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High-resolution photoelectron 
spectroscopy

How is high resolution defined ?
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Hemispherical electron spectrometer
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The Scienta SES spectrometers

A very high resolution electron 
spectrometer

N. Mårtensson et al, J. Electron Spectosc. 
Relat. Phenom 70 (1994) 117
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The electron lens - Angle resolved 
mode
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N. M&lemon et al./J. Electron Spectrosc. Relat. Phenom. 70 (1994) 117-128 121 
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Fig. 2. Top: trajectories for the angular resolving mode with an angular dispersion of 70 mm rad -’ for a retardation from 20 to 1OeV. 
Trajectories starting at 0, f 0.8 and * 1.6 mm from the axis, making angles of 0, 0.02, 0.04, 0.08 and 0.12 rad are plotted. Bottom: the 
kinetic energy for an electron travelling along the lens axis is shown. 

rate on slit size, magnification, pass energy and 
initial kinetic energy is quite complicated. Rela- 
tions that can be derived for an ideal lens are also 
modified by the lens aberrations. For the treatment 
of the information rate one has to consider 

separately the high magnification imaging mode 
obtained with the pre-lens and the low spatial reso- 
lution imaging or angular resolved modes without 
the pre-lens. 

In the lens mode with high magnification (using 

Hemispherical analyzer:  The entrance slit of the analyzer is put in the 
focal plane of the electron lens system

Em
ission angle

ArTOF 10k: The slit arrangement is replaced by a 2D detector

Emission angle

The energy has to be determined by time-of-flight
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Principles of Angle-resolved Time Of 
Flight spectrometer (ArTOF)
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Principles of Angle-resolved Time Of 
Flight spectrometer (ArTOF)
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Fig. 2. Calculated energy and angular dispersion over the detector optimized for
an energy window of 0.5 eV around a centre kinetic energy of 10 eV and an angular
magnification allowing ± 15◦ on the detector. The nearly horizontal lines (red) cor-
respond to kinetic energies in steps of 50 meV, and the vertical curved lines (black)
to polar angles in steps of 1◦ . The optimization area is delimited by thicker lines,
showing that an energy range outside this window is also detected, but with lower
resolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

focussing also depends of the kinetic energy of the electrons, so the
position on the detector is a function of both emission angle and
energy. Thus, to obtain the highest possible resolution in energy and
emission angle, both the flight time and the position on the detec-
tor for each electron are needed. In Fig. 2, a simulation of the TOF
and the radial distance of the hit from the centre of the detector for
a range of kinetic energies and emission angles are shown. As can
be immediately inferred, the angular information would be almost
useless without the transformation, due to the chromatic aberra-
tion. Although not clearly visible on the scale of Fig. 2, the variation
with radius of the kinetic energy corresponding to a given flight
time is also large enough to make the transformation necessary in
order to get very high energy resolution.

Our simulations show that with a 100 ps pulse, extremely high
theoretical resolution values may be achieved, depending on the
sample spot size, detector resolution, time resolution and energy
window [5]. In Table 1 we give examples of calculated values of the
energy resolution (dEk) and the time of flight (TOF) in the kinetic
energy range between 1 and 20 eV for 2% and 10% energy windows
and two spot sizes, respectively.

2.2. Signal handling

The instrument utilizes both spatial and time information from
the detector, and a brief summary of the signals involved is given
below. The signal flow of the instrument is illustrated in Fig. 3.
When an electron hits the delay-line detector, five pulses are gen-
erated. The first one comes from the micro-channel plate (MCP)
stack and the other four come from the delay lines, two from the
electrodes along the x-direction and two from the y-direction. The
timing differences between the delay-line pulses allows determin-
ing the electron hit position, and the absolute time of the MCP
pulse gives the electron flight time. The delay-line pulses also carry
information about the flight time, but the MCP pulse gives bet-
ter accuracy since it is has a shorter rise time. This redundancy
is also used when sorting out noise and overlapping hits. All five
pulses have to coincide within a given time window (about 150 ns),
otherwise the event is discarded.

The detector pulses are pre-amplified on the air-side of the
instrument and fed into a set of Constant Fraction Discriminators

Table 1
Calculated values of the energy resolution (dEk) and the time of flight (TOF) for 2%
and 10% energy windows and spot sizes 100 !m and 500 !m.

Ek (eV) dEk (meV) TOF (ns)

Spot diameter: 100 !m
Energy window: 2%

1 0.03 3077
2 0.05 2176
5 0.15 1376

10 0.36 973
20 0.93 688
Spot diameter: 100 !m
Energy window: 10%

1 0.06 2520
2 0.12 1782
5 0.38 1127

10 0.98 797
20 2.61 564
Spot diameter: 500 !m
Energy window: 2%

1 0.11 3077
2 0.21 2176
5 0.52 1376

10 1.05 973
20 2.17 688
Spot diameter: 500 !m
Energy window: 10%

1 0.22 2520
2 0.44 1782
5 1.11 1127

10 2.30 797
20 4.92 564

(CFD:s, ORTEC 9307 for the MCP signal, and ORTEC 935 for the
delay-line detector signals) where they are transformed to digi-
tal pulses in Nuclear Instrumentation Module (NIM) format. The
onset of each incoming pulse corresponds then to a leading edge
of the output NIM pulse with a certain delay, independent of the
pulse height. The NIM pulses are recorded by a Time to Digital Con-
verter (TDC) from Roentdek Handels GmbH in the PC (TDC8HP, time
resolution < 100 ps), and the data are processed by the ARTOF soft-
ware. Cable lengths and electronic delays are corrected for in the
conversion from raw time data to angles and kinetic energies. The
ARTOF performance is very much dependent on the quality of the
electronics involved and therefore much effort has been spent on
signal integrity and the selection of electronic components. The
characteristic impedance along the path from the detector to the
pre-amplifiers is kept constant, and inductive loops as well as par-
asitic capacitances are avoided. High accuracy and high stability
voltage supplies are used for the lens and the detector, which are
controlled by the PC.

The measurements presented in this work have been performed
using a delay-line detector of the same type as used in Ref. [12]. It
consists of two Chevron stacked MCP:s, a ceramic plate and two
delay lines for the position detection, and is based on the princi-
ple that the delay lines sense the image charge on the back of the
ceramic plate where the electrons from the MCP:s hit on the front.
This detector has the drawback of not being fully UHV compatible,
and therefore the ARTOF prototype has since been upgraded with
a commercially available detector from Roentdek GmbH [13].

The lens and detector are set up to accept electrons in a specified
energy range corresponding to a specific time-window, which is
opened with a certain delay after the ionization event. The electrons
are retarded in the lens, by applying a negative voltage between
the sample and the detector. Electrons with lower kinetic energy
than this retarding potential will not reach the detector, resulting
in a cut-off in the energy spectrum. The cut-off energy is typi-
cally slightly below the lower limit of the chosen energy window.
This is illustrated in Fig. 4. Compared to a normal TOF spectrome-
ter (lower part), the flight time is prolonged in the ARTOF (upper
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Angle-resolved photoemission 
Probing the band structure
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Bi2Se3 topological insulator: 3D 
band structure collected in 15 

minutes

Fixed mode
No rotation of the sample

LETTERS NATUREMATERIALS DOI: 10.1038/NMAT2609
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Figure 1 | Crystal structure and characterization of the Bi2Se3 nanoribbons. a, Layered crystal structure of Bi2Se3 with quintuple layers ordered in the
Se–Bi–Se–Bi–Se sequence along the c axis. b, SEM image of as-grown nanoribbons from Bi2Se3 evaporation by VLS growth. c, High-resolution SEM image
showing the ribbon shape and flat surfaces of a 30-nm-thick nanoribbon. d, Close-up view of a nanoribbon with a gold nanoparticle catalyst at the end.
e, TEM image of a Bi2Se3 nanoribbon with a nanoparticle at the tip. f, High-resolution TEM image of the edge of the Bi2Se3 nanoribbon showing the smooth
surfaces with little (<1 nm) amorphous layers. The selected-area electron diffraction pattern (inset) indicates that the ribbon is single-crystalline all along
its length. The growth direction of the nanoribbon is along [112̄0]. g, X-ray powder diffraction pattern of Bi2Se3 nanoribbons with a reference diffractogram
(PDF cards no. 00-033-0214). The products were identified as the single-phase rhombohedral Bi2Se3 (R3̄m, a= b=0.4140 nm and c= 2.8636 nm).

