ray flux. In the time-

recording approach – which is employed in this study – the

external stimulus may or may not be synchronized to the syn-

chrotron pulses and the detector is not gated. Instead, the

arrival times (“time stamps”) of the detector signals relative

to the external stimulus are recorded and the data are sorted

according to their time stamps.9, 18–21 This approach can, in

principle, make use of the entire X-ray flux (depending on

the time delay range of interest) with an intrinsic time resolu-

tion that is limited by the detector18, 19 and/or the spectrometer

characteristics.9, 22

Here, a sub-ns time-resolved ambient pressure XPS setup

is presented that combines a fast two-dimensional delay-line

detector with ∼150 ps time resolution with a hemispheri-

cal electron analyzer that is equipped with a differentially

pumped electrostatic lens system.23 The time-resolved (tr)-

XPS setup can be operated with pulsed and constant wave

(CW) X-ray light sources. When synchronized to the elec-

tron bunch train of the Advanced Light Source (ALS) storage

ring, the apparatus can readily distinguish X-ray signals from

different bunches within the ∼500 MHz ALS multi-bunch

pattern. This capability opens the route to perform bunch

length-limited picosecond time-resolved ambient pressure X-

ray photoelectron spectroscopy experiments at synchrotron

radiation light sources with high efficiency, during all stor-

age ring operating modes, and with modest requirements on

existing beamline facilities.

The temporal resolution of the system is characterized

and theoretically analyzed for a wide range of retarding ra-

tios. The electron trajectories within the ambient pressure

compatible electrostatic lens system induce a pronounced re-

tarding ratio dependence of the system’s temporal resolution,

which can be well approximated by Liouville’s theorem of

constant emittance.24 The tr-XPS setup is used to character-

ize the fluence-dependence of the laser-induced transient sur-

face photovoltage (SPV) effect in a Si(100) sample, clearly

demonstrating a monotonic increase of the SPV decay time

scale when the laser fluence is increased from ∼1 nJ/cm2 to

∼160 µJ/cm2.

II. DESIGN

Fig. 1 shows a schematic of the laser-pump/X-ray-probe

photoelectron spectroscopy setup. Experiments are performed

using the ambient pressure photoelectron spectroscopy end-

station (APPES-2) at the molecular environmental sciences

beamline 11.0.2 of the Advanced Light Source.25 The cen-

tral element of the setup is a hemispherical electron energy

analyzer (SPECS Phoibos 150 NAP) equipped with a fast

two-dimensional delay-line detector26 (DLD, Surface Con-

cept, SC DLD-4242-H9). The analyzer is equipped with a

system of differentially pumped electrostatic lenses, enabling

photoemission measurements at ambient pressures up to sev-

eral Torr.23, 27, 28 The DLD detector records both the hit po-

sition and arrival time of every single electron at the exit of

the hemisphere. The photoelectron kinetic energies are en-

coded in the hit position on the detector in the dispersive

plane of the analyzer. The electron arrival time is measured

with a precision of ∼150 ps29 relative to a fixed external trig-

ger signal (Fig. 1, blue solid line) provided by a gate and

delay generator (Stanford Research Systems, DG 535). The

same signal generator provides a trigger signal for the laser

(Coherent Evolution 70) that is used for the laser-pump/X-

ray-probe experiment presented below (Fig. 1, green solid

line).

