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Abstract

A new type of electrostatic el ectron spectrometer is developed, capable of particular
sensitive measurements of energy spectra and time-of-flight distributions. Thisinstru-
ment is specifically designed and optimized for |aser-pump/x-ray-probe measure-
ments, where photo electrons or Auger electrons from surfaces, clusters, molecular or
atomic targets are being measured with high time-resolution at an extremely low de-
tection-noise level. The compact and robust cylinder-symmetrical system is astrongly
improved Bessel-box design, featuring electron retardation, alarge detection solid-
angle, about 100% el ectron transmission (gridless design) and excellent time-resolu-
tion. In this paper we describe the principle of operation of thistype of spectrometer
and various tests. We present quantitative results for electron measurements with dif-
ferent solid-state targets and two different el ectron-detection systemsin comparison to
electron-trgjectory simulations inside the electrostatic spectrometer fields. Picosec-
ond-pump/probe operation has been tested with high laser power and even the ability
to work under femtosecond-pump-probe conditions with electron detection at the

BESSY |1 dlicing facility has been proven.
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1. Introduction

Electron spectroscopy provides many tools for the investigation of atoms, molecules,
clusters and solids. Excitation by electrons, ions or photons enables gaining not only
structural information®, but also detailed insights into electron dynamics, especially if
time-resolved measurements are being used. The coupling time of the electronic de-
grees of freedom with the atomic motion (e.g., lattice vibrations) ranges from 50
femtoseconds (the so-called cold melting?) to hundreds of picoseconds via el ectron-
phonon or electron-ion interactions®. The electronic motion itself, as e.g. connected to
electron diffusion in coordinate space and thermalization of the energy distribution,
occurs on a femtosecond time-scale.

Using free-electron-lasers (FEL), x-ray pulses with awidth of only afew fs
may be used to determine the lattice structure™ ® or to investigate short-time dynamics
using pump-probe technics® ”. The alternative excitation by primary swift heavy ions
iseven asfast as 10" s. Snapshots of the corresponding electronic time-evolution in
the range of 1 to 10 femtoseconds may be extracted from the observation of different
ion-induced x-ray- or Auger-decay peak-structures.® Using pump-probe techniques
with FEL radiation or decay-time techniques with fast heavy ions provides high count
rates, but it is nearly impossible to avoid high degrees of electronic excitation and the
corresponding very high electron temperatures. The perturbative regime at low elec-
tron temperatures may be accessed using the so-called femtoslicing techniques, where
asmall slice of an electron bunch in a synchrotron ring provides x-rays for time-
resolved techniques. However, even when combined with an x-ray undulator, this
method provides only 10° to 10" photons per second.® Considering the transmission
and energy window of the beamline-monochromator, as well as the mean free path
(MFP) of electron absorption, Auger yield and MFP of Auger-electron emission from
the target, in addition to acceptance solid-angle, transmission, energy window, and
detector efficiency of atypical electron spectrometer, we come up with a count rate
estimate of far below 0.1 Hz (superimposed on a huge signal background). Such low
intensities call for improved e ectron-spectroscopy methods, when Auger- or photo-
electrons shall be measured in a laser-pump/x-ray-probe experiment.

Many different types of electron spectrometers do exist and the experimental

evolution continues until nowadays. 1> ** For an efficient application of electron spec-
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troscopy in femtosecond |aser-pump/x-ray-probe experiments, however, some further
improvements are needed. Thus, we have designed an electron spectrometer that

. features cylinder symmetry, up to 100% transmission and a large ac-
ceptance solid-angle for high count rates

. features a good intrinsic time resolution, in order to separate individual
bunches within the synchrotron time structure and to minimize the influence of sto-
chastic detector-noise signals

o isinsensitive to large amounts of low-energy electrons, as produced by
strong pump-laser pulses

o is compact, as well as mechanically and electronically robust.

The above requirements have directed our attention to the so-called Bessel-
box design principle. The origina version of this electrostatic energy filter for
charged particles is termed “Bessel Box”, because its internal electrostatic potential
and field strengths depend on the modified Bessel functions of order zero and one'?.

This original Bessal-box version is displayed in Fig 1a. It works similar to a
so-called einzel lens that focuses charged particles without changing their exit energy.
Ring-shaped entrance and exit apertures define the electron trgjectories, correspond-
ing to certain fixed ratios between electron energy E. and anayzer voltage U. A major
disadvantage of the origina design, however, is the existence of (asymmetric) traec-
tories that cross the symmetry axis. These trgjectories lead to spurious peaks in the
energy spectra and need to be removed. An appropriately improved Bessel-box ver-
sion™ is displayed in Fig 1b, as this design avoids such spurious trajectories. Today
one may find many applications of different Bessel box types in ion sources, ioniza-
tion vacuum meters, ion detectors and quadrupole mass spectrometers.™* > 1 |n this
paper, however, we concentrate on the development of a new and significantly im-
proved Bessel box type (the retarding Bessel box RBB) as a stand-alone system ena-
bling electron spectroscopy under extreme conditions. These extreme conditions are
low primary electron intensities, a strong low-energy electron background by high-
power laser excitation and nanosecond intrinsic timing requirements. Fig 1c shows
our new design and, in comparison to the original design, the exit plate is modified in
two aspects: It contains only a single exit hole instead of aring aperture and it is con-

nected electrically to the analyzer voltage U. This design does not allow for trajecto-



ries without cylinder symmetry and it includes other advantages, as will be discussed

in the subsequent sections.