(ref. 23), and consists of planar, covalently bonded sheets linked
predominantly by van der Waals interactions (Fig. 1a). Figure 1b
shows a typical scanning electron microscopy (SEM) image of the
as-grown Bi2Se3 nanoribbons with thicknesses of 25–100 nm and
widths ranging from50 nm to severalmicrometres. The nanoribbon
has smooth side walls and flat surfaces (Fig. 1c). The presence of a
gold nanoparticle at the end of each nanoribbon suggests the VLS
growth mechanism, in which catalyst particles promote nucleation
and unidirectional growth of layered structures (Fig. 1d,e). Energy-
dispersive X-ray spectroscopy analyses reveal uniform chemical
composition along the ribbon length with a Bi/Se atomic ratio of
2:3, indicating stoichiometric Bi2Se3 free of detectable impurities,
such as gold and oxygen (Supplementary Fig. S1). The nanoribbons
are single-crystalline rhombohedral phase with atomically smooth
edges, length along the [112̄0] direction and height parallel to
the c axis, as shown by transmission electron microscopy (TEM,
Fig. 1f and Supplementary Fig. S2), the selected area electron
diffraction pattern (Fig. 1f, inset) and the X-ray diffraction pattern
(Fig. 1g). Scanning tunnelling microscope data (not shown) show
ordered honeycomb lattices with no gold or other metal layers
masking the surface. By controlling the growth temperature, using
Sn/Au alloy as the catalyst, or post-annealing in Se vapour, we
are able to vary the electron density without changing the crystal
structure (Supplementary Figs S2 and S3). The total electron density
measured by the Hall effect is between 3⇥1013 and 2⇥1014 cm�2,
with an effective Hall mobility⇤2⇥103 cm2 V�1 s�1 extracted from
the sheet resistance (Supplementary Fig. S4). Such a high electron
density indicates the existence of bulk carriers in our nanoribbons,
with the 3D density comparable to that observed in degenerate
single crystals21 (Supplementary Fig. S4). The contribution of bulk

carriers to the total conduction, however, is suppressed compared
with macroscopic samples. The results reported below are observed
only in samples with relatively low total density⇤5⇥1013 cm�2.

The quasi-1D narrow nanoribbons in Fig. 1e are model
systems for studying the topological surface states. When an
external magnetic field (B) is applied along the length of
the nanoribbon, quantum interference effects will occur if the
conduction electrons remain phase coherent after completing
closed trajectories, each encircling a certain magnetic flux. For the
bulk carriers, there exist various sample-specific, or more precisely,
impurity-dependent loops, resulting in universal conductance
fluctuations24 (UCFs) with aperiodic field dependence, commonly
observed in small metallic and semiconducting structures. For
the 2D states covering the entire surface, however, all phase-
coherent trajectories participating in the quantum interference
enclose the same area perpendicular to theB field (Fig. 2a). The low-
temperature transport therefore shows periodic magnetoresistance
oscillations, a hallmark of the well-known Aharonov–Bohm
effect11, with a characteristic period of the external magnetic field
�B = �0/S, where �0 = h/e is the flux quantum, S is the cross-
sectional area of the nanoribbon, h is Planck’s constant and e is
the electron charge.

To probe the quantum interference effect in the Bi2Se3
nanoribbons, we fabricated four-point probe devices by depositing
Ti/Au ohmic contacts. A representative device is shown in Fig. 2b,
where the width w and thickness t of the ribbon are determined
by SEM and atomic force microscopy (AFM), respectively. A
standard lock-in technique (I = 0.1–1 µA) is used to measure the
four-terminal magnetoresistance in a 9 T Quantum Design PPMS
system with a base temperature of 2 K. At low magnetic fields

226 NATUREMATERIALS | VOL 9 | MARCH 2010 | www.nature.com/naturematerials

Rapid recording of a complete 
data set

P.D.C. King et al., PRL 107, 096802 (2011)
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Time resolved studies
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High transmission
All data stored as function of time (probe pulse)

Broad range of time scales
From s to fs

Slow processes
Rapid measurements - Complete spectra in short time
Chemical reactions
Functionalization of surfaces

Rapid processes:
Pump-probe measurements
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Time evolution of the Bi2Se3 band 
structure
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Effects of adsorption

P.D.C. King et al., PRL 107, 096802 (2011)
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Prospects for micro- and nano-focusing
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A number of advantages of the ArTOF 
spectrometer

The ArTOF uses naturally a point focus

Angle resolved spectra can be obtained 
without moving the sample

The large acceptance reduces space-
charge effects

(Low-dose photoemission)
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Coincidence spectroscopies

Discussion and summary 
The authors would like to thank the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Industrie and the Advanced Study Group of the 
Max Planck Society for financial support. The BESSY II staff is also acknowledged for the support offered during the measurements. 
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Theoretical background and experimental technique 

The newly developed and comissioned experimental 
station iDEEAA consists of a chamber fitted with two 
very high resolution electron spectrometers, disposed in 
a plane, both under an angle of 45° with respect to the 
direction of the synchrotron radiation.  
The hemispherical electron energy analyzer of the 
Scienta R4000 type can deliver a maximum energy 
resolution of 1.7 meV, provided that one uses a small 
entrance slit in the hemisphere and a small pass energy.  

For recording the photoelectrons emitted during the Auger decay process, we have 
made use of a new generation very high resolution time of flight spectrometer, 
which is fitted with a complex electric lens system of the Scienta ArTOF type. The 
spectrometer is specified to deliver a maximum energy resolution of 160 µeV.  

In the experiments presented here, the R4000 was operated in fixed mode and was 
used to record the fast Auger electrons. As the Auger final states of the investigated 
molecules are spread over a rather broad energy window, in order to acquire the 
complete features a pass energy setting of 200 eV is required. 

The experiments were performed at the UE 56/2 PGM1 and the U 49/1 PGM1 beam 
lines of BESSY II. 

By recording the photoelectron referred to the arrival time of the Auger electron we 
do not require single bunch operation, being able to run in multi-bunch mode.  

For more technical details about the apparatus, see also Poster P. 87  

Z. Bao et al., J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 125101 

ol
d 

se
tu

p 
iD

EE
AA

 

CH4 C 1s edge 

Ea
rli

er
 th

eo
re

tic
al

 st
ud

ie
s 

P. 56 

We have recorded the photoelectron-Auger electron 
coincidence spectra of C2H2F2 after inner shell 
excitations at both the C1s and the F1s ionization 
edges. The Auger spectra exhibit also a lower 

intensity around the center of the spectra, which is 
due to reduced detection efficiency of the detector in 
that region. Work is currently in progress to correct for 
this misbehaviour.  O2 O 1s edge 

h=573.1 eV 

Due to the considerable amount of information 
available in the literature about CH4, we have 
chosen it as the test system for the first runs of 
iDEEAA in coincidence mode (see, e.g. Ref. [1]). 
Compared to the results obtained in previous 
experiments (200 meV) [2] we managed to achieve 
a resolution improved by a factor of ~2.5. 

Schematics of an Auger decay process 

C2H2F2 C 1s edge 
h=330 eV  

C2H2F2 F 1s edge 
h=731 eV In a similar manner to earlier 

experiments [2], we have 
extended our investigations of 
the Auger decay of the O2 
molecule after excitation above 
the O 1s ionization edge to the 
(490 eV, 505 eV) electron 
energy interval. Specific for our 
experimental approach is that it 
allows for the direct and 
independent observation of the 
Auger spectra as obtained from 

each of the two (intermediate) 
states of the cation (4 and 2), 
due to the spin coupling of the 
core hole with the triplet spin of 
the outermost valence band of 
the molecule. A further and 
more detailed analysis of the 
experimental data supported by 
theoretical work is expected to 
give new insight in the dynamics 
of molecular Auger decay. 

We have recorded for the first time the photoelectron-Auger electron spectra of C2H2F2 after excitation above both the C1s and the F1s ionization edges. 
Further on, our extended coincidence study on the O2 molecule is expected to reveal new information of the dynamics of molecular Auger decay.  
The newest coincidence results on small molecules with the iDEEAA setup indicate an improvement by a factor of ~2.5 in the resolution of the 
photoelectron channel as compared to our earlier finding (200 meV) on small molecules. This makes the resolving power of the apparatus comparable to 
the natural linewidth and the vibrational splitting of most shallow-core ionized states and, thus, an interesting investigative path for a large number of 
molecular species. 

Conventional Auger electron energy spectra of 
molecules contain a mix of transitions between all singly 
ionized (intermediate) and dicationic (final) states 
involved in the decay process.  
By using the photoelectron-Auger electron coincidence 
method, one has the ability of selectively correlate the 
implicated singly ionized states to the corresponding 
dicationic states, which is of particular interest in the 
quest of shedding light on the dynamics of the decay. 

Photoelectron - Auger electron coincidences

Provides information on the two-hole spectrum
Coincidense Auger spectra not broadened by the core-hole life-time

Gas phase measurements together with
Uwe Hergenhahn and Tiberiu Arion
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Photoelectron - Auger electron coincidences

Discussion and summary 
The authors would like to thank the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Industrie and the Advanced Study Group of the 
Max Planck Society for financial support. The BESSY II staff is also acknowledged for the support offered during the measurements. 
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direction of the synchrotron radiation.  
The hemispherical electron energy analyzer of the 
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resolution of 1.7 meV, provided that one uses a small 
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which is fitted with a complex electric lens system of the Scienta ArTOF type. The 
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The newest coincidence results on small molecules with the iDEEAA setup indicate an improvement by a factor of ~2.5 in the resolution of the 
photoelectron channel as compared to our earlier finding (200 meV) on small molecules. This makes the resolving power of the apparatus comparable to 
the natural linewidth and the vibrational splitting of most shallow-core ionized states and, thus, an interesting investigative path for a large number of 
molecular species. 

Conventional Auger electron energy spectra of 
molecules contain a mix of transitions between all singly 
ionized (intermediate) and dicationic (final) states 
involved in the decay process.  
By using the photoelectron-Auger electron coincidence 
method, one has the ability of selectively correlate the 
implicated singly ionized states to the corresponding 
dicationic states, which is of particular interest in the 
quest of shedding light on the dynamics of the decay. 