The key concept of the setup is that the simultane-

ous recording of the kinetic energy and the time stamp of

every electron relative to the trigger signal of the laser consti-

tutes a time-resolved XPS measurement in which the pump-

probe delay is not controlled but recorded (“tagged”). Time-

resolved XPS spectra are recovered by using a time-to-digital

converter (TDC) to sort the kinetic energies of all electrons

into channels corresponding to different pump-probe time de-

lays (Fig. 1, bottom). Similar concepts were previously ap-

plied in the works of Gießel et al.9 and Bergeard et al.18 A

distinct feature of the system described here is the use of a

fast, high-resolution two-dimensional detector. The simulta-

neous recording of 1024 energy channels along the dispersive

axis enables the acquisition of high-resolution tr-XPS spec-

tra across a large (typically tens of eV) kinetic energy win-

dow without the need to sweep the analyzer and the high

time resolution enables measurements at the TOF spread limit

of the XPS analyzer. The total data acquisition times of the

(sub-)nanosecond tr-XPS measurements presented here range

from ∼5 min (Fig. 3) to ∼100 min (Figs. 5 and 6) including

all spectra at all time delays. Additionally, to the best of our

knowledge, this is the first performance characterization of

an ambient pressure XPS setup in a (sub-)nanosecond tr-XPS

experiment.

III. COARSE ABSOLUTE TIMING CALIBRATION

The absolute time correlation between the recorded XPS

spectra and the impact of the pump laser pulse on the sam-

ple, i.e., the position of “time zero” in the time-resolved XPS

spectra, is generally unknown. It can be determined either by

using a sample with a known XPS response to the pump-laser

pulse or, more generally, by imposing a well-defined transient

change on the XPS spectrum with a known time structure.

Here, a rectangular low voltage pulse (amplitude 1.5 V, width

500 ns, rise time < 5 ns) is applied to the sample for a coarse

time zero calibration (Fig. 1, red solid line). Fig. 2 shows the
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FIG. 1. Timing scheme of the tr-XPS apparatus. See text for details.

resulting tr-XPS trace from a gold foil in the region of the Au

4f7/2 photoelectron line. The 2D map in Fig. 2(a) is a false-

color representation of the tr-XPS data with the kinetic en-

ergy decreasing along the vertical axis and time progressing

along the horizontal axis. The detector was not synchronized

to the ALS bunch structure in this measurement; the pulsed

synchrotron radiation effectively acts as a CW X-ray source,

leading to a continuous XPS intensity along the time axis.

Note that the plot shows only a short range of time delays

close to the voltage pulse. The total range of recorded delays

FIG. 2. (a) False-color representation of tr-XPS timing calibration spectra using the Au 4f7/2 line from a gold foil. Note the transient shift by 1.5 eV due to the

pulsed sample bias voltage. (b) Examples of individual XPS-spectra measured at time stamps of 29.5 µs (black) and 30.5 µs (gray). (c) Time-dependent position

of Au 4f7/2 peak obtained from the data in (a).
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is limited by the number of TDC time channels and the time

step per channel. The time-dependent sample bias voltage ap-

pears as a transient shift of the XPS spectrum to 1.5 eV lower

kinetic energies within a time window of 500 ns centered near

the ∼30.5 µs time stamp. This effect is illustrated in more de-

tail in Figs. 2(b) and 2(c). Fig. 2(b) compares Au 4f7/2 peaks

recorded at time stamps of 29.5 µs (black) and 30.5 µs (gray),

which are shifted by 1.5 eV with respect to each other. Peak

positions obtained by fitting each spectrum in Fig. 2(a) to a

pseudo-Voigt line shape are plotted versus time in Fig. 2(c).

The sharp shift of the gold peaks to lower kinetic energies is

clearly observed at 30.331 ± 0.005 µs. The relative timing be-

tween the pump laser and the voltage bias pulse is derived by

measuring the delay between the voltage pulse and a photodi-

ode signal on a fast oscilloscope (Fig. 1, red and black solid

lines, respectively). In this way, time zero in the tr-XPS ex-

periments can be defined with a precision of ∼5 ns by taking

all optical and electronic signal path length differences into

account.

IV. TEMPORAL RESOLUTION

The temporal resolution of the setup for pump-probe

experiments is defined by three main contributions: (i) the

pulse width of the pump-laser, (ii) the time resolution of

the detector-TDC combination (150 ps29), and (iii) the TOF

spread of electrons within the electron analyzer.9, 22 When us-

ing a picosecond laser system, the by far dominating factor

is the finite electron TOF distribution (iii), which usually ex-

tends across nanosecond time ranges.

