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A new operation mode of a HPXPS (high-pressure X-ray photoelectron spectroscopy) analyzer is
evaluated on a HPXPS system ﬁtted with an Al Kα X-ray source. A variety of metal foil samples (gold,
silver and copper) were measured in different sample gas environments (N2 and H2O), and a front
aperture diameter of 0.8 mm. The new design concept is based upon “swiftly” accelerating the
photoelectrons to kinetic energies of several keV after they pass the analyzer front aperture. Compared
to the standard mode, in which the front section between the two ﬁrst apertures is ﬁeld-free, this gives a
wider angular collection and a lower tendency for electron losses in collisions with gas molecules within
the analyzer. With the swift-acceleration mode we attain, depending on the experimental conditions, up
to about 3 times higher peak intensities in vacuum and about 10 to 20 times higher peak intensities in
the 6–9 mbar regime, depending on kinetic energy. These experimental ﬁndings agree well with
simulated transmission functions for the analyzer. The new mode of operation enables faster data
acquisition than the standard mode of operation, particularly valuable in a home laboratory environment. Further demonstrations of performance are highlighted by measurements of the valence band
structure in dye-sensitized solar cell photoelectrodes under a 2 mbar H2O atmosphere, a molecularly
modiﬁed surface of interest in photoelectrochemical devices.
& 2015 Elsevier B.V. All rights reserved.

Keywords:
High-pressure X-ray photoelectron
spectroscopy
Photoelectron spectroscopy
Scientiﬁc instrumentation
Spectrometer
Charge particle analyser

1. Introduction
High pressure X-ray photoelectron spectroscopy (HPXPS) has in
recent years become a powerful and increasingly popular method
for studying chemical species at solid and liquid surfaces at
pressures closer to ambient conditions. This has created an
opportunity to study a wide range of materials and phenomena,
related to surface gas and liquid interactions, that previously have
not been possible to study with conventional ultra high vacuum
(UHV) photoelectron spectroscopy [1].
Photoelectrons with kinetic energies up to a few keV are more
strongly scattered by gas molecules due to higher electron scattering cross-sections at these energies. This result in photoelectron
signal intensities, many orders of magnitude lower than in
standard XPS measurements. This is a reason why most HPXPS
experiments are performed at synchrotron facilities with high
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photon ﬂuxes by teams specializing in large-scale UHV instrumentation [1–6]. To become a widespread laboratory-based
method, available to the wider scientiﬁc and industrial communities, it is crucial that high-pressure spectra can be recorded on a
reasonable timescale [2,7,8] In this work we present an analyzer
high-voltage operation mode “swift acceleration” that widens the
angular collection and drastically reduces the internal electron
collision losses found in lab-based HPXPS analyzers, and consequently greatly reduces the data acquisition times. The swift
acceleration mode differs from the standard mode of operation
in that it has a high voltage potential close to the ﬁrst aperture of
the instrument. This allows for faster acceleration of the electrons
in this mode and hence a higher transmission is realized. In this
work we compare the new swift acceleration lens table with the
standard transmission mode lens table, used in Ref. [6], with
regard to the analyzer transmission and spectral quality for a wide
range of analyzer slit-widths, pass energies, and sample pressures.
The swift mode of operation was evaluated using gold, silver and
copper samples under various nitrogen and water pressures and
the swift acceleration mode performance was further validated

192

M.O.M. Edwards et al. / Nuclear Instruments and Methods in Physics Research A 785 (2015) 191–196

using a photoelectrochemically active interface consisting of a
mesoscopic TiO2 photoelectrode sensitized with a Ru-based dye
molecule under a water vapor pressure of 2 mbar. Such electrochemical systems are interesting for energy applications such as
molecular solar cells and are also closely related to many systems
used for photocatalysis.
We ﬁnd that with the swift-acceleration mode we attain, depending on the experimental conditions, up to about 3 times higher peak
intensities in vacuum and in the range of 10 to almost 20 times
higher peak intensities in the 6–9 mbar regime. No Corona/dielectric
breakdown was observed during any of the experiments, due to the
high potential in the front of the instrument. This enables stable
operation with higher transmission using the swift acceleration
mode. A consequence of the extended pressure regime is that larger
front cone apertures can be used in HPXPS, giving improved electron
collection and facilitating the use of large X-ray sample spots.