2. Experimental methods
The retarding Bessel-box RBB system has been tested inside a mobile ultra-high vac-
uum (UHV) scattering chamber at residual pressures typically far below 10 mbar
during the various experimenta runs. Measurements have been performed with inci-
dent electrons, using primary electron energies between 500 eV and 5 keV as deliv-
ered by the internal electron gun of the scattering chamber. The main experimental
runs have been performed with synchrotron radiation at the dipole beamline PM3 and
at the undulator beamlines UE112_PGM-1, UE56-2_PGM-2, and UE56-1_PGM of
the BESSY Il synchrotron in Berlin.

The spectrometer was mounted on an x/y/z-trandl ation stage, located at a de-
tection angle of 90° with respect to the incident x-ray-beam direction and at 135°
(backward scattering) with respect to the incident electron-beam direction. For the
electron detection, the RBB was first equipped with a simple anode plate that enables
DC electron-current measurements. Later on, a u-sphere plate and finally a chevron-
type double channel-plate (resistivity matched detection-grade type, with an aspect
ratio of 60:1 by tectra) have been used for single electron counting as well as event-
mode data acquisition (saving the measured pulse height as well as the electron time-
of-flight).

Very different types of targets (atomically clean graphite and copper aswell as
anaturally oxidized Al sample) have been used during the test phases of the RBB.
The surfaces of the clean sample have been prepared either by cleaving or by sputter
erosion with an internal Ar-ion gun and sample annealing using el ectron-beam heat-
ing. A small aperture at the end of the target holder (below the 3 additional sample
positions) is used as a metering orifice. An accurate adjustment of the different prima-
ry beams at the same point in space with respect to the target center(s) is performed in
connection with the target-current measurement and optical fluorescence inspection at
the aperture as well at the exit port of the chamber.

3. Trajectory Simulations

Electron-tragectory simulations have been performed using versions 7.0 and 8.1 of the



SIMIONY program. The final simulations are based on a 2D grid with cylindrical
symmetry and aresolution of 0.1 mm per grid point. The definition of the simulated
electrostatic boundary conditions is adjusted to measured distances and size of all
electrodes and apertures of our test device. Because charged-particle trajectories de-
pend only on the ratio of kinetic energy and electrode voltage (independent of particle
mass), we have performed all simulation with electrons at or around an energy of 1
keV. The central entrance blocker has a diameter of 6 mm in all smulations, corre-
sponding to an angular cone of £6° or less. This carbon-coated blocker does not only
stop electrons from directly hitting the detector, it also absorbs scattered x-ray and
laser photons, allowing for pump/probe experiments at high laser power.

The exit aperture of the RBB has also a diameter of 6 mm. Most simulations
were performed for a multi-channelplate (M CP) behind the exit aperture. The MCP-
front voltage V4 istypically +100 V and the MCP-backside voltage is about +2000 V.
Note that the calculated electron tragjectories are dightly influenced by the value of the
MCP-front voltage V4. An influence of the M CP-backside voltage, however, was not
observed.

Fig. 2 displays a 3D presentation of the negative electrostatic potential (poten-
tial electron energy) as function of the position inside the RBB. The bundle of red
curves shows tragjectories of electrons at Ec=1000 eV for an inner spectrometer volt-
age of V; =-937 V. The yellow time markers in the trgjectory bundle indicate consecu-
tive time-periods of 1 ns. All trgjectories start with different polar emission angles 6.
at the same fixed source point on the spectrometer axis. Some of them enter the RBB
through the electron-optical entrance aperture ring behind the front inlet (for the sup-
pression of stray electrons). This determines the el ectron-acceptance angle of the
spectrometer. These electrons are decel erated and slightly steered away from the spec-
trometer axis due to the repulsive potential (during climbing up the potential energy
hill). The electron slowing-down is also visible as a reduced distance of the time
markers. Afterwards, the electrons are steered back to the axis center and compressed
in space (focusing property of the RBB). Finally, the trajectories penetrate the exit
aperture and are accelerated onto the front side of the MCP detector (V 4=+100 V),
where they may |lead to countable electron signals.