XPS signals arising from single ∼70 ps long X-ray

pulses of the ALS13 were used to determine the electron

TOF-induced contribution to the overall temporal resolution

of the setup. Fig. 3(a) shows a series of tr-XPS spectra of

N3/Ru 535 Ru-dye molecules adsorbed on a film of ZnO

nanocrystals30, 31 supported by a Si(100) wafer. All spectra

at all time delays were recorded simultaneously at a photon

energy of 640 eV. The detected kinetic energy range was cho-

sen in a featureless region of the XPS spectrum around KE

= 500 eV as indicated in Fig. 3(b). The horizontal axis of

the 2D grayscale map corresponds to the electron kinetic

energy and the vertical axis to the electron detection time.

For these calibration measurements, the trigger for the de-

tector system was synchronized to the ALS bunch structure.

The bright tilted stripes in Fig. 3(a) are XPS spectra gen-

erated by different ALS bunches. The tilt originates from

the different travel times of electrons with different kinetic

energies through the XPS spectrometer, leading to different

arrival times at the detector. The time difference between

most spectra corresponds to the 2 ns bunch-to-bunch delay of

the ALS multibunch operating mode. The well-isolated and

most intense spectrum is generated by the so-called camshaft

bunch.32

Fig. 3(c) shows the projection of a single 150 meV wide

slice (blue vertical line in Fig. 3(a)) onto the time delay axis.

The overall time resolution of the system is derived by fit-

ting the time-structures of a series of these slices covering

the KE range 503–508 eV to Gaussian profiles as indicated

in Fig. 3(c). The average temporal width of the camshaft sig-

FIG. 3. Determination of the temporal resolution. (a) Time-resolved XPS

spectra of N3 dye molecules adsorbed to ZnO nanocrystals. The bright stripes

are grayscale representations of tr-XPS spectra emerging from single ALS

bunches. (b) Photoemission spectrum indicating the spectral range covered

by (a). (c) The TOF spread of electrons with the same kinetic energy travers-

ing the analyzer on different trajectories is determined by fitting the temporal

profile of the camshaft tr-XPS spectrum for a narrow (150 meV) energy range

(blue line in (a)) to a Gauss curve (solid black line in (c)). (d) Kinetic energy

dependence of the TOF spread, averaged over two neighboring values. The

average TOF spread in the 503–508 eV kinetic energy range is (780 ± 20)

ps. The photon energy is 640 eV.

nal across this 5 eV wide energy window is (780 ± 20) ps

(Fig. 3(d)). To the best of our knowledge, this is the first

time that a sub-ns time resolution has been demonstrated in

a tr-XPS setup using the time-tagging technique. Perform-

ing the same fit procedure for slices at kinetic energies KE

= 492–508 eV leads to a distribution of KE-dependent TOF

spreads shown in Fig. 3(d) (each data point is averaged over

two neighboring values). Note that the TOF spread varies by

a factor of 2–3 across the KE window. This variation is due

to the fact that electrons with different kinetic energies tra-

verse the spectrometer on different trajectories that depend on

the electrostatic lens settings, the retarding voltage, and the

hemisphere pass energy, which will be discussed in more de-

tail below.

