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ARTICLE INFO ABSTRACT

Keywords: The strong electric field between the sample and the extractor is at the heart of cathode lenses and a crucial factor
Momentum microscopy for high resolution. However, fields in the range of 3-10 kV/mm can be a source of complications. Local field
)P;IEEII\SAM enhancement at sharp edges or microscopic protrusions of cleaved samples can lead to field emission or flash-

overs. In addition, slow background electrons drawn into the microscope column contribute to space charge
effects. A novel objective configuration, optimized by ray-tracing simulations at energies from a few eV to 6 keV,
significantly reduces the field at the sample. One or more annular electrodes concentric to the extractor can
shape the electric field in front of the sample. The formation of a ‘gaplens’ reduces the field to values below the 1
kV/mm range. Tuning the field to zero is advantageous for 3D structured samples. Retarding fields repel slow
electrons, suppressing space charge effects. The properties of the different lens modes are investigated using ray
tracing and determination of aberration coefficients. Despite its much lower electric field, the gaplens mode
exhibits smaller aberrations and enables larger fields of view for both momentum and real space imaging. At
electric fields as low as 1200 and 880 V/mm, the accessible solid angle interval in the gaplens mode is three times
larger than in the extractor mode (with a start energy of 100 eV and a k-resolution of 102 A™?). Due to the
elimination of space charge effects in the retarding field mode, XPEEM resolutions in the range of 25 nm are
predicted. The ray tracing results are confirmed by the spherical and chromatic aberration coefficients of the
real-space and k-space images.
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1. Introduction

The performance of cathode lens microscopes such as photoemission
electron microscopes (PEEMs), low-energy electron microscopes
(LEEMs) and momentum microscopes (MMs) depends on the strength of
the accelerating field between the sample and the extractor. The
simplified treatment by Briiche and Recknagel [1,2] was subsequently
refined by extensive theoretical work by Bauer and Rempfer et al. [3,4].
Finally, Tromp et al. derived the aberration coefficients of cathode
lenses up to the fifth order [5,6]. Typical cathode lenses of PEEMs and
MM are designed for extractor fields in the range of 3-10 kV/mm. Such
fields can be problematic for cleaved samples, which often have sharp
corners or protruding lamellae, with the potential for field emission or
even flashovers.

A second problem can arise from the space charge interaction. The
extractor field attracts slow electrons into the lens column, where they
exert Coulomb forces on the photoelectrons. The number of slow sec-
ondary electrons, resulting from cascade scattering processes, can
potentially exceed the number of true photoelectrons by several orders
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of magnitude. This is particularly problematic in experiments using
pulsed X-ray beams from synchrotrons or free-electron lasers. The space-
charge effect has been observed to impose a resolution limit in X-ray
excited PEEM (XPEEM) [7-9] and to induce a Lorentzian deformation of
the iso-energetic planes in MMs [10]. In time-resolved experiments
using the pump-probe technique, another species of slow electrons can
be released by the pump pulse via multiphoton photoemission (nPPE)
transitions. The long-range Coulomb interaction between this species
and the photoelectrons leads to artifact signals that can obscure the true
effects [11].

The extractor field has thus been identified as a potential source of
complications in several cases. The prevailing notion that strong
extractor fields are essential for optimal cathode lens function limits the
use of this technique because of the practical constraints that impede its
application. This prompted us to investigate alternative front lens con-
figurations with the goal of bypassing the strong extractor field.

