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The simultaneous detection of energy, momentum and temporal information in electron spectroscopy is
the key aspect to enhance the detection efficiency in order to broaden the range of scientific applications.
Employing a novel 60° wide angle acceptance lens system, based on an additional accelerating electron
optical element, leads to a significant enhancement in transmission over the previously employed 30°
electron lenses. Due to the performance gain, optimized capabilities for time resolved electron spec-
troscopy and other high transmission applications with pulsed ionizing radiation have been obtained.
The energy resolution and transmission have been determined experimentally utilizing BESSY II as a
photon source. Four different and complementary lens modes have been characterized.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Electron spectroscopy has been a powerful experimental tech-
nique for investigating matter in all phases since its development
in the 1960s by Kai Siegbahn. Advancing simultaneous detection
of both electron kinetic energies and their angular or momentum
distribution has been the pathway to enhance the experimen-
tal performance. In this respect, the combination of an advanced
electron optical lens with an hemispherical deflection analyzer
(HDA) [1] established a workhorse that links high energy reso-
lution, high angular resolution and flexibility in operation modi
spanning from highest transmission and energy resolution to com-
bined high angular and energy resolving operation. In order to avoid
the geometric constraints of the HDA entrance slit, the energy dis-
persive hemisphere can be replaced by a high transmission Time
of Flight energy dispersing unit. This has led to the development of
the Angle Resolved Time of Flight Analyzer (ARTOF) [2]. Operating
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at an acceptance angle of 30° the approach was established in proof
of principle experiments, utilizing the single bunch time structure
of synchrotron radiation and laboratory sources [3-6]. Since the
electron flight time within the ARTOF sets an upper limit for the
suitable repetition rate for the photon source in the range of few
MHz, a reduction of the GHz repetition rates of multibunch syn-
chrotron radiation, i.e. 500 MHz at BESSY II, is crucial for a wider
application of this advanced electron spectrometer. Thus BESSY
Il has developed Pulse Picking by Resonant Excitation (PPRE) [7]
and mechanical pulse selection by a MHz Chopper [8] as well as
electronic detector gating [9].

Combining these advances, we have now taken the step to
enhance the acceptance angle of the ARTOF lens system through
an additional accelerating electron optical element which allows to
widen the angular acceptance to 60° keeping both energy and angu-
lar resolution. Utilizing the BESSY Il FEMTOSPEX installations [10]
in this work we present the working principle and the experimental
parameter space of the 60° ARTOF system.

2. Electron analyzer and setup

The 60° wide angle acceptance ARTOF is the core of the new
end station for surface and solid state dynamics at the BESSY II soft
X-Ray femto slicing beamline.

0368-2048/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. a) Schematic drawing of the 60° wide angle acceptance ARTOF. Electrons emitted from the sample under high angles with respect to the surface normal (red and
blue lines), are deflected strongly towards the optical axis (green line) when entering the spectrometer entrance due to the retardation mesh. Depicted electrons close to the
detector mark equal flight times. b) Insight of the ARTOF entrance c) Photoemission geometry.
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Fig. 2. Left: Contour plot of the simulated conversion matrices for the Ang56_4-lens mode for Ecen = 10eV. The vertical lines mark equivalent energies in eV and the horizontal
lines mark equivalent angle ¥ in deg. Right: Schematic energy vs. time-of-flight dependency for ¢ =0 (top) and its derivative % (bottom).

The ARTOF is a Time of Flight electron spectrometer which con-
sists of a 1.3 m long drift tube with an advanced electrostatic lens
system of multiple lens elements and a two-dimensional delay line
detector by Roentdek GmbH including a MCP electron multiplier
which enables event detection of arrival time and position of every
analyzed electron. The wide angle lens is a modular upgrade of
the ARTOF lens system with an electron retardation mesh at the
ARTOF entrance with 80% transmission providing a deflection of all
electron trajectories within the high acceptance angle into the drift
tube. Fig. 1 shows a schematic drawing of the ARTOF with trajec-
tories of electrons emitted under different angles 9, ¢ after optical
excitation of the sample. Electrons emitted under higher angles ¥
with respect to the optical axis of the spectrometer have longer
flight paths and thus longer flight times compared to electrons
emitted on axis (¥ = 0). The electron arrival time t and hitting posi-
tion x,y at the detector depend on the kinetic electron energy E and
the take-off angle ¥ in a non-linear way and can be transformed to
energy E and emission angles 9, ¢ by two transformation matrices
in cylindrical coordinates E (t, r) and 9 (t, r) which are obtained by
simulations [2] (see Fig. 2). The ¢-matrix is trivial due to cylindrical
symmetry.