Fig. 4(a) shows the measured TOF spread (red squares)

for XPS spectra recorded with a GaAs sample at a photon en-

ergy of 490 eV, a nominal kinetic energy of KE = 430 eV,

and hemisphere pass energies Ep varying between 50 eV and

400 eV (spanning retarding ratios KE/Ep between 8.6 and

1.1). Note the double logarithmic representation. The spreads

were derived by averaging measured TOF spreads over 2 eV

wide kinetic energy regions to ensure that the results are not

affected by single outliers and that they are relevant with

respect to applications, which usually require the use of

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

131.169.116.119 On: Thu, 12 Feb 2015 10:12:47



093102-5 Shavorskiy et al. Rev. Sci. Instrum. 85, 093102 (2014)

FIG. 4. Pass energy dependence of (a) the temporal resolution (FWHM) and

(b) the hemisphere entrance angle spread (FWHM) of the tr-XPS setup. Open

squares indicate experimental values, open and solid circles the results of a

computer simulation, and solid diamonds estimates based on the theorem of

constant emittance along the electron trajectories. Solid and open circles in

(a) correspond to TOF spreads within the hemisphere only and across the

entire electron flight paths, respectively. The nominal electron kinetic energy

is 430 eV (hν = 490 eV).

extended regions of the XPS spectrum. The TOF spread drops

rapidly with increasing pass energy. For Ep ≥ 200 eV it is

nearly constant at ∼1–2 ns (FWHM) and almost an order of

magnitude smaller than for Ep = 50 eV (∼9 ns). In order to

understand these trends, we analyze the Ep dependence of the

TOF spread by means of both analytical calculations as well

as computer-based finite-element trajectory simulations using

SIMION R©.

Owing to the complexity of the trajectories in the lens

system, only the trajectory sections within the hemisphere

are accessible to an analytical treatment. The impact of the

lens system will be discussed further below. In general, the

electron TOF spread within the hemisphere originates from

(a) a finite energy resolution of the analyzer allowing elec-

trons with slightly different kinetic energies to pass through

the hemisphere and hit the detector at the same position, and

(b) the simultaneous detection of electrons with the same ki-

netic energy traversing the analyzer on slightly different tra-

jectories and arriving at the same detector position after trav-

eling different path lengths. Both contributions are affected

by a number of factors such as the widths of the hemisphere

entrance and exit slits, the angular spread of electron ve-

locity vectors upon entering the hemisphere, and the hemi-

sphere pass energy. We use the analytical expressions given

by Gießel et al.9 and Kugeler et al.22 to estimate the impact

of the analyzer energy resolution and electron trajectories, re-

spectively. For pass energies Ep ≥ 50 eV, a hemisphere radius

of R0 = 150 mm, a (virtual) hemisphere exit slit width of d

≤ 1 mm, and electron angular spreads of the order of 2α

≤ 5◦ at the hemisphere entrance aperture (see below), the tra-

jectory induced TOF spread within the hemisphere exceeds

the energy resolution induced TOF uncertainty by at least one

order of magnitude. Consequently, we concentrate our analy-

sis on the trajectory related TOF spread.

The dispersive plane angular spread ±α of electrons en-

tering the hemisphere and the spread of TOFs after which they

arrive at the detector are linked by Kepler equations that de-

scribe the electron trajectories in a central potential.22 Note

that we define the hemisphere entrance angle α consistent

with previous works,9, 22 i.e., it indicates the angular devia-

tion of an electron trajectory from a tangential to the hemi-

sphere at the entrance slit. Correspondingly, the total angu-

lar spread for an ensemble of trajectories with entrance an-

gles α but different azimuthal angles around the lens system

symmetry axis may be designated as ±α or 2α. Using the

Kepler relationship between α and the TOF spread, the an-

gular spreads of electrons entering the hemisphere are fit to

the experimentally derived TOF spreads in Fig. 4(a) and dis-

played as blue squares in Fig. 4(b). Clearly, the width 2α of

the hemisphere entrance angle distribution varies significantly

with the retarding ratio. To further illustrate this effect, two

black dashed lines in Fig. 4(a) mark the expected pass energy

dependent TOF spreads for two constant angular spreads of α

= ±0.41◦ and α = ±1.72◦. The measured TOF spreads indi-

cate that the experimental angular spreads vary between these

two extremes.