2. Experimental
The experiments were performed at the HPXPS system at VG
Scienta AB in Uppsala, Sweden, whose main components are a
Scienta MX 650 HP X-ray source, a Scienta R4000 HiPP-2 electron
analyzer, an analysis chamber with a manipulator-controlled
sample holder array, and a preparation chamber for sample
loading. For a detailed description and schematic views of the
set-up, see Ref. [6]. The peak energy and width of the Bragg
reﬂected Al Kα radiation from the X-ray monochromator is
1486.7 eV and  200 meV, respectively, and the incidence angle
on the sample is 62.51 for central X-rays. The X-ray source settings
(200 W power, 12.0 kV electron acceleration voltage) and the
alignment of the whole source and the monochromator crystals
were kept constant throughout the experimental series.
The electron analyzer consists of (i) a straight energy-retarding
and differentially pumped section and (ii) an energy-analyzing 1801
hemisphere with a mean radius of 200 mm, nine interchangeable
slits, and a 2D MCP/CCD type detector. Emitted photoelectrons from
the sample enter the differential pumping stage lens through a
small aperture in the conical front. For operation in different sample
pressure regimes several exchangeable analyzer front cones with
different aperture diameters are available [6]. The analyzer slit
width can be varied from 200 mm to 4 mm. For these experiments a
set of curved slits (0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm and 0.8 mm)
and a set of straight slits (1.5 mm, 2.5 mm and 4 mm) were used.
The analyzer can be operated using pass energies from 50 to 500 eV
[6]. The so-called lens table describes the optimum high-voltage
conﬁguration of the analyzer lens elements, and its dependence on
kinetic energy and pass energy. The lens table is a unique property
for a speciﬁc analyzer type which is derived through electron-optics
simulations of element voltages for a limited number of kinetic
energies and interpolation between the simulated points [9,10]. Of
particular interest in this work are the geometry and the voltage
conﬁguration of the elements at the front of the analyzer. Another
conical element, with a several mm wide central circular opening, is
situated 10 mm downstream from the front cone, and on further
downstream there is also a mesh lens element, electrically connected to the second cone. The front cone is permanently grounded,
and in previous work [6] the second cone and the mesh element
were also grounded to keep the zone from the sample to the mesh
ﬁeld-free. This keeps aberrations at a minimum and is, in particular,
advantageous for angular measurements. Associated with this ﬁeldfree front operation are standard-operation lens tables, e.g. transmission mode and angular mode lens tables. To attain higher
analyzer transmission we have developed a swift-acceleration
operation mode, wherein the electrons are accelerated from ground
to around 4.5 keV, about three times higher than the Al Kα X-ray

excitation energy, along a 10 mm path between the front (ﬁrst) and
second cone. The lens table associated with this mode of operation
is tailored for Al Kα X-ray excitation sources to further streamline
the use of home laboratory and soft X-ray HPXPS systems.
The modes of operation were evaluated using silver, gold, and
copper foil samples (99.95% from A. Rasmussen a.s.; 99.99% from
KarAna AB; and 99.99% from Goodfellow Ltd., respectively). Nitrogen
(99.999% Alphagaz 1™ from Air Liquide AB) was used as the sample
gas in the analysis chamber unless explicitly stated otherwise.
Complementary tests are performed with water vapor as the sample
gas. Water vapor from heated water in a test tube is introduced in the
analysis chamber through a leak valve. Prior to the measurements
dissolved gases in the test tube water are eliminated by repeated
freeze-pump-thaw cycles. To keep sample contamination at a minimum the metal sample surfaces are mechanically etched prior to
insertion into vacuum. In the experiments the sample surface is
always oriented normal to the axis of the straight retarding analyzer
section. The dye-sensitized solar cell sample consisting of a mesoscopic TiO2 photoelectrode sensitized with a Ru-based dye molecule
was prepared in a similar way as described in [11,12]. The sample
was measured in vacuum and in a 2 mbar H2O atmosphere.
A 0.8 mm diameter front cone is used throughout the measurement series and, if not explicitly stated otherwise, the sample surface
is located at a distance of one front cone diameter from the front
cone (i.e. 0.8 mm). At this distance the sample surface is in the
entrance focal point of the analyzer, and furthermore the true
pressure at the sample surface is approximately equal (less than
10% difference) to the measured pressure in the rest of the analysis
chamber [13]. For all metal samples, spectra were acquired with an
energy step size of 0.05 eV (0.54 eV for pass energy 300 eV) and a
dwell time of 1 s. The Ag, Au, and Cu regions were recorded with
windows of 13 eV, 10 eV, and 13 eV, respectively. The full width half
maximum (FWHM) and the peak intensities, expressed as the area
under the peak, are evaluated by ﬁtting the spectral line with a Voigt
function using a Shirley background.
At no time during the experiments, discharges or arcing was
observed despite the fact that these types of problems are quite
common in the ﬁeld of HPXPS. Discharges are more likely to occur
in HPXPS than XPS due to the higher pressures in the former, and
the risk is especially high in the Corona discharge region. Discharges
will show up as spikes in the recorded data and they might cause
malfunction or even destruction of the equipment since induced
currents stress the high voltage electronics of the analyzer. In the
present system, red LED's on the high voltage cards is able to
indicated discharges or other instabilities, but no such conditions
have been observed.