Fig. 3 displays the same cut through the spectrometer for three different inner
spectrometer voltages V;. For each value of V;, equipotential-lines are shown for the



same set of potentials and the plotted electron trajectories belong to same total elec-
tron energy (E<~1000 eV) and to the same set of polar emission angles 6. The dis-
tance between the electron-source point and the el ectron-optical entrance aperture
RBB ring isAz=28 mm, asin Fig. 2. Fig. 3adisplays the case of high repulsive poten-
tials (V; =-1037 V) and consequently the 1-keV-electrons cannot pass the exit aper-
ture. The trgectories are even bent backwards and do never penetrate far into the inte-
rior of the RBB. Fig. 3b shows the same situation (V; =-937 V) asin Fig.2, with an
optimized voltage at the inner electrode and an electron transmission of about 100%.
In Fig. 3c, the magnitude of V; isso low (-837 V) that the electrons are not compl etely
bent back to the spectrometer axis. None of the electrons do pass the exit aperture and
thus, the transmission of the spectrometer is O for this case.

Fig. 4 displays the predicted electron yield (for Az=28 mm, asin Fig. 2) as
function of the inner Bessel-box voltage Vi, the so-called spectrometer function.
SIMION simulations have been performed for a single fixed source point of 1-keV-
electrons (E; = 1000 eV) and for equidistant mesh points of polar emission angles Oe.
The effective detection solid-angle AR¢// is evaluated numerically from the simul ated
electron trajectories according to

AT =27 ¥;AB,; sinb,; ,
where each detector hit with index 1 is weighted with the corresponding sine of the
polar angle 6, ; and with the fixed polar mesh-point difference A6, ; = 0.01°. The
effective solid-angle AN¢/7 as defined above is simply the product of the constant
entrance solid-angle A2° and the spectrometer-transmission function T (V;, E,). The
parameter AR° isthe soiid angle given by the pure geometrical entrance opening of
the spectrometer relative to the source point. The transmission function T'(V;, E,) is
the ratio of electrons behind the exit aperture to the ones that enter the spectrometer
field and accounts for the electrostatic interaction between the inner electrode of the
RBB and the electrons. Experimentally, one has also to consider the energy-
dependent detection efficiency ¢ (using the equation AQ¢/S = AN°T(V;, E,)e(E,))
that isinfluenced by the choice of the electron-detector system. For the resuitsin Fig.
4, however, weuse e = 1.

Asisvisible from Fig. 4, the spectrometer function is asymmetric. The mean
value of the distribution is (V;) = 943.4 V and the peak maximum of the spectrometer

function isfound at V;™"** = 936.8 V. At this peak maximum nearly all trajectories



that enter the spectrometer through the entrance opening do aso pass the exit aper-
ture, corresponding to a transmission of 99.2%. The absolute value of AR¢// is0.106
sr for this case, which means that about 1.7% of all electrons emitted into the hemi-
sphere (limited by a cone of £12.1°) are analyzed inside the RBB. It is emphasized
that even very large electron analyzersin their most recent development stages do just
reach the 10% level'°, when considering the reduced transmission through grids as
well. The relative energy resolution of the RBB is 2.34% FWHM for the above case.
Thisvalueissurprisingly small for an electrostatic spectrometer with large openings
and without an extra deceleration stage. Focusing and deceleration in front of the exit
aperture of this retarding Bessel-box (RBB), however, lead to a high transmission and
an increase the energy dispersion, in order to ensure areasonable energy resolution.
Note that the shape of the spectrometer function and the quantitative results derived
therefrom do also depend on the distance Az between RBB and the el ectron source-

point, a parameter that will be varied in the subsequent sections.

4. Resultsand Discussion

In the following subsections, we present first experimental electron spectra taken with
the RBB and evaluated quantitative parameters of the detection system in comparison
to values extracted from SIMION el ectron-trgjectory simulations (see section 3). Re-
sults for aluminum oxide and for highly oriented pyrolytic graphite (HOPG) will be
shown and spectra have been taken with different types of electron detectors: asimple
anode plate, a u-sphere detector and finally with a chevron-type double channel-plate
detector. Finally, the spectrometer timing and its ability to cope with pump-laser radi-

ation as well as with the low x-ray flux from a femto-slicing source will be discussed.

4.1. Electron Spectra
Fig. 5 displays an electron spectrum induced by the interaction of primary electrons at
akinetic energy of 800 eV with a cleaved HOPG sample. The x-, y- and z-settings of
the RBB had been optimized, prior to the measurement of this spectrum. The distance
between target center and RBB entrance-aperture ring was Az=40 mm, limited by the
position of the primary electron beam. The spectral intensity (not corrected for the
energy dispersion) was obtained from the electrical current measured at an anode-
plate at ground potential (no detector-bias voltage), used instead of an amplifying



detector behind the exit aperture. The low anode-plate current in the fA to pA range
set the requirement for alow-pass filter and averaging over at least 1 second, in order
to reduce the influence of internal and external electrical noise. Furthermore, it was
necessary to delay the current measurement for some seconds after switching to a new
Bessel-box voltage, for damping the influence of capacitive crosstalk (between inner
electrode and anode plate) inside the RBB. This measurement-mode (current integra-
tion with an anode plate) does not yield any information on the electron time-of-flight,
but it can be used for absolute calibration purposes or for the investigation of extreme-
ly high electrons intensities.