Computer based trajectory simulations confirm the ana-

lytically derived trends. The solid blue circles in Fig. 4(b) are

simulated angular spreads. They display a very similar overall

rise with decreasing pass energy as the experimentally derived

angles and vary between 2α = 1.8◦ (FWHM) and 2α = 4.6◦

(FWHM) at pass energies of 400 eV and 50 eV, respectively.

The simulated hemisphere TOF spreads are displayed as solid

red circles in Fig. 4(a). Additionally, the total TOF spreads

across the entire electron flight paths through the lens system

and the hemisphere are shown as open red circles. The rela-

tively small differences between the solid and open red circles

indicate that the trajectories within the lens system contribute,

in general, to a much smaller degree to the overall time res-

olution than the trajectories within the hemisphere. However,

an important finding of this study is that the lens system in-

directly contributes significantly to the overall time resolution

of the setup by inducing a strong dependence of the hemi-

sphere entrance angles on the retarding ratio. Figs. 4(a) and

4(b) demonstrate that this trend is reproduced by both the an-

alytical interpretation of the experimental results and the tra-

jectory simulations.

The root cause for the observed behavior can be under-

stood by applying Liouville’s theorem of constant emittance

to the beam of electron trajectories within the lens system.24

It is known that for an electron retarding ratio r = KE/Ep at

the transition point between two regions along the flight path,

the angular magnification Ma and the lateral magnification Ml
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of the trajectory bundle are connected by24

Ma · Ml =
√

r. (1)

The high transmission lens mode employed in this study

is expected to lead to a constant lateral magnification Ml of

the electron trajectories. Therefore, the angular magnifica-

tion Ma should scale with the square root of the retarding

ratio. The green diamonds in Fig. 4(b) were derived by apply-

ing this scaling law using the simulated angular spread at Ep

= 50 eV as a reference. The simple estimate describes the

simulated angular spreads very well and follows a similar

trend as the experimental values. We note that the total TOF

varies between ∼200 ns and ∼290 ns for pass energies of

400 eV and 50 eV, respectively. Given the complexity of the

lens system, the agreement between the simulated and the ex-

perimentally derived values for the TOF and angular spreads

displayed in Fig. 4 is quite remarkable. The most notable dis-

crepancies appear in the TOF spreads for pass energies Ep

= 200 eV and Ep = 300 eV, for which the experimental val-

ues are less than half of the simulated spreads. We currently

do not have a conclusive explanation for the local minimum

in the TOF spread near these pass energies. One possibility is

that the interaction volume was not perfectly aligned with the

center axis of the spectrometer, which could limit the accep-

tance angle of the spectrometer and therefore reduce the tem-

poral spread by reducing the average hemisphere entrance an-

gle. The same mechanism could explain why all experimental

TOF and hemisphere entrance angle spread values are slightly

below the simulated ones. We note that the overall high tem-

poral resolution of the setup enables (sub-)nanosecond tr-XPS

measurements even for CW X-ray light sources, which may

be interesting for laboratory-based XPS experiments.

V. TRANSIENT SURFACE PHOTOVOLTAGE EFFECT
IN Si(100)

To demonstrate the capabilities of the tr-XPS setup, we

study the dependence of the transient surface photovoltage

(SPV33, 34) in a semiconductor on the pump laser fluence. The

sample is a 13 × 13 mm2 p-type (boron doped) Si(100) wafer

covered by its native oxide layer. No additional surface prepa-

ration was performed prior to the tr-XPS measurements. Since

the thickness of the native oxide layer (typically less than

1 nm35) is smaller than the electron inelastic mean free path,

photoelectron signals from both the oxide layer and pure sili-

con can be detected in the XPS spectra. Time-resolved Si 2p

photoemission spectra of both bulk (Si0) and oxide (SiOx) sil-

icon were recorded. The kinetic energies of the collected elec-

trons were between 324 eV and 332 eV, the analyzer pass en-

ergy was 150 eV. The pump laser system (COHERENT Evo-

lution 70) provided 240 ns (FWHM) long light pulses with

a wavelength of 532 nm at a pulse repetition rate of 10 kHz.