3. Results and discussion
3.1. Effects on line shape for the different lens modes
Fig. 1 displays a set of normalized Ag 3d spectra for the standard
mode of operation and the swift acceleration mode for a set of
different slits using a pass energy of 200 eV. For small slit sizes, e.g.
0.3 mm (Fig. 1a) to fairly large slit sizes of i.e. 1.5 mm (Fig. 1b) the
swift acceleration mode and standard mode peak line proﬁles are
almost identical. For larger slits the peak proﬁles shows an
asymmetry, with a tail on the low-kinetic-energy side (high binding
energy side), as seen in Fig. 1c where the largest slit (4.0 mm) of the
analyzer is used. It is also worth noting that the spectral line shape
and position of the asymmetric Ag 3d5/2 peak (recorded using the
4.0 mm slit) does not change with sample distance. That is, up to slit
widths of 1.5 mm (the smallest straight slit) the swift-acceleration
lens table can be used without precautions regarding the asymmetry, which is further supported by measurements using pass
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Fig. 2. Measured Ag 3d5/2 resolution as a function of slit width. The measurements
were done in vacuum using a pass energy of 200 eV. Data from the standard lens
table and the swift-acceleration table are represented by red ﬁlled diamonds and
blue open triangles, respectively. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Data from the standard and the swift-acceleration lens tables are represented by
ﬁlled squares and open triangles, respectively.
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Fig. 1. Ag 3d peak proﬁles obtained with the standard and swift-acceleration lens
tables in vacuum. The spectra were recorded at a pass energy of 200 eV using 0.3
(a), 1.5 (b), and 4.0 mm slits (c).

energies of 50 eV–500 eV (not shown here) and kinetic energies
(550 eV for Cu 2p3/2 and 1399 eV for Au 4f7/2). In general there is
little or no meaning of using larger slits than 1.5 mm with the
Scienta R4000 HiPP-2 electron analyzer, irrespective of which lens
table is used, as this only has a minor effect on the peak resolution
and intensities, which can be concluded from Fig. 2 and Fig. 4 and
also is discussed in more detail in Ref. [6].
A detailed account of the peak resolution dependence on pass
energy and slit widths in the standard operation mode is given in [6].
In Fig. 2 the FWHM data of ﬁtted Voight proﬁles for Ag 3d5/2 using
200 eV pass energy measurements in vacuum (without a sample gas)
is displayed versus slit width for the standard and swift-acceleration
modes of operation. There is a change in the peak width behavior
around 0.8 mm slit width. Equal peak widths in the swift-acceleration
and standard modes are found below this breakpoint, whilst somewhat wider swift-acceleration peaks are found above. However, the
broadening is less than 50 meV and will most likely be insigniﬁcant