The spectrum in Fig. 5 contains different features that are very typical for elec-
tron-induced spectra. At the highest Bessel-box voltage, corresponding to the electron
energy of 800 eV, the backscattering peak is visible, where the incoming el ectrons are
deflected by the screened target nuclei without any inelastic energy losses. Thisre-
stricts the penetration depth to about 0.8 nm (between 1 and 2 layers of graphite),
41% of the so-called mean free path (IMFP)*® for the large backscattering angle of
$=135°. Slightly below 800 eV thereis a shoulder in the spectrum due to backscatter-
ing involving inelastic energy losses, related to excitation of bulk plasmons. At the
energy of about 270 eV, there isthe carbon KVV Auger-peak structure, where an in-
ner-shell vacancy (K) decays due to the residua interaction of two valence-band elec-
trons (VV). Because the IMFP at 270 eV isonly 0.8+0.2 nm®, the Auger-electron
emission tests the same depth as the elastic backscattering. One may use thisline
structure, e.g., to derive information about the degree of multiple ionization, electron-
ic screening and local electron temperature after ion excitation.'® The continuous elec-
tron intensity below the backscattering and Auger peaksis due to electrons that have
suffered many inelastic energy losses related to various processes, e.g., surface- and
bulk-plasmon- aswell as intra- and inter-band excitations. The energy loss of afast
electron ismost likely related to the creation of a slow electron and such cascade el ec-
trons pile up in the low energy maximum visible at about 10 €V in Fig. 5.

Fig. 6 displays an electron spectrum induced by the interaction of monochro-
matic x-rays at akinetic energy of 360 eV with a native (oxidized) Al sample. The
spectrometer is placed at an angle of 90° with respect to the linearly polarized photon
beam. The target normal is at an angle of 45° with respect to incident and emission

angle, all in the same scattering plane. Asin Fig. 5, also this spectrum has been meas-



ured in the current-integration mode without any detector bias. The distance between
target center and RBB entrance-aperture ring was Az=34.5 mm, the shortest possible
distance for an x-ray generated spectrum with our RBB test-version. Asthisisana
tive Al sample, it contains not only Al, but also O and C. Thus, there are different
types of photo-electron peaks (marked XPS) and a carbon KVV Auger peak, asin
Fig. 5. The clear separation of the different peaks shows that a stoichiometry analysis
is possible with the RBB in combination with a corresponding software package®. The
anode peak-current of the Al-L; peak is slightly below 2 pA, corresponding to 10°
electrons/second. The current fluctuation is about 1% of the mean current at Bessel-
box voltages between 100 and 200 V. These fluctuations are due to el ectronic ampli-
fication and due to external noise signals. In a pul se-counting mode this would corre-
spond to a statistical noise of only 10* electron counts in the Al-L X PS peak.

4.2. RBB Parameters
Fig. 7 displays two energy-calibration curves of the RBB. The distance between target
center and entrance aperture RBB ring was Az=30.5 mm in this case. Several photo-
electron spectra have been taken for native Al and Si samples, smilar asin Fig. 6.
The open blue diamond symbols on the upper calibration curve are derived from the
relative Bessel-box voltages corresponding to the Al-L o3 photo-ionization peak max-
imum vs. the primary photon energy in the current-integration mode. The red circles
have been obtained for the same oxidized Al sample, but using pul se-counting with
el ectron-cascade amplification by a p-sphere-plate (M SP) detector. In both cases, the
photon energy of 200 eV was taken as reference energy. The olive solid circles are
taken for a Si target and rely also on pulse-counting with the M SP detector. It is seen
that the slope of the calibration relation, V; vs. Eghoon, does neither depend on the tar-
get nor on the detection method. A spectrometer constant Crgg, With
Vi AV

Eelectron rﬁ"f"‘phot{}n

Crpp(Az = 30.5 mm) = = 0.9426 + 0.0007

may be extracted from these data points.