The laser spot size was 560 × 420 µm2 (FWHM). The X-ray

spot size was <100 µm (FWHM) in both dimensions. The

laser was not synchronized to the ALS bunch train; the syn-

chrotron effectively operated as a CW X-ray source. We note

that, while we have not made use of the ambient pressure ca-

pabilities of the setup in the time-domain experiments pre-

FIG. 5. (a) Time-resolved visible pump/X-ray probe XPS spectra of a p-

doped Si(100) wafer in the range of the S 2p photoline from bulk Si atoms.

(b) Individual spectra extracted from (a) at different pump-probe time delays

(hν = 435 eV).

sented herein, the system is routinely used for ambient pres-

sure experiments in the energy domain.23, 27, 28

Fig. 5(a) shows a false color representation of the Si 2p tr-

XPS map (for clarity only the bulk Si0 component is shown)

obtained with a laser pump fluence of 12 µJ/cm2. Fig. 5(b)

compares several individual Si 2p photoemission spectra ex-

tracted from Fig. 5(a) at different time delays as indicated by

vertical white lines. The impact of the laser pulse on the pho-

toemission peak position is clearly visible at time zero (0 µs),

where a 0.25 eV shift of the Si 2p peak toward higher kinetic

energies occurs (Fig. 5(b), black curve). For longer time de-

lays after the laser pulse, the peak position of the photoemis-

sion line gradually recovers (blue curve), reaching its initial

value toward the end of the time delay range (green curve).

The origin of the SPV effect is linked to a static charge

imbalance at the semiconductor surface. For a p-doped semi-

conductor, the electric field of the positive excess charge at

the surface (emptied surface states) is screened by fixed, neg-

atively charged acceptor states in the bulk. The resultant built-

in electric field provokes a space charge region (SCR) with a

characteristic downward bending of the electronic energy lev-

els in the near-surface region (“band bending”).34 Since the

width of the space charge layer (typically ∼100 nm) signif-

icantly exceeds the escape depth for photoelectrons, tr-XPS

exclusively probes electronic states within the SCR. Upon

above-band-gap laser excitation, electron-hole pairs are gen-

erated and separated within the SCR, giving rise to a transient

screening of the fixed charges. This transient screening trans-

lates into a corresponding time-dependent shift of the probed

energy levels to lower binding energies (“band flattening”).33

Si 2p tr-XPS maps similar to that displayed in Fig. 5

are recorded for a series of different pump laser fluences.

The time-dependent photoelectron spectra are fit with two

pseudo-Voigt peaks, representing the overlapping Si 2p peaks

of bulk Si0 and SiOx (ignoring the unresolved Si 2p spin-

orbit splitting of ∼0.4 eV). The resulting temporal evolution

of the Si0 peak position for a variety of pump laser fluences

is shown in Fig. 6. The yellow curve indicates the unper-

turbed Si 2p peak position without laser illumination. The

impact of a laser pulse at time zero induces a time-dependent

shift of the photoemission lines towards higher kinetic ener-

gies. The laser fluence impacts both the magnitude and the
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FIG. 6. Transient surface photovoltage dynamics of SiOx/Si(100) as a func-

tion of pump laser fluence determined by the time-dependent Si 2p (bulk)

peak position (hν = 435 eV).