Discussion and summary 
The authors would like to thank the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Industrie and the Advanced Study Group of the 
Max Planck Society for financial support. The BESSY II staff is also acknowledged for the support offered during the measurements. 
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Theoretical background and experimental technique 

The newly developed and comissioned experimental 
station iDEEAA consists of a chamber fitted with two 
very high resolution electron spectrometers, disposed in 
a plane, both under an angle of 45° with respect to the 
direction of the synchrotron radiation.  
The hemispherical electron energy analyzer of the 
Scienta R4000 type can deliver a maximum energy 
resolution of 1.7 meV, provided that one uses a small 
entrance slit in the hemisphere and a small pass energy.  

For recording the photoelectrons emitted during the Auger decay process, we have 
made use of a new generation very high resolution time of flight spectrometer, 
which is fitted with a complex electric lens system of the Scienta ArTOF type. The 
spectrometer is specified to deliver a maximum energy resolution of 160 µeV.  

In the experiments presented here, the R4000 was operated in fixed mode and was 
used to record the fast Auger electrons. As the Auger final states of the investigated 
molecules are spread over a rather broad energy window, in order to acquire the 
complete features a pass energy setting of 200 eV is required. 

The experiments were performed at the UE 56/2 PGM1 and the U 49/1 PGM1 beam 
lines of BESSY II. 

By recording the photoelectron referred to the arrival time of the Auger electron we 
do not require single bunch operation, being able to run in multi-bunch mode.  

For more technical details about the apparatus, see also Poster P. 87  

Z. Bao et al., J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 125101 
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We have recorded the photoelectron-Auger electron 
coincidence spectra of C2H2F2 after inner shell 
excitations at both the C1s and the F1s ionization 
edges. The Auger spectra exhibit also a lower 

intensity around the center of the spectra, which is 
due to reduced detection efficiency of the detector in 
that region. Work is currently in progress to correct for 
this misbehaviour.  O2 O 1s edge 

h=573.1 eV 

Due to the considerable amount of information 
available in the literature about CH4, we have 
chosen it as the test system for the first runs of 
iDEEAA in coincidence mode (see, e.g. Ref. [1]). 
Compared to the results obtained in previous 
experiments (200 meV) [2] we managed to achieve 
a resolution improved by a factor of ~2.5. 

Schematics of an Auger decay process 

C2H2F2 C 1s edge 
h=330 eV  

C2H2F2 F 1s edge 
h=731 eV In a similar manner to earlier 

experiments [2], we have 
extended our investigations of 
the Auger decay of the O2 
molecule after excitation above 
the O 1s ionization edge to the 
(490 eV, 505 eV) electron 
energy interval. Specific for our 
experimental approach is that it 
allows for the direct and 
independent observation of the 
Auger spectra as obtained from 

each of the two (intermediate) 
states of the cation (4 and 2), 
due to the spin coupling of the 
core hole with the triplet spin of 
the outermost valence band of 
the molecule. A further and 
more detailed analysis of the 
experimental data supported by 
theoretical work is expected to 
give new insight in the dynamics 
of molecular Auger decay. 

We have recorded for the first time the photoelectron-Auger electron spectra of C2H2F2 after excitation above both the C1s and the F1s ionization edges. 
Further on, our extended coincidence study on the O2 molecule is expected to reveal new information of the dynamics of molecular Auger decay.  
The newest coincidence results on small molecules with the iDEEAA setup indicate an improvement by a factor of ~2.5 in the resolution of the 
photoelectron channel as compared to our earlier finding (200 meV) on small molecules. This makes the resolving power of the apparatus comparable to 
the natural linewidth and the vibrational splitting of most shallow-core ionized states and, thus, an interesting investigative path for a large number of 
molecular species. 

Conventional Auger electron energy spectra of 
molecules contain a mix of transitions between all singly 
ionized (intermediate) and dicationic (final) states 
involved in the decay process.  
By using the photoelectron-Auger electron coincidence 
method, one has the ability of selectively correlate the 
implicated singly ionized states to the corresponding 
dicationic states, which is of particular interest in the 
quest of shedding light on the dynamics of the decay. 
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Vibrationally resolved coincidence 
spectra for CH4

Figure 1 / report 2010_2_100547
Photoelectron-Auger electron coincidence spectrum of CH4.
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Coincidences between 
C1s core ionization and 
Auger electron emission
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Requirement of single bunch 
operation
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800 Single Bunch Operation

Photon pulse every 800 ns

Pulse duration ≤ 50 ps
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source for this research 
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Low-dose photoemission
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Organic single crystals: Rubrene

Measurement time 
20 minutes

✦ hole mobility of over 15 cm2/Vs at room 
temperature

✦ better than that of micro-crystalline Si-based 
transistors

✦ but: charge transport mechanisms in single 
crystalline organic semiconductors is still 
incomprehensive. 

✦ but: highly sensitive to beam damage, 
exposure to x-rays has to be extremely small

first report of angle–resolved 
photoemission spectroscopy to 
determine a full band structure 
of an organic single crystal in 
2010 by Machida et al.

10 Days
10 Hours

Our first measurement with  
ARTOF 10k analyzer. Flux 
during the experiment was 
less then 107 photons per 
second

Measurement time 
2 hours

More on poster
#74

Topological insulators: Bi2Se3 example More on poster 
#56
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Gas phase measurements: Coincidence study of CH4

More on poster 
#XYZ

Photoelectron Auger electron

ARTOF 10k R4000+DLD
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Energy resolution 
∆E = 3.9±0.4 meV

Sample temperature
T = 8.1±1.5 K APEX: Artof Prototype EXperiment

Angle-Resolved Time of Flight Next goal: Operation in Hybrid mode
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Low Dose PES: Future up-
grade of SurICat  endstation 

(now at planning stage)

Y

Y2

Y1

X
X2

X1

• Gold mesh

• MCP

• 2D Delay Line Detector

• Anode

ARTOF is essentially a combination of drift tube, a lens system and a position and 
time sensitive DLD detector. Comparing to hemispherical analyzers such 
combination allows to achieve more then 250 times higher transmission, full 
cone detection and very high resolution. While first two advantages are shared 
with classical TOF designs ARTOF, due to use of electron lens system, has much 
higher resolution and provides angular distribution information while size of analyzer 
kept relatively small.

Trajectories are controlled due 
to use of electron lens system

In the acquisition loop time of 
arrival T as well as positions on 

detector X and Y are saved

Relations between T,X,Y to an 
electron energy and angles are known 

from electron optics calculation

In the analysis loop acquired 
XYT data converted to E,φ,θ

Delay Line Detector Position on the 
detector read as time 
difference between 
both ends of wires:

X = X1 - X2
Y = Y1 - Y2
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Full valence band acquisition can be performed 
in a matter of few minutes. Here we observed 
emergence of 2DEG which later on becomes 
Rashba split. 2DEG formation is mediated by 
the adsorption of residual gas molecules such 
as CO or H2O.
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TU Berlin :
iDEEAA: 
Instrument for Direct 
Electron Energy and 
Angular Analysis

Endstations at BESSY II

Uppsala
University:

Single crystal 
preparation

Glove box

Load lock and 
“contaminating” 
reparation
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The observed energy resolution and sample 
temperature were extracted from the Fermi level fit 
as follows:

1. Several k-space cuts were integrated to energy 
distribution curve (EDC)

2. Resulting EDC was fitted with the convolution of 
a linear function multiplied by the Fermi function 
and Gaussian profile, including an offset
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Time- and Energy resolution analysis

Total time resolution 
∆t = 142.3±3.1 ps

which corresponds to an energy resolution @ 14eV kinetic 
energy, Angular30 lens table and 10% energy window size

∆E = 3.8 meV

Data recorded with scattered photons was treated as 
follows:

1. Each time line INTENSITY(time)=DATA(time,X,Y) was 
fitted with a Gaussian profile (see below)
2. The resulting peak position depicts t0 offset in the 
experiment
3. The peak width gives overall time resolution of 
beamline and ARTOF analyzer

There is only two weeks in each 
semester when BESSY operates 
in Single Bunch mode. We are 
working now on possibility of 
using Hybrid Mode, which is 
standart operation mode of 
BESSY II

Tuesday, November 29, 11

A. Vollmer et al.
in press

Courtecy of A. Vollmer

tisdag 31 januari 12



Hybrid mode

tisdag 31 januari 12



Next goal - Time-of-flight spectroscopy 
using the hybrid mode
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Organic single crystals: Rubrene

Measurement time 
20 minutes

✦ hole mobility of over 15 cm2/Vs at room 
temperature [2]

✦ better than that of micro-crystalline Si-based 
transistors [3]

✦ but: charge transport mechanisms in single 
crystalline organic semiconductors is still 
incomprehensive. 