Fig. 8 displays important characteristic values of the Bessel-box spectrometer.
Three measured and simuleted dependencies are plotted as function of the z-distance
Azpgp between the source point and the electron-optical entrance-aperture. The effec-

tive detection solid-angle AR¢/7 is shown in Fig. 8a). The solid green diamonds (con-



nected by a spline curve) have been computed with SIMION, as explained for Fig. 4.
In Fig. 8a), however, we present only the solid angle for the maximum electron yield,
after optimization of the Bessel-box voltage V. It is seen that a maximum detection
solid angle of about 0.1 sr may be reached at z-distances below 30 mm. Compared to
the value of 2z for the hemisphere, this means that nearly 2% of all electrons gjected
from asurface are analyzed in the RBB. The dashed green curve shows the typical
relative Azg 5 dependence of AR®/T . Deviations from the Azg 2, dependence are
found at smali (Azgpg < 29 mm) as wal asat large distances (Azggg > 55 mm). At
large distances, the circular background-suppression aperture in the entrance nose
(close to the source point, on the right-hand-side in Figs. 2 and 3) blocks the tragjecto-
riesfor large polar angles. Thisresults in a reduced solid angle for the el ectron-optical
entrance into the spectrometer. At small distances, there exists no such external trajec-
tory-blocking, but at Azggp < 29 mm, the electron transmission is less than 100%
inside the spectrometer. Thi's reduced transmission is related to incomplete focus ng
of trajectories through the exit aperture in the exit plate.

Experimental data are obtained only for the intermediate range of Azgpgp posi-
tions. The results are shown as solid pink stars and they have been determined from
the maximum measured relative photo-electron peak intensity (see Fig. 6) by varying
Azggp and keeping al other experimental parameters fixed. These intensity values are
adjusted to the theoretical resultsin Fig. 8a). Comparison of RBB measurements us-
ing anode-plate electron-detection with the total target-emission current shows that
the experimental detection solid-angle AR2¢/7 is consistent with the SIMION resultsin
Fig. 8a).

Fig. 8b) displays the relative el ectron-energy resol ution AE ) g of the RBB,

where E is the measured kinetic energy of a sharp peak and AE is the corresponding
FWHM energy width. The solid pink stars are experimental data derived from Al-L 23
photo-electron peak-shapes, asin Fig. 6. The solid blue hexagons are experimental
data points derived from the high-energy slope of electron backscattering at 1000 and
800 eV, asin Fig. 5. The small solid olive squares connected by a curve have been
estimated from SIMION cal culations using simplified assumptions on the simulated
peak shapes. The two larger solid olive diamonds show accurate SIMION results ob-
tained from full peak-shape analyses for two z-positions (Az =28 mm asin Fig. 4 and

46 mm). Comparison shows that the measured energy resolution seems to be slightly
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better than the one obtained from the trajectory simulations. A misalignment of the
absol ute target-spot position, and hence an error in Az, might be an explanation, alt-
hough our estimated Az-uncertainty of +1 mm is somewhat too low to explain the
deviationsin Fig. 8b).

Fig. 8c) displays the spectrometer constant (or spectrometer factor) Crgg as
function of the spectrometer-target distance Azgpp. The spectrometer factor describes
the relation between measured kinetic electron-energy Egjectron and the inner Bessel-
box voltage V;, asidiscussed for Fig. 7 (Crgg = Vi/Eetectron [ V/€V]). The experi-
mental photo-electron results are shown as solid pink stars, asin Fig. 6. The precise
data point at Az=30.5 mm is extracted from the energy-calibration curvesin Fig. 7.
Other data pointsinvolve only two or three measurements at different x-ray energies.
The dashed pink curve was obtained from experiments at just one photon energy as
function of the distance Azggp, and thus, this curve is scaled to the other (absolute)
experimental data. The solid biue hexagons are experimental data points derived di-
rectly from electron backscattering, asin Fig. 5 (by assuming a good absolute accura-
cy of the electron gunin use). Asin Fig. 8b), the small solid olive squares plus curve
show simplified estimates of the spectrometer factor for areduced set of SIMION
calculations and the two larger solid olive diamonds show accurate SIMION results
obtained from full peak-shape analyses for the mean inner Bessel-box voltage < V; >
for two z-positions (Az = 28 mm as in Fig. 4 and Az = 46 mm). All spectrometer fac-
tors are dlightly below 1, which means that the inner Bessel-box voltage (in Volts) is
only dlightly lower than the kinetic electron energy (given in eV). The absolute exper-
imental and theoretical spectrometer factors agree well with each other. Time-
dependent RBB properties are discussed in the section below.

4.3. Time-of-Flight Distributions and Short-Time Test
Fig. 9 displays three ssmulated electron time-of-flight spectrafor the RBB as function
of the absolute flight time of 1-keV electrons. Each distribution d*N/dQdt was deter-
mined from a sampling (weighted with sin 6, ;) of the absolute flight times calcul ated
with SIMION (time bins are 0.02 ns wide) for trgjectories that reach the front surface
of the detector. Going beyond the single-source-point approximation, we have per-
formed these simulations for a set of 9 different source points representing a source

diameter of about 90 um. In each case, the original data are plotted as symbols and a
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fit curve with equal color is added to guide the eye.