temporal evolution of the SPV shift. The magnitude of the

shift increases with increasing laser intensity, saturating at

∼350 meV. This saturation value is in good agreement with

previous measurements.33

The time scale for the SPV decay after laser excita-

tion is strongly affected by the laser fluence, exhibiting no-

tably slower dynamics with increasing fluence: at a fluence of

0.12 µJ/cm2, the SPV shift relaxes from 0.25 eV to zero

within the first 20 µs after excitation, whereas the SPV ef-

fect decays by only ≈50% within the same time window

for 12 µJ/cm2 laser fluence. A fluence-dependence of the

SPV decay constant featuring the opposite trend, i.e., a faster

SPV decay dynamics for higher laser fluences, has been ob-

served by Widdra et al. in a similar experiment performed

with MHz laser repetition rates.36 The SPV dynamics were

explained within the framework of a thermionic emission

model for laser-generated holes that tunnel through the time-

and fluence-dependent potential barrier generated by the band

bending at the surface.36, 37 In this respect it is important to

mention that – owing to the comparably low repetition rate

– the transient SPV effect presented here completely relaxes

between consecutive laser pulses even for the highest laser

fluences in our experiment. This is evidenced by the con-

stant kinetic energies at negative pump-probe delays in Fig. 6.

In contrast, the MHz measurements by Widdra et al.36 were

significantly affected by accumulated steady-state concentra-

tions of laser-excited charge carriers in the SCR, which might

influence the observed transient SPV response.

The temporal resolution of the laser-pump/X-ray-probe

experiments presented here is defined by the ∼240 ns duration

(FWHM) of the laser pulses. We note, however, that the high

temporal resolution of the setup, which can readily distinguish

signals from different ALS light pulses in multi-bunch operat-

ing mode (Fig. 3(a)), also enables tr-XPS measurements with

bunch-length limited temporal resolution when operated with

a laser system that is synchronized with the ALS bunch train

and that provides light pulses with durations much shorter

than the ALS bunch length (∼70 ps).38 The capability to per-

form time-resolved XPS experiments with pulse-length lim-

ited temporal resolution using trains of nanosecond to mi-

crosecond spaced X-ray pulses will be particularly useful for

studies at future high repetition rate X-ray free electron laser

(XFEL) light sources such as LCLS II and the European

XFEL. As demonstrated here for pump-probe experiments

using a 10 kHz pump laser in combination with the ∼1.5–

500 MHz bunch train of the ALS, time-tagging techniques

will be able to take full advantage of the high X-ray repetition

rates of next generation XFEL light sources without requiring

similarly high pump laser repetition rates.

VI. SUMMARY

A setup for sub-nanosecond time-resolved ambient pres-

sure X-ray photoelectron spectroscopy based on the combina-

tion of a hemispherical electron kinetic energy analyzer and

a fast time- and position-sensitive electron detector is pre-

sented. The intrinsic time resolution of the setup is deter-

mined by the TOF spread of electrons passing through the

spectrometer with the same kinetic energy but on different

trajectories. An average temporal resolution of (780 ± 20) ps

is demonstrated for a pass energy Ep = 150 eV and an elec-

tron kinetic energy range KE = 503–508 eV. This resolution is

independent from the X-ray source and, therefore, enables tr-

XPS studies with both pulsed and (laboratory-based) CW X-

ray light sources. While most of the TOF spread is acquired

within the analyzer hemisphere, the electrostatic lens system

that images the interaction volume onto the hemisphere en-

trance slit has decisive impact on the temporal resolution by

defining the angular spread with which the electrons enter the

hemisphere. In maximum transmission mode, the lens sys-

tem induces a pronounced dependence of the temporal res-

olution on the retarding ratio through a significant variation

of the hemisphere entrance angle spread. The scaling of the

angular spread with the retarding ratio can be well approxi-

mated by Liouville’s theorem of constant emittance along the

electron beam path. The temporal resolution of the setup can

be predicted by computer based trajectory simulations with a

precision of ≤2 ns. The time-tagging principle of the setup

enables efficient use of the available X-ray fluence since all

X-ray photons independent of their intrinsic timing are used

simultaneously in the measurement. The combination of high-

resolution XPS analyzers with fast time-tagging techniques as

demonstrated herein may prove useful for experiments at fu-

ture high-repetition rate XFEL light sources such as LCLS-II

and the European XFEL.
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