during most measurement situations. These results clearly demonstrate that the swift-acceleration mode has little or no additional
effects on the line shape of acquired spectra with respect to the
standard lens table of the instrument for slits r1.5 mm.
3.2. Intensities for the different lens modes: in vacuum
Results from electron-optic simulations using a home-made software package [14] are given in Fig. 3. The collection efﬁciency of the
two investigated lens tables in vacuum is displayed as the mean solid
angle versus electron kinetic energy. It is seen that the swiftacceleration table is about 2–3 times more efﬁcient compared to
the standard table in the regime that is observable when using an Al
Kα X-ray excitation source. The acceptance angle of the standard/
transmission mode of operation is 261 whereas the acceptance angle
for the swift acceleration mode is 401. The simulations are performed
under similar conditions as the present experiments using a 0.8 mm
front cone aperture, a 1.5 mm analyzer slit, and 200 eV pass energy.
The spot size for the calculation was chosen to match the spot of the
front cone as the electrons emitted outside the ﬁrst cone is estimated
not to enter the lens [2]. The transmission function is presented as
the mean solid angle as a function of kinetic energy [14].
A detailed account of peak intensity relations in the standard
operation mode is given in [6]. The transmission enhancement with
the swift-acceleration mode, as compared to the standard operation
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Fig. 4. Peak intensity (a) and peak intensity enhancement (b) as a function of slit
width for the Ag 3d5/2 peak in vacuum measurements using a pass energy of
200 eV. Data from the standard lens table and the swift-acceleration table are
represented by ﬁlled diamonds and open triangles, respectively. The intensity
enhancement of the swift acceleration mode compared to the standard table (Iswift/
Istandard) in ﬁgure b are illustrated by ﬁlled circles.

mode, may be described by intensity ratios Iswift/Istandard between
photoelectron peaks recorded under the same experimental conditions (Fig. 4). In Fig. 4a the Ag 3d5/2 peak intensities from the
different modes are displayed for 200 eV pass energy measurements
in vacuum (without a sample gas) versus slit width along with
individual peak intensities, while Fig. 4b displays the enhancement
(Iswift/Istandard) of the swift acceleration mode in comparison to the
standard mode. It is seen that the wider angular collection in the
swift-acceleration mode has a striking effect in the whole range, and
the enhancement grows with slit width and reaches a plateau at
slightly above 3 for a slit width of 1.5 mm, which is in fair agreement
with the simulated results in Fig. 3, where the ratio at 1000 eV is
about 2.4 between swift acceleration mode and standard mode.
The intensity dependence on pass energy for the swift mode
acceleration (Fig. 5a) and the ratio between the swift acceleration
mode and standard mode (Fig. 5b) are investigated in vacuum using
a 0.8 mm slit width. An increasing trend in both peak intensities
and the enhancement ratio are found (Fig. 5). Hence, although its
performance is superior in all investigated conditions, the swiftacceleration lens table appears to be most powerful under typical
high-transmission conditions of large slits and high pass energies.
3.3. High-pressure operation
Pressure dependencies on the intensity of the three peaks (Cu
2p3/2, Ag 3d5/2, Au 4f7/2) in different regimes of the available kinetic
electron energy range were recorded with the 1.5 mm slit and a pass
energy of 200 eV in both swift-acceleration and standard operation
mode. From curve ﬁts of the measured intensity I ðpÞ ¼ Ið0Þe  kp the
exponentially decaying pressure relations, the intensities in vacuum
Ið0Þ, and the pressure decay constants, k, are determined from Fig. 6a

0
0

50

100

150

200

Epass / eV
Fig. 5. Swift-acceleration peak intensity (a) and peak intensity enhancement
compared to standard mode of operation (b), as a function of pass energy for the
Ag 3d5/2 peak in vacuum measurements using a slit width of 1.5 mm.