The ARTOF is operated in the constant retardation ratio (CRR)
mode which means that all voltages of the lens system are raised
proportionally to the center energy Ecen of the analyzed energy win-
dow. Conclusively the electron trajectories are independent from
Ecen and only one set of conversion matrices is necessary to cover
the transformation for the full energy range. The energy window
is a constant fraction of Ecep and the energy resolution is scaling
with E3/2 according to Eq. (1) for high energies. In this operation
mode one can define a lens mode by specifying all lens element
voltages for a single energy e.g. Ecen = 10eV. The size of the energy
window in which all electrons can be analyzed simultaneously and
the angle acceptance can be derived from simulations. The standard
nomenclature of a lens mode is ‘Angf_ew’ where 0 is the full angle
acceptance and ‘ew’ is the size of the energy window in percentage
e.g. ‘Ang56. 4’

All measurements in this work have been performed at the UE
56/1 PGM soft X-Ray beamline at the BESSY II in standard multi-
bunch mode. While commonly operating with PPRE [7] we here
used the unexcited Camshaft bunch in the middle of the ion clearing
gap to avoid any possible decrease in beamline energy resolution
which might arise from bunch excitation. We have chosen the
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1200 1/mm monochromator grating and the 50 p.m exit slit for opti-
mal beamline energy resolution and small electron spot size at the
sample respectively. The photon beam is vertically polarized and
the photon energy ranges between 260 and 970 eV with a photon
pulse length <70 ps FWHM. The ARTOF optical axis is parallel to the
sample surface normal and lies in the beam plane. The photon beam
is hitting the sample under 50° with respect to the surface normal.
The base pressure of the experimental chamberis 2.10~10 mbar and
all measurements were performed at room temperature.

3. Results

One of the most important characteristics of an electron spec-
trometer is its energy resolution AE and the related resolving
power E/AE. We have analyzed this property in the soft X-Ray
regime for kinetic electron energies between 90eV and 810eV.
In the CRR mode the energy resolution is given by the following
equation:

AE:\/(a-E3/2-At)2+(ﬁ-E-Ad)2 (1)

The first part of this equation contains the contribution from the
temporal resolution At, the second part describes the effect of the
spatial detector resolution Ad. The parameters o and [3 describe the
temporal energy dispersion and spatial energy dispersion, respec-
tively, and depend on the specific lens mode. They are generally a
function of detector hit position and flight time (examples are given
below). Further contributions may come from the electron source
diameter and a rotated sample surface that is not perpendicular to
the optical axis of the spectrometer. However for high kinetic ener-
gies Eyi, >50eV and small spot sizes ~100 p.m as typically exist at
a synchrotron radiation beamline, the temporal resolution is the
dominating contribution to the intrinsic energy resolution [2] and
Eq. (1) simplifies to Eq. (2):

AE =« E32. At (2)

The total temporal resolution At is given by the convolution
of the exciting photon pulse length At,,=70ps FWHM and the
temporal resolution of the detector Aty

At = 4 /Atgh + A2, (3)

and can be determined by measuring only photons at the detec-
tor, which is achieved by applying a large negative bias. Here we
determine At=216 + 2ps FWHM for the global temporal resolution
by applying a Gaussian fit to the photon signal integrated over the
whole detector area and At=166+13ps FWHM for the detector
position adapted temporal resolution, as provided by the photon
peak fit tool available within the ARTOF LOADER analysis package.?

For the analysis of the energy resolution we distinguish between
local energy resolution AE;,. where the electron spectra are deter-
mined only from a small detector area around the origin and the
global energy resolution AEg,, where the whole angle acceptance
is used to derive the spectra. Besides the fundamental limit of
the energy resolution given by the temporal resolution, the global
energy resolution can be further affected by residual misalignments
and signal propagation time differences of the detector whereas
the local energy resolution is only little affected by those. There-
fore deviations between AEj,. and AEy,y, for a given setting can
give hints of ‘how far the spectrometer is away from optimal per-
formance’.