✦ but: highly sensitive to beam damage, 
exposure to x-rays has to be extremely small

first report of angle–resolved 
photoemission spectroscopy to 
determine a full band structure 
of an organic single crystal in 
2010 by Machida et al.[4]

10 Days
10 Hours

Our first measurement with  
ARTOF 10k analyzer. Flux 
during the experiment was 
less then 107 photons per 
second

Measurement time 
2 hours

More on poster
#74

Topological insulators: Bi2Se3 example More on poster 
#111

Gas phase measurements: Coincidence study of CH4

More on poster 
#56
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Fig. 2. Calculated energy and angular dispersion over the detector optimized for
an energy window of 0.5 eV around a centre kinetic energy of 10 eV and an angular
magnification allowing ± 15◦ on the detector. The nearly horizontal lines (red) cor-
respond to kinetic energies in steps of 50 meV, and the vertical curved lines (black)
to polar angles in steps of 1◦ . The optimization area is delimited by thicker lines,
showing that an energy range outside this window is also detected, but with lower
resolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

focussing also depends of the kinetic energy of the electrons, so the
position on the detector is a function of both emission angle and
energy. Thus, to obtain the highest possible resolution in energy and
emission angle, both the flight time and the position on the detec-
tor for each electron are needed. In Fig. 2, a simulation of the TOF
and the radial distance of the hit from the centre of the detector for
a range of kinetic energies and emission angles are shown. As can
be immediately inferred, the angular information would be almost
useless without the transformation, due to the chromatic aberra-
tion. Although not clearly visible on the scale of Fig. 2, the variation
with radius of the kinetic energy corresponding to a given flight
time is also large enough to make the transformation necessary in
order to get very high energy resolution.

Our simulations show that with a 100 ps pulse, extremely high
theoretical resolution values may be achieved, depending on the
sample spot size, detector resolution, time resolution and energy
window [5]. In Table 1 we give examples of calculated values of the
energy resolution (dEk) and the time of flight (TOF) in the kinetic
energy range between 1 and 20 eV for 2% and 10% energy windows
and two spot sizes, respectively.

2.2. Signal handling

The instrument utilizes both spatial and time information from
the detector, and a brief summary of the signals involved is given
below. The signal flow of the instrument is illustrated in Fig. 3.
When an electron hits the delay-line detector, five pulses are gen-
erated. The first one comes from the micro-channel plate (MCP)
stack and the other four come from the delay lines, two from the
electrodes along the x-direction and two from the y-direction. The
timing differences between the delay-line pulses allows determin-
ing the electron hit position, and the absolute time of the MCP
pulse gives the electron flight time. The delay-line pulses also carry
information about the flight time, but the MCP pulse gives bet-
ter accuracy since it is has a shorter rise time. This redundancy
is also used when sorting out noise and overlapping hits. All five
pulses have to coincide within a given time window (about 150 ns),
otherwise the event is discarded.

The detector pulses are pre-amplified on the air-side of the
instrument and fed into a set of Constant Fraction Discriminators

Table 1
Calculated values of the energy resolution (dEk) and the time of flight (TOF) for 2%
and 10% energy windows and spot sizes 100 !m and 500 !m.

Ek (eV) dEk (meV) TOF (ns)

Spot diameter: 100 !m
Energy window: 2%

1 0.03 3077
2 0.05 2176
5 0.15 1376

10 0.36 973
20 0.93 688
Spot diameter: 100 !m
Energy window: 10%

1 0.06 2520
2 0.12 1782
5 0.38 1127

10 0.98 797
20 2.61 564
Spot diameter: 500 !m
Energy window: 2%

1 0.11 3077
2 0.21 2176
5 0.52 1376

10 1.05 973
20 2.17 688
Spot diameter: 500 !m
Energy window: 10%

1 0.22 2520
2 0.44 1782
5 1.11 1127

10 2.30 797
20 4.92 564

(CFD:s, ORTEC 9307 for the MCP signal, and ORTEC 935 for the
delay-line detector signals) where they are transformed to digi-
tal pulses in Nuclear Instrumentation Module (NIM) format. The
onset of each incoming pulse corresponds then to a leading edge
of the output NIM pulse with a certain delay, independent of the
pulse height. The NIM pulses are recorded by a Time to Digital Con-
verter (TDC) from Roentdek Handels GmbH in the PC (TDC8HP, time
resolution < 100 ps), and the data are processed by the ARTOF soft-
ware. Cable lengths and electronic delays are corrected for in the
conversion from raw time data to angles and kinetic energies. The
ARTOF performance is very much dependent on the quality of the
electronics involved and therefore much effort has been spent on
signal integrity and the selection of electronic components. The
characteristic impedance along the path from the detector to the
pre-amplifiers is kept constant, and inductive loops as well as par-
asitic capacitances are avoided. High accuracy and high stability
voltage supplies are used for the lens and the detector, which are
controlled by the PC.

The measurements presented in this work have been performed
using a delay-line detector of the same type as used in Ref. [12]. It
consists of two Chevron stacked MCP:s, a ceramic plate and two
delay lines for the position detection, and is based on the princi-
ple that the delay lines sense the image charge on the back of the
ceramic plate where the electrons from the MCP:s hit on the front.
This detector has the drawback of not being fully UHV compatible,
and therefore the ARTOF prototype has since been upgraded with
a commercially available detector from Roentdek GmbH [13].

The lens and detector are set up to accept electrons in a specified
energy range corresponding to a specific time-window, which is
opened with a certain delay after the ionization event. The electrons
are retarded in the lens, by applying a negative voltage between
the sample and the detector. Electrons with lower kinetic energy
than this retarding potential will not reach the detector, resulting
in a cut-off in the energy spectrum. The cut-off energy is typi-
cally slightly below the lower limit of the chosen energy window.
This is illustrated in Fig. 4. Compared to a normal TOF spectrome-
ter (lower part), the flight time is prolonged in the ARTOF (upper
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ARTOF is essentially a combination of a drift tube, a lens system and a position and 
time sensitive DLD detector [1]. Compared to hemispherical analyzers such a 
combination allows to achieve more than 250 times higher transmission, full 
cone detection and very high resolution. While the first two advantages are 
shared with classical TOF design, due to the use of an electron lens system ARTOF 
has a much higher resolution and provides angular distribution information while its 
size is kept relatively small.

Trajectories are controlled through 
the use of electron lens system

In the acquisition loop the arrival 
time T as well as X and Y positions 

on detector are saved

Relations between T,X,Y to electron 
energy and angles are known from 

electron optics calculation

In the analysis loop the 
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converted to E,φ,θ

Delay Line Detector Position on the 
detector read as time 
difference between 
both ends of wires:

X = X1 - X2
Y = Y1 - Y2

30
.0

29
.0

28
.0

-0.2 -0.1 0.0 0.1 0.2

50
.0

49
.0

48
.0

-0.2 -0.1 0.0 0.1 0.2

Full valence band acquisition 
can be performed in a matter 
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Rashba split. 2DEG formation 
is mediated by the adsorption 
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as CO or H2O [5].
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The observed energy resolution and sample 
temperature were extracted from the Fermi level fit 
as follows:

1. Several k-space cuts were integrated to energy 
distribution curve (EDC)

2. Resulting EDC was fitted with the convolution of 
a linear function multiplied by the Fermi function 
and Gaussian profile, including an offset
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Total time resolution 
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which corresponds to an energy resolution @ 14eV kinetic 
energy, Angular30 lens table and 10% energy window size

∆E = 3.8 meV

Data recorded with scattered photons was treated as 
follows:

1. Each time line INTENSITY(time)=DATA(time,X,Y) was 
fitted with a Gaussian profile (see above)
2. The resulting peak position depicts t0 offset in the 
experiment
3. The peak width gives overall time resolution of 
beamline and ARTOF analyzer
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in single bunch mode. We are 
working now on the possibility of 
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the standard operation mode of 
BESSY II

-0.2

-0.1

0.0

0.1

0.2

K
←
Γ
→

K
  [

Å
-1

] 

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

Fermi surface. EB = 0 meV

-0.2

-0.1

0.0

0.1

0.2

K
←
Γ
→

K
  [

Å
-1

] 

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

Dirac point. EB = 394 meV

-800

-600

-400

-200

0

200

E-
E F

 [m
eV

]

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

M-Γ-M cut.
 Collection time ca. 15 minutes

-800

-600

-400

-200

0

200

E-
E F

 [m
eV

]

-0.2 -0.1 0.0 0.1 0.2

K←Γ→K  [Å
-1

] 

K-Γ-K cut. 
Collection time ca. 15 minutes

In the coincidence experiment 
the sample is measured with 
two analyzers simultaneously: 
R4000, equipped with DLD 
detector and ARTOF. We 
chose CH4 since its electronic 
structure is well known. 
Compared to the results 
o b t a i n e d i n p r e v i o u s 
experiments (200 meV) the 
observed energy resolution 
improved by a factor of ~2.5.
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 Premonochromator optics  M1 : toroidal mirror, horizontal deflection, 2T=176°, gold coated, water cooled, 

vertical collimation and horizontal focussing onto reflectometer slit. 
 Monochromator principle:   variable deflection angle, collimated plane grating monochromator 

optical components:  
M2:   plane mirror, vertical deflection, 2T= 169-177°, gold coated 
G1-3: plane gratings, vertical deflection, 2T=169-177°, gold coated 
 

    E [eV] d["/mm] coating  
   G1 7 - 1000 150 Au  
   G2 18 - 2000  360 Au  
   G3 75 - 2000  1228 Au  
       