The solid pink circles have been obtained for a distance of Az = 46 mm and for
an optimized Bessel-box voltage of -922.0 V. The other two data set have been calcu-
lated for Az = 28 mm (asin Fig. 4). Although the mean time-of-flight varies only by
0.8 nsout of about 18.5 ns (4% variation) for the two distances, the width does
strongly depend on the distance (FWHM of 0.61 nsand 1.11 nsfor the two cases).
The pink symbols (Az = 46 mm, V;=-922.0 V) correspond to a transmission of 100%.
Thisis not the case for the other two curves. The solid blue squares (Az = 28 mm,
V=-937.2 V) correspond to atransmission of 98.2%.

This distribution has an asymmetric shape with a sharply rising onset and a
continuously decaying behavior at larger times, similar to the pink curve. The blue
curve, however, isinfluenced by 1.8% of the particlesthat are blocked by the exit
plate, close to the aperture. These trgjectories correspond to long flight-times and
large initial polar angles. The olive curve (solid green diamonds for Az = 28 mm, V;=-
936.8 V), however, looks different although the inner voltage differs by only 0.4 V
from the blue curve. This olive curve corresponds to a reduced transmission of 95.6%
and the missing trgjectories are found at intermediate flight times, producing adip in
the time spectrum. These intermediate flight times are related to intermediate initial
polar angles and the focusing properties of the RBB are causing other trgjectoriesto
penetrate the exit aperture. Hence, small variations of the inner voltage may have a
significant effect on the shape of the time-of-flight spectrum for a mono-energetic
line.

Fig. 10 displays measured time-of-flight distributions dN/dt as function of a
channel number (in arbitrary units) for a distance of Az = 30.5 mm. The Al-L, 3 photo-
ionization peak has been selected by the choice of two primary photon energies (Ey=
200 eV and 670 eV) and the corresponding Bessel-box voltages (-175V and -554 V).
The time difference between an electron-signal processed by a constant-fraction dis-
criminator and the BESSY -I1 synchrotron-bunch-marker provides the (relative) time-
of-flight value. Electronically, thistime difference is converted into a pulse height
with atime-to-amplitude converter (TAC) and this analogue signal is digitized by an
analog-to-digital converter (ADC) within our setup.

M easurements have been performed with different time ranges At-TAC. At At-

TAC = 2 psin the lower part of figure, the periodic time structure of the synchrotron
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(repetition frequency of 1.25 MHz corresponding to an 800-ns period) is clearly visi-
bly. It isrelated to the so-called multi-bunch-(3+1)-hybrid-mode, the standard opera-
tion mode for femtosecond slicing operation at BESSY 1. This mode includes a mul-
ti-bunch train with many small electron bunches being 2 ns apart and carrying 280
mA of electron-beam current altogether. This multi-bunch train corresponds to the flat
parts of the time distribution at channel numbers below 166 and above 286. The mul-
ti-bunch train isinterrupted by a gap of about 225 ns, containing only four larger
pulses. These so-called single bunches carry a maximum electron current of 5 mA
each and are separated by 36 ns from each other.

The upper two plotsin Fig. 10 show the same synchrotron-time structure as
below, but at a higher Bessel-box voltage and with reduced TAC ranges (At-TAC =
200ns and 50 ns) in order to expand the time scale and to improve the time resolution
of the RBB aswell as of the electronics. In the central plot, one may clearly observe
the 36 ns distance between the large single bunches and in the upper plot it is even
possible to observe the 2-ns pul se separation in the multi-bunch train. An experi-
mental time resolution of At=1.9+0.2 ns may be extracted from this plot. At the RBB
electron energy of about 590 eV, we expect the time-of-flight value and peak width to
be increased by afactor 1.30 (proportional to E"?) in comparison to the SIMION
simulationsin Fig. 9. Using a geometrical interpolation of the Az values, the electron-
ic time resolution and the known energy scaling we estimate a FAVHM value of
At=1.6 ns. Taking into account that the SIMION resultsin Fig. 9 have been obtained
for mono-energetic electrons, this estimated time resolution isin good agreement with
our experimental value. Even the asymmetry of the simulated peak structure seemsto
be reflected in the measured time spectra. Furthermore, the At values are roughly
doubled, when aflat continuous electron distribution (no sharp energy peak) is select-
ed with the RBB. This statement holds true for the experimenta data (not shownin
Fig. 10) aswell asfor the SIMION analysis of such a case.

In the last part of this section, we will show that the electron count-rates are
high enough and detector background is low enough to perform even slicing experi-
ments with this setup. In principle, our data-acquisition system is able to produce
event mode data, where the electron energy, the detector pulse-height as well asthe
time-of-flight value are stored together for each detected electron, enabling accurate

post-beam-time evaluation. In the following, however, we have simply used pul se-
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height discrimination of the TAC pulse to define an el ectron acceptance-time-window
of aroughly 10 nswidth. Thus, we are counting those el ectrons that reach the detector
within a pre-defined time-window related to the range of electron energiesto be
measured in a spectrum. A time-window being too small would suppress true el ec-
trons counts, but the larger the time window is, the more electron-signals from neigh-
boring synchrotron bunches as well as statistical detector-noise signals would lead to
an unwanted background count rate.