In this work we use the S2p photoemission lines of semicon-
ducting 2H-MoS; for the characterization of the energy resolution.

3 ARTOF LOADER v. 2.5.—156, see ref. [4] for further informations.

The sample is prepared by cleaving, which gives reliably clean
surfaces leading to a well defined electron source geometry. The
S2p3); and S2pqj, peaks with Epjng=162.7 eV and Epjpng =163.9eV
[11] respectively have a narrow symmetric line shape with a nat-
ural line width of 0.054eV* and give a good signal to background
ratio. We observe an additional constant Gaussian line broadening
of AEgample =0.19eV FWHM which is dominating the line width
at kinetic energies below 100eV. This was also observed by Mat-
tila et al. and is attributed to terraces, steps and point defects at the
sample surface [11].InFig. 3 different representations of the spectra
for two different kinetic energies are shown for the Ang56_4-lens
mode. The energy-angle-cuts (top and middle panels) show the
intensity of the S2p lines over the whole angle acceptance reveal-
ing only minor distortions. The energy spectra which are integrated
over a small detector area and the whole detector area respectively,
have very similar line shapes and show only a minor additional
broadening in the latter case. The count rates of the different lens
modes give qualitative proof of the increased transmission for the
60° instrument. The intensity ratio of the S2p lines of Ang60 and
Ang50 lens modes is about 1.4, in accordance with the ratio of the
solid angles. However, the quantitative differences between Ang56,
Ang58 and Ang60 are difficult to determine precisely due to the
inhomogeneous angular distribution of the emitted electrons.

For quantifying the energy resolution we have measured S2p
photoelectron spectra for five different kinetic energies in four
different lens modes and applied a fit consisting of two Voigt pro-
file peaks with a fixed spin orbit splitting of 1.19eV, a Lorentzian
width of 0.054 eV convolved with a Gaussian broadening and a lin-
ear background (see e.g. Fig. 4a). The center energy is set to the
kinetic energy of the S2p lines for each measurement. The spec-
trometer energy resolution can now be calculated by deconvolving
the Gaussian line width from the sample broadening and the beam-
line resolution AE,y,. In a next step we have determined the scaling
parameter o-At in Eq. (2) by applying a fit (Eq. (4)) to the global
Gaussian line width (see Fig. 4b) and the local Gaussian line width,
respectively (see Table 1).

2
AE = \/(a FAL Eﬁﬁ) ~ (8Epn)* ~ (AEampre)” “)

Using ajoc- Atand agop- At one can calculate the local and global
energy resolution (see Fig. 5a) and the resolving power (see Fig. 5b).

The parameters o and 3 from Eq. (1) can also be determined
from the simulated energy conversion matrices E (t, r) by numerical
differentiation with respect to the time of flight (t) or position on
the detector (radius r).

Omatr (£, 7) = — aEgt’ r) .chn/z (5)
Bmatr (£,7) = 3Eg, ") : Ec_eln
r

The parameters depend on r and t it is therefore not possible to
give a single energy resolution for a given lens mode. For all lens
modes one can observe a rather narrow distribution of alpha val-
ues around omatr (r = 0, E = Ecen)(see Table 1). The relative width
of the distribution Aomatr/@matr is approximately +-15%. The value
for Bmatr is rather homogeneously distributed between Bmatr =0
for r=0 and Bmatrr=1.5m""! for higher radii. The contributions of
spatial and temporal resolution on the energy resolution are about
equal between Ecep =10eV and 30 eV and the temporal resolution
becomes increasingly dominant for Ecep > 50€eV.