 Exit slit slit setting: 0-1000 Pm 
 Experimental station Reflectometer 
 Postmonochromator optics M3: cylindrical mirror, horizontal deflection, 2T=176.8°, gold coated, vertical 

focussing onto exit slit. 
M4: refocusing toroidal mirror, horizontal deflection, 2T=178°, gold coated, 
horizontal and vertical focussing onto 2nd experimental station (SURICAT) 
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OPTICAL LAY-OUT (schematic) 
 

 premonochromator optics  M1 : cylindrical mirror, horizontal deflection, 24 =175°, gold coated, water 

cooled, vertical demagnification (17:2.5) of source on entrance slit 

 entrance slit slit setting: 0-2000 µm , water cooling, insolated blades for vertical beam 

position sensing ,on line laser diffraction slit width monitor 

 monochromator principle: 

variable deflection angle, focussed spherical grating monochromator 

optical components: 

M2: plane mirror, vertical deflection, 24 = 169-175°, gold coated, water 

cooled 

G1-3: spherical gratings, vertical deflection, 24 = 169-175°, gold coated, 

water cooled 

    E [eV] d["/mm] R [mm] coating  

   G1 90 - 350 900 60000 Au  

   G2  300 - 650  1200 88000 Au  

   G3  500- 1500  1500 109000 Au  

 exit slit slit setting: 0-2000 µm, +/- 200 mm translation , on line laser diffraction 

slitwidth monitor 

 postmonochromator optics M3: cylindrical mirror, horizontal deflection, 24 = 176°, gold coated, vertical 

demagnification (1 : 1) of exit slit 

M4: plane elliptical mirror, horizontal deflection, 24 = 176°, gold coated, 

horizontal demagnification of source 
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Organic single crystals: Rubrene

Measurement time 
20 minutes

✦ hole mobility of over 15 cm2/Vs at room 
temperature [2]

✦ better than that of micro-crystalline Si-based 
transistors [3]

✦ but: charge transport mechanisms in single 
crystalline organic semiconductors is still 
incomprehensive. 

✦ but: highly sensitive to beam damage, 
exposure to x-rays has to be extremely small

first report of angle–resolved 
photoemission spectroscopy to 
determine a full band structure 
of an organic single crystal in 
2010 by Machida et al.[4]

10 Days
10 Hours

Our first measurement with  
ARTOF 10k analyzer. Flux 
during the experiment was 
less then 107 photons per 
second

Measurement time 
2 hours
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Topological insulators: Bi2Se3 example More on poster 
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Gas phase measurements: Coincidence study of CH4
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Fig. 2. Calculated energy and angular dispersion over the detector optimized for
an energy window of 0.5 eV around a centre kinetic energy of 10 eV and an angular
magnification allowing ± 15◦ on the detector. The nearly horizontal lines (red) cor-
respond to kinetic energies in steps of 50 meV, and the vertical curved lines (black)
to polar angles in steps of 1◦ . The optimization area is delimited by thicker lines,
showing that an energy range outside this window is also detected, but with lower
resolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

focussing also depends of the kinetic energy of the electrons, so the
position on the detector is a function of both emission angle and
energy. Thus, to obtain the highest possible resolution in energy and
emission angle, both the flight time and the position on the detec-
tor for each electron are needed. In Fig. 2, a simulation of the TOF
and the radial distance of the hit from the centre of the detector for
a range of kinetic energies and emission angles are shown. As can
be immediately inferred, the angular information would be almost
useless without the transformation, due to the chromatic aberra-
tion. Although not clearly visible on the scale of Fig. 2, the variation
with radius of the kinetic energy corresponding to a given flight
time is also large enough to make the transformation necessary in
order to get very high energy resolution.

Our simulations show that with a 100 ps pulse, extremely high
theoretical resolution values may be achieved, depending on the
sample spot size, detector resolution, time resolution and energy
window [5]. In Table 1 we give examples of calculated values of the
energy resolution (dEk) and the time of flight (TOF) in the kinetic
energy range between 1 and 20 eV for 2% and 10% energy windows
and two spot sizes, respectively.

2.2. Signal handling

The instrument utilizes both spatial and time information from
the detector, and a brief summary of the signals involved is given
below. The signal flow of the instrument is illustrated in Fig. 3.
When an electron hits the delay-line detector, five pulses are gen-
erated. The first one comes from the micro-channel plate (MCP)
stack and the other four come from the delay lines, two from the
electrodes along the x-direction and two from the y-direction. The
timing differences between the delay-line pulses allows determin-
ing the electron hit position, and the absolute time of the MCP
pulse gives the electron flight time. The delay-line pulses also carry
information about the flight time, but the MCP pulse gives bet-
ter accuracy since it is has a shorter rise time. This redundancy
is also used when sorting out noise and overlapping hits. All five
pulses have to coincide within a given time window (about 150 ns),
otherwise the event is discarded.

The detector pulses are pre-amplified on the air-side of the
instrument and fed into a set of Constant Fraction Discriminators

Table 1
Calculated values of the energy resolution (dEk) and the time of flight (TOF) for 2%
and 10% energy windows and spot sizes 100 !m and 500 !m.

Ek (eV) dEk (meV) TOF (ns)

Spot diameter: 100 !m
Energy window: 2%

1 0.03 3077
2 0.05 2176
5 0.15 1376

10 0.36 973
20 0.93 688
Spot diameter: 100 !m
Energy window: 10%

1 0.06 2520
2 0.12 1782
5 0.38 1127

10 0.98 797
20 2.61 564
Spot diameter: 500 !m
Energy window: 2%

1 0.11 3077
2 0.21 2176
5 0.52 1376

10 1.05 973
20 2.17 688
Spot diameter: 500 !m
Energy window: 10%

1 0.22 2520
2 0.44 1782
5 1.11 1127

10 2.30 797
20 4.92 564

(CFD:s, ORTEC 9307 for the MCP signal, and ORTEC 935 for the
delay-line detector signals) where they are transformed to digi-
tal pulses in Nuclear Instrumentation Module (NIM) format. The
onset of each incoming pulse corresponds then to a leading edge
of the output NIM pulse with a certain delay, independent of the
pulse height. The NIM pulses are recorded by a Time to Digital Con-
verter (TDC) from Roentdek Handels GmbH in the PC (TDC8HP, time
resolution < 100 ps), and the data are processed by the ARTOF soft-
ware. Cable lengths and electronic delays are corrected for in the
conversion from raw time data to angles and kinetic energies. The
ARTOF performance is very much dependent on the quality of the
electronics involved and therefore much effort has been spent on
signal integrity and the selection of electronic components. The
characteristic impedance along the path from the detector to the
pre-amplifiers is kept constant, and inductive loops as well as par-
asitic capacitances are avoided. High accuracy and high stability
voltage supplies are used for the lens and the detector, which are
controlled by the PC.

The measurements presented in this work have been performed
using a delay-line detector of the same type as used in Ref. [12]. It
consists of two Chevron stacked MCP:s, a ceramic plate and two
delay lines for the position detection, and is based on the princi-
ple that the delay lines sense the image charge on the back of the
ceramic plate where the electrons from the MCP:s hit on the front.
This detector has the drawback of not being fully UHV compatible,
and therefore the ARTOF prototype has since been upgraded with
a commercially available detector from Roentdek GmbH [13].

The lens and detector are set up to accept electrons in a specified
energy range corresponding to a specific time-window, which is
opened with a certain delay after the ionization event. The electrons
are retarded in the lens, by applying a negative voltage between
the sample and the detector. Electrons with lower kinetic energy
than this retarding potential will not reach the detector, resulting
in a cut-off in the energy spectrum. The cut-off energy is typi-
cally slightly below the lower limit of the chosen energy window.
This is illustrated in Fig. 4. Compared to a normal TOF spectrome-
ter (lower part), the flight time is prolonged in the ARTOF (upper
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ARTOF is essentially a combination of a drift tube, a lens system and a position and 
time sensitive DLD detector [1]. Compared to hemispherical analyzers such a 
combination allows to achieve more than 250 times higher transmission, full 
cone detection and very high resolution. While the first two advantages are 
shared with classical TOF design, due to the use of an electron lens system ARTOF 
has a much higher resolution and provides angular distribution information while its 
size is kept relatively small.