Fig. 11 displays two electron spectra taken under extreme experimental condi-
tions. Photons of an energy of 940 eV have been directed onto an atomically clean Cu
(110) target under grazing incident angles. The emission angle in this caseis close to
the surface normal. Thus, we have optimized the excitation conditions (grazing Cu-L3
ionization slightly above the edge) and the emission condition for a maximum count
rate. The electron energy range corresponds to the Cu-LMM structure that is superim-
posed on the weaker photo ionization peaks from valence band and M shells. X-ray
excitation of Cu and Cu-LMM Auger-electron emission is well investigated®, specif-
ically for excitation close to the L3 resonance®.

The symbols represent uncorrected experimental data taken during a pul se-
sampling time of 150 sfor each data point. The underlying curves are fits to guide the
eye. The upper curveis actually very similar to spectrataken with alarge fraction of
the synchrotron beam at electron count rates of nearly 1 MHz. The detected count rate
in Fig. 11, however, wasonly 0.7 Hz or less. In order to extract short x-ray pulses of a
width of only 100 fs, the BESSY femto-dlicing facility was used for the upper spec-
trum. These femto-dlicing x-ray pulses are produced with a frequency of only 6 kHz,
compared to 500 MHz within the BESSY multi-bunch train. Using laser-induced
maodification of a synchrotron bunch inside an undulator, a 100-fs sliceis cut out of a
100-ps bunch. Considering all such loss effects, femto-slicing x-ray-pulses are re-
duced by roughly a factor of 4-10°® compared to the full beam (at low time resolu-
tion). At such alow x-ray flux, statistical noise in the detector or an x-ray background
of slow pulses due to insufficient filtering in the beamline may become important.
Both background sources, however, can be excluded based on the low counting rate in
the lower spectrum of Fig. 11. This spectrum is taken under identical conditions as the
upper spectrum, but with the femto-dlicing pul se extraction being switched off. Thus,
the RBB is able to operate nearly background-free under femto-dlicing conditions at
the BESSY -11 synchrotron.

14



5. Conclusions and Outlook

We have developed a new and compact type of electron spectrometer, opti-
mized for special tasksin surface science. With its small length of about 15 cm, it
may be even mounted inside a scattering chamber. Our actual version of the RBB
features alarge detection solid angle (nearly 2% of the hemisphere for g ection from
solid surfaces), atotal time resolution of about 2 ns, and a relative energy resolution
of about 3%. For all important RBB spectrometer parameters, experiments and
SIMION simulations have been performed and good agreement has been found. This
indicates a good understanding of the operation principle of the RBB system. The
robust design of the RBB enables the measurement of kinetic electron energies up to
about 5 keV.

Thelarge solid angle yields extremely high electron intensities and enables to
operate the RBB even in a current-measurement-mode, using an anode plate without
amplifying detector. A small positive bias voltage at the anode plate should alow for
direct absolute intensity calibration of the whole system as the electron-detection effi-
ciency should be close to 100%. The current-measurement-mode enables also a sys-
tem operation at mbar pressures, as the limiting factor will be electron scattering at
residual gas atomsinside the spectrometer and a resulting loss of the electron-energy
resolution (this mode has not been tested). Contrary, an open electron detector with
cascade amplification, such as electron multiplier, channeltron, microsphere-plate or
microchannel-plates, requires a pressure typically below 10 mbar and thus, is the
main limitation regarding residual -gas pressure.

We have tested the RBB also in a pul se-counting-mode with a microsphere-
plate (el-mul type 025D) and finally with microchannel-plates (tectra M CP25-60
type). Thislast mode of operation allows electron detection at 0.7 MHz without sig-
nificant saturation effects. This high count rate enables rapid energy scans aswell as
NEXAFS scansin a partial-yield mode. The main goal, however, was the devel op-
ment of a spectrometer optimized for laser-pump/x-ray-probe experiments with good
time resolution. We have tested the RBB successfully in such measurements with ps
time resol ution®”. The spectra of Auger and photo-ionization peaks were not disturbed
by Laser induced electrons that pile up a lower energies. Furthermore, we have
shown that the spectrometer works well with the low x-ray intensities delivered by the
BESSY -1 femto-dlicing facility, involving short x-ray pulses of only 100 fs width. A
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good time resolution of the RBB itself is very important to achieve alow signal back-
ground.