(kswift for swift acceleration mode and kstandard for standard mode
operation). The resulting data is presented in Table 1 along with
calculated intensity enhancement ratios I(0)swift/I(0)standard and decay
constant differences kswift  kstandard.
As demonstrated in Fig. 4 it has already been shown that the Ag
3d5/2 vacuum peak intensities Ið0Þ are enhanced in the swiftacceleration mode. In Table 1 it is seen that also the Cu 2p3/2 and
Au 4f7/2 Ið0Þ values are larger, and that the enhancement ratio is
about the same for all three peaks in the measured kinetic energy
interval of 550 eV–1399 eV. The effect from using the swiftacceleration lens table on the vacuum intensities is apparently
signiﬁcant and of similar strength for different kinetic energies.
The pressure decay constants kstandard and kswift decrease with
energy, i.e., the signal attenuation is less pronounced at higher
kinetic energies, which is in accordance with total electron–N2
collision cross-sections σlit in the literature (see Table 2 and
[15,16]). Furthermore the transmission through gas of the electrons is signiﬁcantly higher in the swift-acceleration mode, and, as
can be deduced from the kswift  kstandard difference values, this
effect is strongest for the peak with the lowest kinetic electron
energy (Cu 2p3/2). Taking into account the higher vacuum signals,
around 10 to almost 20 times stronger intensity is observed for the
three metal peaks under study at sample pressures of 6–8 mbar
(see Fig. 6b). These results clearly demonstrate that the swiftacceleration mode is a valuable and time-saving tool in HPXPS.
To analyze the pressure dependence in greater detail it is helpful
to decompose the pressure decay constant k into three contributions: (i) kX-ray, the attenuation of the X-ray beam from the X-ray
window to the sample; (ii) koutside, electron–gas (e–N2) collisions
between the sample and the front cone aperture, where the gas
pressure is approximately equal to the pressure in the rest of the
analysis chamber; and (iii) kinside, e–N2 collisions downstream the
front cone aperture inside the analyzer front where the gas density
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is much lower and ever-diminishing. The X-ray contribution kX-ray is
comparatively small and has been determined as 0.012 mbar  1
using a photodiode [6].
By subtracting kX-ray from k, and assuming that all collisions
take place in the 0.8 mm long volume outside the front cone,
approximate experimental cross-sections σstandard and σswift are
calculated (Table 2). Due to this “outside approximation” the
obtained σstandard values are larger than the corresponding σlit
values, which indicates that a substantial amount of the collisions
occur inside the analyzer (see σstandard/σlit section of Table 2). On
the contrary the σswift values are almost equal to the literature
data. Our interpretation is that the pressure decay stems almost
exclusively from collision events outside the analyzer front in the
swift-analyzer mode. This can be understood from the drastic fall
in the e–N2 cross-section from the kinetic energies of the studied
Cu, Au, and Ag photoelectrons (550 eV, 1115 eV, and 1399 eV,
respectively) to the 4500 eV higher kinetic energies after the swift
acceleration in the gap between the front cone aperture and the
second cone. As an example the cross-section drops from
4  10  16 cm2 at 500 eV to 0.5  10  16 cm2 at 5000 eV [15,16].
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1x108

A thorough evaluation of the behavior of the lens tables with N2 as
the sample gas is performed. We expect a similar behavior with most
other gases as drastically decreasing electron–molecule collision crosssections is a quite general characteristic in the 0.5–5 keV regime
[15,16]. As an example of this the ability to dramatically enhance the
spectrum acquisition time for a Ag 3d core level measured under water
vapor ( 8 mbar) is shown in Fig. 7. The swift-acceleration measured
peaks are about 10 times more intense than the peaks in the standard
recording, which agree with the enhancement factor measured for N2
and Ag. Noteworthy is that there are no signs of discharging in the
analyzer front even at these high water pressure levels, in spite of the
high ﬁeld strengths in the swift-acceleration mode.
As discussed in [6], the maximum sample pressure is set both
by the front aperture size, the pumping capability of the differentially pumped analyzer front section, and the electron transmission function through the analyzer. Due to the improved
transmission the swift-acceleration mode is anticipated to push
the optimum range for the 0.8 mm cone upwards in pressure.
Reduced electron losses from the swift acceleration are also
anticipated with the smaller cone aperture sizes (0.3 mm and
0.5 mm). A consequence of the extended pressure regime is that
larger front cone apertures can be used in HPXPS, giving improved
electron collection and facilitating the use of large X-ray sample
spots. The ability to use a larger collection area is that a lower ﬂux
can be used which is beneﬁcial for radiation sensitive samples.
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To further show the capabilities and test the swift acceleration
mode of the HPXPS instrument a more technologically relevant
sample, an organic monolayer on a semiconductor surface, was
measured and compared to similar measurements recorded at a
synchrotron UHV based photoelectron spectroscopy setup. Such
systems are interesting in energy applications such as catalysis
[3,17] and solar cells [18,19]. Since electrochemistry usually involves
a solid–liquid interface, HPXPS is a very suitable tool to gain new
insights in these complex systems. Here a mesoscopic TiO2 surface
sensitized with a Ru-based dye molecule (Z907) [19] was measured
under a 2 mbar H2O atmosphere. Similar measurements have been
performed before in vacuum using synchrotron-based measurements [11]. As seen in Fig. 8 the HOMO peak of the dye molecule is
clearly visible both in vacuum and water atmosphere around 1.5 eV
binding energy. The HOMO peak mainly consists of Ru 4d [12]. The
large feature between 2 and 8 eV originates from TiO2 and the
structure around 10 eV, which is only visible in the water spectrum
[20], is the valence band of water in gas phase. A more detailed
description of the Z907 dye and the effect from water, measured
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Fig. 6. Pressure dependencies of intensities for Cu 2p3/2 (green), Ag 3d5/2 (red), and
Au 4f7/2 (blue) peaks using a pass energy of 200 eV and a slit width of 1.5 mm.
(a) Data from the standard and the swift-acceleration lens tables are represented by
ﬁlled squares and open triangles, respectively. Note that the y-axis has a
logarithmic scale. (b) Intensity enhancement for Cu (green diamonds), Ag (red
diamonds) and Au (blue diamonds) of the swift acceleration mode compared to the
standard table (Iswift/Istandard). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
Total e–N2 cross-sections from the literature (σlit) and the present experimental
data (σstandard, σswifft).
Peak