Trajectories are controlled through 
the use of electron lens system

In the acquisition loop the arrival 
time T as well as X and Y positions 

on detector are saved

Relations between T,X,Y to electron 
energy and angles are known from 

electron optics calculation

In the analysis loop the 
acquired XYT data are 
converted to E,φ,θ

Delay Line Detector Position on the 
detector read as time 
difference between 
both ends of wires:

X = X1 - X2
Y = Y1 - Y2
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Full valence band acquisition 
can be performed in a matter 
of few minutes. Here we 
observed the emergence of 
2DEG which later on becomes 
Rashba split. 2DEG formation 
is mediated by the adsorption 
of residual gas molecules such 
as CO or H2O [5].
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The observed energy resolution and sample 
temperature were extracted from the Fermi level fit 
as follows:

1. Several k-space cuts were integrated to energy 
distribution curve (EDC)

2. Resulting EDC was fitted with the convolution of 
a linear function multiplied by the Fermi function 
and Gaussian profile, including an offset
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Data recorded with scattered photons was treated as 
follows:

1. Each time line INTENSITY(time)=DATA(time,X,Y) was 
fitted with a Gaussian profile (see above)
2. The resulting peak position depicts t0 offset in the 
experiment
3. The peak width gives overall time resolution of 
beamline and ARTOF analyzer

There are only two weeks in each 
semester when BESSY operates 
in single bunch mode. We are 
working now on the possibility of 
using the hybrid mode, which is 
the standard operation mode of 
BESSY II

-0.2

-0.1

0.0

0.1

0.2

K
←
Γ
→

K
  [

Å
-1

] 

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

Fermi surface. EB = 0 meV

-0.2

-0.1

0.0

0.1

0.2

K
←
Γ
→

K
  [

Å
-1

] 

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

Dirac point. EB = 394 meV

-800

-600

-400

-200

0

200

E-
E F

 [m
eV

]

-0.2 -0.1 0.0 0.1 0.2

M←Γ→M  [Å
-1

] 

M-Γ-M cut.
 Collection time ca. 15 minutes

-800

-600

-400

-200

0

200

E-
E F

 [m
eV

]

-0.2 -0.1 0.0 0.1 0.2

K←Γ→K  [Å
-1

] 

K-Γ-K cut. 
Collection time ca. 15 minutes

In the coincidence experiment 
the sample is measured with 
two analyzers simultaneously: 
R4000, equipped with DLD 
detector and ARTOF. We 
chose CH4 since its electronic 
structure is well known. 
Compared to the results 
o b t a i n e d i n p r e v i o u s 
experiments (200 meV) the 
observed energy resolution 
improved by a factor of ~2.5.
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This beamline is dedicated to the BESSY in-house R&D in optics development and at-
wavelength characterisation. It is permanently equipped with a reflectometer endstation, 
see: http://www.bessy.de/bit/upload/reflectometer.pdf 

 
 

 
 Premonochromator optics  M1 : toroidal mirror, horizontal deflection, 2T=176°, gold coated, water cooled, 

vertical collimation and horizontal focussing onto reflectometer slit. 
 Monochromator principle:   variable deflection angle, collimated plane grating monochromator 

optical components:  
M2:   plane mirror, vertical deflection, 2T= 169-177°, gold coated 
G1-3: plane gratings, vertical deflection, 2T=169-177°, gold coated 
 

    E [eV] d["/mm] coating  
   G1 7 - 1000 150 Au  
   G2 18 - 2000  360 Au  
   G3 75 - 2000  1228 Au  
       
 Exit slit slit setting: 0-1000 Pm 
 Experimental station Reflectometer 
 Postmonochromator optics M3: cylindrical mirror, horizontal deflection, 2T=176.8°, gold coated, vertical 

focussing onto exit slit. 
M4: refocusing toroidal mirror, horizontal deflection, 2T=178°, gold coated, 
horizontal and vertical focussing onto 2nd experimental station (SURICAT) 
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OPTICAL LAY-OUT (schematic) 
 

 premonochromator optics  M1 : cylindrical mirror, horizontal deflection, 24 =175°, gold coated, water 

cooled, vertical demagnification (17:2.5) of source on entrance slit 

 entrance slit slit setting: 0-2000 µm , water cooling, insolated blades for vertical beam 

position sensing ,on line laser diffraction slit width monitor 

 monochromator principle: 

variable deflection angle, focussed spherical grating monochromator 

optical components: 

M2: plane mirror, vertical deflection, 24 = 169-175°, gold coated, water 

cooled 

G1-3: spherical gratings, vertical deflection, 24 = 169-175°, gold coated, 

water cooled 

    E [eV] d["/mm] R [mm] coating  

   G1 90 - 350 900 60000 Au  

   G2  300 - 650  1200 88000 Au  

   G3  500- 1500  1500 109000 Au  

 exit slit slit setting: 0-2000 µm, +/- 200 mm translation , on line laser diffraction 

slitwidth monitor 

 postmonochromator optics M3: cylindrical mirror, horizontal deflection, 24 = 176°, gold coated, vertical 

demagnification (1 : 1) of exit slit 

M4: plane elliptical mirror, horizontal deflection, 24 = 176°, gold coated, 

horizontal demagnification of source 
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Organic single crystals: Rubrene

Measurement time 
20 minutes

✦ hole mobility of over 15 cm2/Vs at room 
temperature [2]

✦ better than that of micro-crystalline Si-based 
transistors [3]

✦ but: charge transport mechanisms in single 
crystalline organic semiconductors is still 
incomprehensive. 

✦ but: highly sensitive to beam damage, 
exposure to x-rays has to be extremely small

first report of angle–resolved 
photoemission spectroscopy to 
determine a full band structure 
of an organic single crystal in 
2010 by Machida et al.[4]

10 Days
10 Hours

Our first measurement with  
ARTOF 10k analyzer. Flux 
during the experiment was 
less then 107 photons per 
second

Measurement time 
2 hours
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Gas phase measurements: Coincidence study of CH4
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Fig. 2. Calculated energy and angular dispersion over the detector optimized for
an energy window of 0.5 eV around a centre kinetic energy of 10 eV and an angular
magnification allowing ± 15◦ on the detector. The nearly horizontal lines (red) cor-
respond to kinetic energies in steps of 50 meV, and the vertical curved lines (black)
to polar angles in steps of 1◦ . The optimization area is delimited by thicker lines,
showing that an energy range outside this window is also detected, but with lower
resolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

focussing also depends of the kinetic energy of the electrons, so the
position on the detector is a function of both emission angle and
energy. Thus, to obtain the highest possible resolution in energy and
emission angle, both the flight time and the position on the detec-
tor for each electron are needed. In Fig. 2, a simulation of the TOF
and the radial distance of the hit from the centre of the detector for
a range of kinetic energies and emission angles are shown. As can
be immediately inferred, the angular information would be almost
useless without the transformation, due to the chromatic aberra-
tion. Although not clearly visible on the scale of Fig. 2, the variation
with radius of the kinetic energy corresponding to a given flight
time is also large enough to make the transformation necessary in
order to get very high energy resolution.

Our simulations show that with a 100 ps pulse, extremely high
theoretical resolution values may be achieved, depending on the
sample spot size, detector resolution, time resolution and energy
window [5]. In Table 1 we give examples of calculated values of the
energy resolution (dEk) and the time of flight (TOF) in the kinetic
energy range between 1 and 20 eV for 2% and 10% energy windows
and two spot sizes, respectively.

2.2. Signal handling

The instrument utilizes both spatial and time information from
the detector, and a brief summary of the signals involved is given
below. The signal flow of the instrument is illustrated in Fig. 3.
When an electron hits the delay-line detector, five pulses are gen-
erated. The first one comes from the micro-channel plate (MCP)
stack and the other four come from the delay lines, two from the
electrodes along the x-direction and two from the y-direction. The
timing differences between the delay-line pulses allows determin-
ing the electron hit position, and the absolute time of the MCP
pulse gives the electron flight time. The delay-line pulses also carry
information about the flight time, but the MCP pulse gives bet-
ter accuracy since it is has a shorter rise time. This redundancy
is also used when sorting out noise and overlapping hits. All five
pulses have to coincide within a given time window (about 150 ns),
otherwise the event is discarded.

The detector pulses are pre-amplified on the air-side of the
instrument and fed into a set of Constant Fraction Discriminators

Table 1
Calculated values of the energy resolution (dEk) and the time of flight (TOF) for 2%
and 10% energy windows and spot sizes 100 !m and 500 !m.

Ek (eV) dEk (meV) TOF (ns)

Spot diameter: 100 !m
Energy window: 2%

1 0.03 3077
2 0.05 2176
5 0.15 1376

10 0.36 973
20 0.93 688
Spot diameter: 100 !m
Energy window: 10%

1 0.06 2520
2 0.12 1782
5 0.38 1127

10 0.98 797
20 2.61 564
Spot diameter: 500 !m
Energy window: 2%

1 0.11 3077
2 0.21 2176
5 0.52 1376

10 1.05 973
20 2.17 688
Spot diameter: 500 !m
Energy window: 10%

1 0.22 2520
2 0.44 1782
5 1.11 1127

10 2.30 797
20 4.92 564

(CFD:s, ORTEC 9307 for the MCP signal, and ORTEC 935 for the
delay-line detector signals) where they are transformed to digi-
tal pulses in Nuclear Instrumentation Module (NIM) format. The
onset of each incoming pulse corresponds then to a leading edge
of the output NIM pulse with a certain delay, independent of the
pulse height. The NIM pulses are recorded by a Time to Digital Con-
verter (TDC) from Roentdek Handels GmbH in the PC (TDC8HP, time
resolution < 100 ps), and the data are processed by the ARTOF soft-
ware. Cable lengths and electronic delays are corrected for in the
conversion from raw time data to angles and kinetic energies. The
ARTOF performance is very much dependent on the quality of the
electronics involved and therefore much effort has been spent on
signal integrity and the selection of electronic components. The
characteristic impedance along the path from the detector to the
pre-amplifiers is kept constant, and inductive loops as well as par-
asitic capacitances are avoided. High accuracy and high stability
voltage supplies are used for the lens and the detector, which are
controlled by the PC.