4 M. Krause and J.H. Oliver J. Phys. Chem. Ref. Data, Vol 8, No. 2, 1979.
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Fig. 3. Angle/energy 2D maps for two different kinetic energies (left: E,, =260 eV, right: E, =790 eV) recorded in the Ang56_4-lens mode represented in bipolar coordinates.
On the top panels, intensity is displayed vs. energy and the vertical angle alpha and integrated over the horizontal angle beta. In the middle panels, intensity is displayed vs.
energy and beta and integrated over alpha. At the bottom panel, angle integrated energy spectra are plotted for two different integration areas: The red spectra are taken
from an area around the detector origin (marked by red boxes in 2D plots) and the blue spectra are taken from full angle acceptance. The small area spectra show real electron
yield (counts) while the full angle acceptance spectra are normalized to solid angle (scaling factor amounts to 30.8). Note that only a fraction of the recorded energy window

is displayed for both kinetic energies.

Table 1

List of experimental and simulated lens mode parameters determining the energy resolution according to Eq. (2) and the angular resolution.

Energy window [%] Qoc - At (local) giop - At (global) O‘;‘ﬁ matr [1 OSeV’O‘Ss*]] Angular resolution [deg]
[107%ev 7] [10-%ev-07]
ang50 7 5.34+0.04 6.95+0.02 0.77 3.43 0.13+0.02
ang56 4 3.06 +0.03 3.67+0.01 0.83 1.76 0.18 £0.04
ang58 4 3.41+0.02 4.18+0.01 0.82 1.93 0.20+0.04
ang60 2 4.17+0.03 4.88+0.01 0.85 2.54 0.15+0.02

The angular resolution can be estimated from the angular dis-
persion of the lens system in the image plane at the detector
by calculating the derivative of the theta conversion matrix. For
source sizes dsource < 100 m, with a spatial detector resolution
of Adger =100 pm and neglecting the minor influence of temporal
resolution, the angular resolution is given by:

8000~ ). Adge ©)

Table 1 shows the angular resolution averaged over the accep-
tance angle for all lens modes. The uncertainties are given as
standard deviations.

4. Discussion

The local energy resolution determined from the S2p peak fits
can be directly compared with the expected energy resolution
from the energy conversion matrices with the temporal resolution
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obtained from the photon peak fit tool, for example for Ang56_4-
lens mode:

Cmatr - Atige = 1.76 - 10°eV0° . 571 . 166ps =
2.92-107°eV 25 ~3.06- 10 eV 5 = o - At

We find that the kinetic energy dependence of the resolution for
all four lens modes are in very good agreement with the expected
energy resolution in the local case, see Fig. 4. This already shows
clearly that the timing system of the spectrometer is working
locally as expected. However, it should be emphasized that the fits
are made over a wide energy range. Although the fit is in very good
agreement with theoretical expectations and point to a resolving
power as shown in Fig. 5, the intrinsic sample energy broadening
is too high to prove the resolving power at low energies. Further
experiments are needed to determine the energy resolution in the
UPS regime.

One can further compare the local and the global energy resolu-
tion. We find that the global energy resolution is decreased with
respect to the local energy resolution by about 20% for all lens
modes. Possible reasons are residual misalignments, different sig-
nal propagation times of different detector areas and increasing
a (fit parameter) at higher emission angle. We are confident that
careful alignment and a detector position adapted time correction,
which will be available in future, can further improve the global
energy resolution.

Apparently the degradation of the global energy resolution is
sensitive to the size of the energy window which could be explained
by the fact that the electron flight times need to be more com-
pressed for larger energy windows and are therefore more strongly
influenced by signal propagation delays between different detector
positions.

Comparing the four lens modes one can clearly see the gen-
eral trend that larger size of the energy window and larger angle
acceptance are to the disadvantage of the energy resolution. There-
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fore the optimum choice of the lens mode depends on the specific
experimental demands.

5. Conclusion

In this work we have operated the 60° wide angle acceptance
ARTOF at the femto slicing beamline at BESSY II. Four different lens
modes have been investigated in the soft X-Ray regime for kinetic
energies of the electrons ranging from 90eV to 810eV. All lens
modes perform as expected in the full energy range, particularly the
resolving power and angle acceptance are in very good agreement
with simulations. A high resolving power of 1000 is demonstrated
even for high energies and suggests a resolving power of 3000 for
90eV kinetic energy. Electron spectroscopic techniques, driven by
pulsed light sources, that rely on high transmission, high energy
resolution, wide angle acceptance or high angular resolution e.g.
ARPES, XPD, pump-probe spectroscopy might strongly benefit from
the new wide angle lens.
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