In the novel lens configuration, the homogeneous accelerating field
is replaced by a gaplens, which is an additional lens located in the space
between the sample and the first electrodes. The potential distribution is

Received 13 September 2024; Received in revised form 8 May 2025; Accepted 16 May 2025

Available online 23 May 2025

0304-3991/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-3207-2490
https://orcid.org/0000-0003-3207-2490
mailto:tkachole@uni-mainz.de
www.sciencedirect.com/science/journal/03043991
https://www.elsevier.com/locate/ultramic
https://doi.org/10.1016/j.ultramic.2025.114167
https://doi.org/10.1016/j.ultramic.2025.114167
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultramic.2025.114167&domain=pdf
http://creativecommons.org/licenses/by/4.0/

O. Tkach and G. Schonhense

formed by one or two ring electrodes that are concentric with the
extractor. The ring electrodes do not obstruct the space between the
sample and the extractor, but can generate a variety of lens fields within
the gap. By applying different voltages, the field at the sample surface
can be tuned from a strongly accelerating to a retarding configuration.
Each has a different effect on the imaging behavior.

This work investigates the different operating modes of the gaplens
geometry through ray tracing simulations. Despite the reduced field at
the sample, which avoids the risk of field emission, spherical and
chromatic aberration in the k-image in the back focal plane are signifi-
cantly reduced compared to the extractor mode. This enables much
larger k-fields of view with up to 18 Al in diameter, which is advanta-
geous for photoelectron diffraction studies. In XPEEM mode fields of
view larger than 4 mm are a crucial aspect for the upcoming full-field
imaging PAXRIXS technique [12]. Reducing the electric field at the
sample is advantageous for samples with corrugations or electrodes on
the surface. Retarding fields repel slow electrons and eliminate most of
the vacuum space-charge interaction in time-resolved pump-probe ex-
periments. The ray tracing results are presented and discussed here. The
first experimental results presented in Ref. [13].

2. Multimode front lens
2.1. Motivation and operating principles of the multimode lens

PEEMs and MMs are optimized for different purposes. The goal of
PEEM:s is high-resolution real-space imaging, while MMs are designed
for k-space imaging. Depending on the specific application, the quality
criteria for MM images may vary. When recording valence band pat-
terns, the quantity of interest is the k-resolution. Benchmark values in
the range of 0.004 A‘l, obtained with a double-hemispherical MM [14]
are comparable to those obtained with conventional angle-resolved
photoelectron spectroscopy (ARPES) using a hemispherical analyzer
(HSA) [15]. For time-of-flight (ToF) MM at higher energies in the soft or
hard X-ray range [16,17] additional criteria become relevant. In the
context of X-ray photoelectron diffraction (XPD), the size of the
observed k-field is of paramount importance as it determines the infor-
mation content of the diffraction patterns. The detection of k-fields with
diameters larger than 12 A has been demonstrated using hard X-ray
excitation [18,19]. For such large k-fields, the spherical aberration of the
lens system is the limiting factor.

With regard to chromatic aberration, the circumstances depend on the
specific instrument. In the case of HSA-based MMs recording 2D (ky,ky)
patterns, the bandwidth of the detected electrons is narrow. In experi-
ments with He-lamps, the final energy resolutions achieved with
different setups ranged from 4 to 13 meV [20-22]. In synchrotron ex-
periments, the resolution is limited by the bandwidth of the photon
beam, typically 30-50 meV in the soft X-ray region and an order of
magnitude larger in the hard X-ray range. Under these conditions,
chromatic aberration is negligible. ToF-MMs [16,17] simultaneously
record 3D (ky,ky,Exin) arrays with specific Exi, bands. For core-level XPD
imaging, the energy band is typically around 500 meV. In this case, the
effect of chromatic aberration is small. Chromatic aberration is signifi-
cant for ToF-MM based ARPES, where bands of several eV width are
recorded. The main effect can be eliminated by numerical data treat-
ment [23] (see section 2.2). We note that the aberrations of the objective
lens can be compensated by a mirror corrector, which requires an
arrangement with two magnetic beam separators [24].