The measurements presented in this work have been performed
using a delay-line detector of the same type as used in Ref. [12]. It
consists of two Chevron stacked MCP:s, a ceramic plate and two
delay lines for the position detection, and is based on the princi-
ple that the delay lines sense the image charge on the back of the
ceramic plate where the electrons from the MCP:s hit on the front.
This detector has the drawback of not being fully UHV compatible,
and therefore the ARTOF prototype has since been upgraded with
a commercially available detector from Roentdek GmbH [13].

The lens and detector are set up to accept electrons in a specified
energy range corresponding to a specific time-window, which is
opened with a certain delay after the ionization event. The electrons
are retarded in the lens, by applying a negative voltage between
the sample and the detector. Electrons with lower kinetic energy
than this retarding potential will not reach the detector, resulting
in a cut-off in the energy spectrum. The cut-off energy is typi-
cally slightly below the lower limit of the chosen energy window.
This is illustrated in Fig. 4. Compared to a normal TOF spectrome-
ter (lower part), the flight time is prolonged in the ARTOF (upper
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ARTOF is essentially a combination of a drift tube, a lens system and a position and 
time sensitive DLD detector [1]. Compared to hemispherical analyzers such a 
combination allows to achieve more than 250 times higher transmission, full 
cone detection and very high resolution. While the first two advantages are 
shared with classical TOF design, due to the use of an electron lens system ARTOF 
has a much higher resolution and provides angular distribution information while its 
size is kept relatively small.

Trajectories are controlled through 
the use of electron lens system

In the acquisition loop the arrival 
time T as well as X and Y positions 

on detector are saved

Relations between T,X,Y to electron 
energy and angles are known from 

electron optics calculation

In the analysis loop the 
acquired XYT data are 
converted to E,φ,θ

Delay Line Detector Position on the 
detector read as time 
difference between 
both ends of wires:

X = X1 - X2
Y = Y1 - Y2
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Full valence band acquisition 
can be performed in a matter 
of few minutes. Here we 
observed the emergence of 
2DEG which later on becomes 
Rashba split. 2DEG formation 
is mediated by the adsorption 
of residual gas molecules such 
as CO or H2O [5].

30
.0

29
.0

28
.0

-0.2 -0.1 0.0 0.1 0.2

50
.0

49
.0

48
.0

-0.2 -0.1 0.0 0.1 0.2

TU Berlin :
iDEEAA: 
Instrument for Direct 
Electron Energy and 
Angular Analysis

Endstations at BESSY II

Uppsala
University:

Single crystal 
preparation

Glove box

Load lock and 
“contaminating” 
reparation

Photons

Deflectors gating

Detector gating

300
250
200
150
100
50

0

Int
en

sit
y 

[a
rb

. u
nit

s]

30025020015010050
Kinetic energy [eV]

1.2

0.8

0.4

0.0

Int
en

sit
y 

[a
rb

. u
nit

s]

302520151050
Time [ticks *103]

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Int
en

sit
y 

[a
rb

. u
nit

s]

302520151050
Time [ticks *103]

The observed energy resolution and sample 
temperature were extracted from the Fermi level fit 
as follows:

1. Several k-space cuts were integrated to energy 
distribution curve (EDC)

2. Resulting EDC was fitted with the convolution of 
a linear function multiplied by the Fermi function 
and Gaussian profile, including an offset
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Time- and Energy resolution analysis

Total time resolution 
∆t = 142.3±3.1 ps

which corresponds to an energy resolution @ 14eV kinetic 
energy, Angular30 lens table and 10% energy window size

∆E = 3.8 meV

Data recorded with scattered photons was treated as 
follows:

1. Each time line INTENSITY(time)=DATA(time,X,Y) was 
fitted with a Gaussian profile (see above)
2. The resulting peak position depicts t0 offset in the 
experiment
3. The peak width gives overall time resolution of 
beamline and ARTOF analyzer

There are only two weeks in each 
semester when BESSY operates 
in single bunch mode. We are 
working now on the possibility of 
using the hybrid mode, which is 
the standard operation mode of 
BESSY II
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In the coincidence experiment 
the sample is measured with 
two analyzers simultaneously: 
R4000, equipped with DLD 
detector and ARTOF. We 
chose CH4 since its electronic 
structure is well known. 
Compared to the results 
o b t a i n e d i n p r e v i o u s 
experiments (200 meV) the 
observed energy resolution 
improved by a factor of ~2.5.
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This beamline is dedicated to the BESSY in-house R&D in optics development and at-
wavelength characterisation. It is permanently equipped with a reflectometer endstation, 
see: http://www.bessy.de/bit/upload/reflectometer.pdf 

 
 

 
 Premonochromator optics  M1 : toroidal mirror, horizontal deflection, 2T=176°, gold coated, water cooled, 

vertical collimation and horizontal focussing onto reflectometer slit. 
 Monochromator principle:   variable deflection angle, collimated plane grating monochromator 

optical components:  
M2:   plane mirror, vertical deflection, 2T= 169-177°, gold coated 
G1-3: plane gratings, vertical deflection, 2T=169-177°, gold coated 
 

    E [eV] d["/mm] coating  
   G1 7 - 1000 150 Au  
   G2 18 - 2000  360 Au  
   G3 75 - 2000  1228 Au  
       
 Exit slit slit setting: 0-1000 Pm 
 Experimental station Reflectometer 
 Postmonochromator optics M3: cylindrical mirror, horizontal deflection, 2T=176.8°, gold coated, vertical 

focussing onto exit slit. 
M4: refocusing toroidal mirror, horizontal deflection, 2T=178°, gold coated, 
horizontal and vertical focussing onto 2nd experimental station (SURICAT) 
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OPTICAL LAY-OUT (schematic) 
 

 premonochromator optics  M1 : cylindrical mirror, horizontal deflection, 24 =175°, gold coated, water 

cooled, vertical demagnification (17:2.5) of source on entrance slit 

 entrance slit slit setting: 0-2000 µm , water cooling, insolated blades for vertical beam 

position sensing ,on line laser diffraction slit width monitor 

 monochromator principle: 

variable deflection angle, focussed spherical grating monochromator 

optical components: 

M2: plane mirror, vertical deflection, 24 = 169-175°, gold coated, water 

cooled 

G1-3: spherical gratings, vertical deflection, 24 = 169-175°, gold coated, 

water cooled 

    E [eV] d["/mm] R [mm] coating  

   G1 90 - 350 900 60000 Au  

   G2  300 - 650  1200 88000 Au  

   G3  500- 1500  1500 109000 Au  

 exit slit slit setting: 0-2000 µm, +/- 200 mm translation , on line laser diffraction 

slitwidth monitor 

 postmonochromator optics M3: cylindrical mirror, horizontal deflection, 24 = 176°, gold coated, vertical 

demagnification (1 : 1) of exit slit 

M4: plane elliptical mirror, horizontal deflection, 24 = 176°, gold coated, 

horizontal demagnification of source 

 references [1] F. Senf et al,  Nucl. Instr. and Meth. A 467-468 (2001) 474. 

[2] K. Godehusen et al, Phys. Rev. A 68, 012711 (2003) 
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Organic single crystals: Rubrene

Measurement time 
20 minutes

✦ hole mobility of over 15 cm2/Vs at room 
temperature [2]

✦ better than that of micro-crystalline Si-based 
transistors [3]

✦ but: charge transport mechanisms in single 
crystalline organic semiconductors is still 
incomprehensive. 

✦ but: highly sensitive to beam damage, 
exposure to x-rays has to be extremely small

first report of angle–resolved 
photoemission spectroscopy to 
determine a full band structure 
of an organic single crystal in 
2010 by Machida et al.[4]

10 Days
10 Hours

Our first measurement with  
ARTOF 10k analyzer. Flux 
during the experiment was 
less then 107 photons per 
second

Measurement time 
2 hours

More on poster
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Topological insulators: Bi2Se3 example More on poster 
#111

Gas phase measurements: Coincidence study of CH4
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Fig. 2. Calculated energy and angular dispersion over the detector optimized for
an energy window of 0.5 eV around a centre kinetic energy of 10 eV and an angular
magnification allowing ± 15◦ on the detector. The nearly horizontal lines (red) cor-
respond to kinetic energies in steps of 50 meV, and the vertical curved lines (black)
to polar angles in steps of 1◦ . The optimization area is delimited by thicker lines,
showing that an energy range outside this window is also detected, but with lower
resolution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

focussing also depends of the kinetic energy of the electrons, so the
position on the detector is a function of both emission angle and
energy. Thus, to obtain the highest possible resolution in energy and
emission angle, both the flight time and the position on the detec-
tor for each electron are needed. In Fig. 2, a simulation of the TOF
and the radial distance of the hit from the centre of the detector for
a range of kinetic energies and emission angles are shown. As can
be immediately inferred, the angular information would be almost
useless without the transformation, due to the chromatic aberra-
tion. Although not clearly visible on the scale of Fig. 2, the variation
with radius of the kinetic energy corresponding to a given flight
time is also large enough to make the transformation necessary in
order to get very high energy resolution.

Our simulations show that with a 100 ps pulse, extremely high
theoretical resolution values may be achieved, depending on the
sample spot size, detector resolution, time resolution and energy
window [5]. In Table 1 we give examples of calculated values of the
energy resolution (dEk) and the time of flight (TOF) in the kinetic
energy range between 1 and 20 eV for 2% and 10% energy windows
and two spot sizes, respectively.