Note that the electronic noise of the system has been reduced significantly af-
ter finishing the experiment series described here. In addition, event-mode data acqui-
sition has later-on been tested as well and thus, the detection time window may now
be adjusted to the detected el ectron energy. Both developments allow for virtually
background-free measurements at electron detection rates far below 1Hz. Additional
SIMION studies indicate that it is also possible to increase the effective detection sol-
id-angle, and thus the all-over count rate, without a significant loss in time- or energy
resolution of the RBB.

In summary, we have developed a new type of electrostatic electron spectro-
meter, the retarding Bessel box. It isrobust and small, involves alarge detection sol-
id-angle and the important electron-optical parameters are well understood. We have
also shown that the RBB is insensitive to the large number of low-energy electrons
and photons produced during laser-pump/x-ray-probe measurements. Finaly, this
RBB has also passed the test with particularly short and therefore relatively weak x-
ray pulses at the femto-dlicing facility. Thus, the RBB opens some new tracks for

€l ectron-spectroscopy applications.
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Figures and Figur e Captions

a) Original Bessel-Box Design
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Fig. 1. (colour online) Variations of Bessel-box type energy filters. @) the origina
and most simple Bessel-box design; b) an improved design with a central electron-
stopper plate; c) our improved spectrometer design. The thin (green) curves with ar-

rows show typical electron trajectories corresponding to the specific design.
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Fig. 2: (colour online) 3D presentation of the electrostatic potential energy -€V(z,x)

of electronsin the RBB spectrometer. One may see that the outer housing and the
front nozzle (near the electron source point) is on ground potential. 1-keV-electron
trgectories are plotted as thin red lines, interrupted by (yellow) time markers (see
text). After moving through a ring-shaped entrance opening, electrons are decel erated,
steered and partly refocused by the repulsive potential (-937 V) on the inner electrode.
Finally, after penetrating the exit aperture, electrons are accelerated towards the posi-
tively biased detection system (either an anode plate or a pulse-amplification detec-
tor).
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Fig. 3: (colour online) A cut through the RBB spectrometer, showing equipotential
lines as thin (blue) curves and a selected group of electron trajectories as athick (red)
bundle for three different retarding voltages V; at the inner electrode: @) V= -1037 V;
b) Vi=-937V; c) V;=-837 V. All smulated electrons start exactly at the same source
point with akinetic (or total) energy of 1 keV.
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Fig. 4: (colour online) Effective detection solid-angle as function of the Bessel-box

voltage, evaluated from detector hits of the simulated electron trajectories (see text).
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Fig. 5: (colour online) Measured el ectron-emission spectrum (in arbitrary units) in-
duced by 800-eV primary electrons incident on a cleaved HOPG sample. The
backscattering angle is $=135° relative to the incident beam.
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dent and emission angle are 45° in the horizontal scattering plane.
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Fig. 7: (colour online) Energy-calibration curve: mean Bessel-box voltage (minus an
arbitrarily fixed bias voltage) corresponding to a specific photo-ionization peak max-

imum vs. primary photon energy (see text).
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Fig. 8: (colour online) Measured and simulated characteristics of the Bessel-box sys-
tem for different z-positions of the RBB manipulator. a) Effective detection solid-
angle AN°T7 | b) relative electron-energy resolution AE/E, and c) spectrometer factor
Crss as function of the spectrometer-target distance Az (see text). The dashed vertical
lines mark the position of the entrance nose (at 20.5 mm) and for those source points
(> 55 mm) where large-angle trgjectories are blocked by the entrance nose.
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Fig. 9: (colour online) Simulated time-of-flight distribution d’N/dQdt versus the ab-
solute flight time of 1-keV electrons for @) a Bessel-box voltage of -922.0 V and az
distance of 46 mm (solid red circles), b) a Bessel-box voltage of -936.8V and az dis-
tance of 28 mm (solid green diamonds), c) a Bessel-box voltage of -937.2V and az

distance of 28 mm (solid blue squares).
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Fig. 10: (colour online) Measured time-of-flight distributions d®N/dQdt versus chan-
nel number for the Al-L 3 photo-ionization peak (at Bessel-box voltages of Vi=-175
V and -554 V) induced by the pulsed x-ray photons delivered by the BESSY |1 syn-
chrotron. Measurements have also been performed with smaller time ranges (upper
two plots) of the time-to-amplitude converter (TAC), in order to improve the electron-

ic time resolution.
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Fig. 11: Measured electron-emission spectrum induced by 940-eV primary photons
(slightly above the Cu-L 3 excitation threshold) incident under grazing angles on an
atomically clean Cu(110) sample (the emission direction is close to the exit normal
exit). The upper spectrum (solid red spheres) is due to the short-time pulses of about
100 fs produced by the BESSY femto-dlicing facility. The lower spectrum (solid
green spheres) shows the over-all background count-rate, when the laser-controlled
femto-dlicing x-ray-pulse extraction is switched off. The data acquisition time was
150 sfor each energy point in both spectra
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