Kinetic
energy (eV)

σlit
σstandard
(10  16 cm2) (10  16 cm2)

σswift
σstandard/
(10  16 cm2) σlit

Cu 2p3/2
Ag 3d5/2
Au 4f7/2

550
1115
1399

3.4
2.0
1.6

3.3
1.9
1.3

4.5
2.9
2.2

1.3
1.5
1.4

Table 1
Fitted parameter values from the pressure curves in Fig. 6.
Peak

Kinetic energy (eV)

I(0)standard

I(0)swift

kstandard (mbar  1)

kswift (mbar  1)

I(0)swift/I(0)standard

kstandard  kswift (mbar  1)

Cu 2p3/2

550

75106

30107

1.00

0.76

4

0.24

Ag 3d5/2

1115

2110

7

60107

0.68

0.49

3

0.19

Au 4f7/2

1399

13107

40107

0.54

0.38

4

0.16
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Fig. 7. Ag 3d peak proﬁles with 8.1 mbar water vapor obtained with the standard
(gray line) and swift-acceleration (black line) lens tables at a pass energy of 200 eV
and a slit width of 1.5 mm. In order to illustrate the enhancement of the swift
acceleration mode a  10 enhancement of the standard mode spectrum is included
in the graph (blue dots). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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at high kinetic energies. Furthermore the simulation results (Fig. 3)
indicate that the swift-acceleration mode will not be efﬁcient in
vacuum measurements for higher kinetic energies.
The new swift-acceleration transmission mode pushes the limits
for what can be measured with reasonable spectral acquisition times
using home laboratory HPXPS systems. Probing photoelectrons from
energetically deeper electronic states, with low kinetic energies and
consequently short mean-free-paths in the gas, now becomes feasible. The achievable pressure regime for the used 0.8 mm front cone is
anticipated to extend upwards by 2–4 mbar, which is deduced from
Fig. 6 by comparing equal intensity levels of the swift-acceleration
and standard operation pressure curves. A consequence of the
extended pressure regime is that larger front cone apertures can be
used in HPXPS, giving improved electron collection and facilitating
the use of large X-ray sample spots. For example, this feature is
desirable for radiation-sensitive samples, which is demonstrated by
recording valence band spectra of the molecularly modiﬁed oxide
surface used in for example dyes-sensitized solar cells. Here the swift
acceleration operation mode speeds up the recording time signiﬁcantly for beam damage prone samples. Furthermore the pumping
requirements in the analyzer front become less critical, which therefore has the potential beneﬁt of bringing down the costs, and
maintenance requirements for HPXPS home lab systems.
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using HPXPS, will be detailed in a future publication. Remarkably
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acquired in vacuum in  20 min [12].
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