2.2. Signal handling

The instrument utilizes both spatial and time information from
the detector, and a brief summary of the signals involved is given
below. The signal flow of the instrument is illustrated in Fig. 3.
When an electron hits the delay-line detector, five pulses are gen-
erated. The first one comes from the micro-channel plate (MCP)
stack and the other four come from the delay lines, two from the
electrodes along the x-direction and two from the y-direction. The
timing differences between the delay-line pulses allows determin-
ing the electron hit position, and the absolute time of the MCP
pulse gives the electron flight time. The delay-line pulses also carry
information about the flight time, but the MCP pulse gives bet-
ter accuracy since it is has a shorter rise time. This redundancy
is also used when sorting out noise and overlapping hits. All five
pulses have to coincide within a given time window (about 150 ns),
otherwise the event is discarded.

The detector pulses are pre-amplified on the air-side of the
instrument and fed into a set of Constant Fraction Discriminators

Table 1
Calculated values of the energy resolution (dEk) and the time of flight (TOF) for 2%
and 10% energy windows and spot sizes 100 !m and 500 !m.

Ek (eV) dEk (meV) TOF (ns)

Spot diameter: 100 !m
Energy window: 2%

1 0.03 3077
2 0.05 2176
5 0.15 1376

10 0.36 973
20 0.93 688
Spot diameter: 100 !m
Energy window: 10%

1 0.06 2520
2 0.12 1782
5 0.38 1127

10 0.98 797
20 2.61 564
Spot diameter: 500 !m
Energy window: 2%

1 0.11 3077
2 0.21 2176
5 0.52 1376

10 1.05 973
20 2.17 688
Spot diameter: 500 !m
Energy window: 10%

1 0.22 2520
2 0.44 1782
5 1.11 1127

10 2.30 797
20 4.92 564

(CFD:s, ORTEC 9307 for the MCP signal, and ORTEC 935 for the
delay-line detector signals) where they are transformed to digi-
tal pulses in Nuclear Instrumentation Module (NIM) format. The
onset of each incoming pulse corresponds then to a leading edge
of the output NIM pulse with a certain delay, independent of the
pulse height. The NIM pulses are recorded by a Time to Digital Con-
verter (TDC) from Roentdek Handels GmbH in the PC (TDC8HP, time
resolution < 100 ps), and the data are processed by the ARTOF soft-
ware. Cable lengths and electronic delays are corrected for in the
conversion from raw time data to angles and kinetic energies. The
ARTOF performance is very much dependent on the quality of the
electronics involved and therefore much effort has been spent on
signal integrity and the selection of electronic components. The
characteristic impedance along the path from the detector to the
pre-amplifiers is kept constant, and inductive loops as well as par-
asitic capacitances are avoided. High accuracy and high stability
voltage supplies are used for the lens and the detector, which are
controlled by the PC.

The measurements presented in this work have been performed
using a delay-line detector of the same type as used in Ref. [12]. It
consists of two Chevron stacked MCP:s, a ceramic plate and two
delay lines for the position detection, and is based on the princi-
ple that the delay lines sense the image charge on the back of the
ceramic plate where the electrons from the MCP:s hit on the front.
This detector has the drawback of not being fully UHV compatible,
and therefore the ARTOF prototype has since been upgraded with
a commercially available detector from Roentdek GmbH [13].

The lens and detector are set up to accept electrons in a specified
energy range corresponding to a specific time-window, which is
opened with a certain delay after the ionization event. The electrons
are retarded in the lens, by applying a negative voltage between
the sample and the detector. Electrons with lower kinetic energy
than this retarding potential will not reach the detector, resulting
in a cut-off in the energy spectrum. The cut-off energy is typi-
cally slightly below the lower limit of the chosen energy window.
This is illustrated in Fig. 4. Compared to a normal TOF spectrome-
ter (lower part), the flight time is prolonged in the ARTOF (upper
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ARTOF is essentially a combination of a drift tube, a lens system and a position and 
time sensitive DLD detector [1]. Compared to hemispherical analyzers such a 
combination allows to achieve more than 250 times higher transmission, full 
cone detection and very high resolution. While the first two advantages are 
shared with classical TOF design, due to the use of an electron lens system ARTOF 
has a much higher resolution and provides angular distribution information while its 
size is kept relatively small.

Trajectories are controlled through 
the use of electron lens system

In the acquisition loop the arrival 
time T as well as X and Y positions 

on detector are saved

Relations between T,X,Y to electron 
energy and angles are known from 

electron optics calculation

In the analysis loop the 
acquired XYT data are 
converted to E,φ,θ

Delay Line Detector Position on the 
detector read as time 
difference between 
both ends of wires:

X = X1 - X2
Y = Y1 - Y2

30
.0

29
.0

28
.0

-0.2 -0.1 0.0 0.1 0.2

50
.0

49
.0

48
.0

-0.2 -0.1 0.0 0.1 0.2

Full valence band acquisition 
can be performed in a matter 
of few minutes. Here we 
observed the emergence of 
2DEG which later on becomes 
Rashba split. 2DEG formation 
is mediated by the adsorption 
of residual gas molecules such 
as CO or H2O [5].
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The observed energy resolution and sample 
temperature were extracted from the Fermi level fit 
as follows:

1. Several k-space cuts were integrated to energy 
distribution curve (EDC)

2. Resulting EDC was fitted with the convolution of 
a linear function multiplied by the Fermi function 
and Gaussian profile, including an offset
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Time- and Energy resolution analysis

Total time resolution 
∆t = 142.3±3.1 ps

which corresponds to an energy resolution @ 14eV kinetic 
energy, Angular30 lens table and 10% energy window size

∆E = 3.8 meV

Data recorded with scattered photons was treated as 
follows:

1. Each time line INTENSITY(time)=DATA(time,X,Y) was 
fitted with a Gaussian profile (see above)
2. The resulting peak position depicts t0 offset in the 
experiment
3. The peak width gives overall time resolution of 
beamline and ARTOF analyzer

There are only two weeks in each 
semester when BESSY operates 
in single bunch mode. We are 
working now on the possibility of 
using the hybrid mode, which is 
the standard operation mode of 
BESSY II
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In the coincidence experiment 
the sample is measured with 
two analyzers simultaneously: 
R4000, equipped with DLD 
detector and ARTOF. We 
chose CH4 since its electronic 
structure is well known. 
Compared to the results 
o b t a i n e d i n p r e v i o u s 
experiments (200 meV) the 
observed energy resolution 
improved by a factor of ~2.5.
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This beamline is dedicated to the BESSY in-house R&D in optics development and at-
wavelength characterisation. It is permanently equipped with a reflectometer endstation, 
see: http://www.bessy.de/bit/upload/reflectometer.pdf 

 
 

 
 Premonochromator optics  M1 : toroidal mirror, horizontal deflection, 2T=176°, gold coated, water cooled, 

vertical collimation and horizontal focussing onto reflectometer slit. 
 Monochromator principle:   variable deflection angle, collimated plane grating monochromator 

optical components:  
M2:   plane mirror, vertical deflection, 2T= 169-177°, gold coated 
G1-3: plane gratings, vertical deflection, 2T=169-177°, gold coated 
 

    E [eV] d["/mm] coating  
   G1 7 - 1000 150 Au  
   G2 18 - 2000  360 Au  
   G3 75 - 2000  1228 Au  
       
 Exit slit slit setting: 0-1000 Pm 
 Experimental station Reflectometer 
 Postmonochromator optics M3: cylindrical mirror, horizontal deflection, 2T=176.8°, gold coated, vertical 

focussing onto exit slit. 
M4: refocusing toroidal mirror, horizontal deflection, 2T=178°, gold coated, 
horizontal and vertical focussing onto 2nd experimental station (SURICAT) 
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OPTICAL LAY-OUT (schematic) 
 

 premonochromator optics  M1 : cylindrical mirror, horizontal deflection, 24 =175°, gold coated, water 

cooled, vertical demagnification (17:2.5) of source on entrance slit 

 entrance slit slit setting: 0-2000 µm , water cooling, insolated blades for vertical beam 

position sensing ,on line laser diffraction slit width monitor 

 monochromator principle: 

variable deflection angle, focussed spherical grating monochromator 

optical components: 

M2: plane mirror, vertical deflection, 24 = 169-175°, gold coated, water 

cooled 

G1-3: spherical gratings, vertical deflection, 24 = 169-175°, gold coated, 

water cooled 

    E [eV] d["/mm] R [mm] coating  

   G1 90 - 350 900 60000 Au  

   G2  300 - 650  1200 88000 Au  

   G3  500- 1500  1500 109000 Au  

 exit slit slit setting: 0-2000 µm, +/- 200 mm translation , on line laser diffraction 

slitwidth monitor 

 postmonochromator optics M3: cylindrical mirror, horizontal deflection, 24 = 176°, gold coated, vertical 

demagnification (1 : 1) of exit slit 

M4: plane elliptical mirror, horizontal deflection, 24 = 176°, gold coated, 

horizontal demagnification of source 

 references [1] F. Senf et al,  Nucl. Instr. and Meth. A 467-468 (2001) 474. 
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