The development of the multimode lens was driven by the afore-
mentioned problems caused by the high field strength (voltage break-
through) and space charge effects (energy shifts and broadening, image
blur). The basic concept behind the design of the new front lens was the
ability to vary the field strength at the sample over a wide range, from
acceleration to deceleration, by changing the potentials of the extractor
and ring electrodes. The primary goal was to optimize the k-image
quality with an accelerating field of significantly reduced strength
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compared to classical cathode lenses. For specimens with critical fea-
tures such as sharp corners or protrusions, this mode should be superior
to the extractor mode. The second goal was to develop a retarding mode
that would eliminate the main contribution of the space charge effect,
especially in pump-probe photoemission experiments at high harmonic
generation (HHG) based sources and free-electron lasers (FELs). A sys-
tematic ray tracing approach was used to investigate the properties of all
modes over a range of lens geometries and kinetic energies. All simu-
lations were performed with the SIMION code [25].

Fig. 1(a-e) show the front part of the novel lens, equipped with two
ring electrodes designated R1 and R2. The effect of these electrodes is
illustrated by five characteristic lens field distributions. First examples
of such electrodes were presented in Ref. [26]. By varying the potentials
of R1 and R2, additional degrees of freedom for field shaping can be
introduced.

When Ex, R1 and R2 are set to a high positive potential with respect
to the sample (here all at 20 kV), the configuration represents the
extractor mode, Fig. 1(a). The uniform field is F = Ugy/], in this case F =
+3.3 kV/mm for a gap between Sa and Ex of 1 = 6 mm. By reducing the
potentials of R1 and R2, an additional converging lens is introduced into
the gap. Fig. 1(b) shows the equipotential contours for Ugx= 12 kV and
Ugr1 = Ugre = 0. In this gaplens mode, the accelerating field at the sample is
significantly reduced, here to +1 kV/mm. By setting R1 and R2 to
negative voltages, it is possible to compensate the field at the sample
surface. This results in the zero-field mode shown in Fig. 1(c), for Ugx = 8
kV and Ugr; = Urs = -10 kV.

A further increase of the negative potentials at the ring electrodes
results in the repeller mode, as shown in Fig. 1(d), with Ury = Urg = -12
kV. The repelling field is indicated by red equipotential contours, here
with a field strength at the sample of -310 V/mm. The saddle point at a
potential of Us = -375 V acts as a high-pass filter, allowing only electrons
with initial kinetic energies Ey > 375 eV to pass. The repulsion of a large
amount of electrons results in significant reduction of the Coulomb
interaction within the beam. Another degree of freedom in field shaping
is introduced by setting R1 and R2 to different potentials. It is possible to
modify the repelling field in order to create different shapes, and the
position of the saddle point can also be adjusted. In the illustrative
example shown in Fig. 1(e), where Ug; is set to -9.6 kV and Ugs, is set to
+8 kV, the retarding field is reduced, the saddle point is moved closer to
the sample, and the refractive power of the gaplens is increased.

Fig. 1(f) shows the geometry of a low-energy prototype of the com-
plete front lens consisting of sample (Sa), extractor (Ex), here one ring
element (R), focus (Foc), contrast aperture array (CA) in the reciprocal
image plane (dotted red line), and the 1% octupole stigmator (Stig.1), not
shown in detail. The gap is 1 = 6 mm and the extractor hole diameter is 4
mm. Fig. 1(g) shows the second lens group forming the 1% Gaussian
image in the plane of the field aperture (FA). The equipotential contours
and rays in (f,g) correspond to the gaplens mode and Ey = 100 eV, as will
be further illustrated in Fig. 2. The blue rays started from the sample at
100 pm off-center and are imaged in the FA plane at a magnification of
12. The third group of lenses (not shown) is a zoom lens that forms the
final k-image on the image detector behind the ToF section. Figs. 1(h)
and (i) show the front view and cross-section of a prototype of extractor
and ring electrode that are used for initial experiments at low kinetic
energies.

2.2. Spherical and chromatic aberration in extractor and gaplens modes

A major goal of the present study was to investigate the performance
of the gaplens mode (Figs. 1(b,f)), which is used to reduce the field at the
sample surface. In particular, we addressed the question of how the
imaging quality of the gaplens mode compares to that of the extractor
mode. The simulations, together with the first experimental validations,
were performed for a single ring electrode (R) configuration, like shown
in Fig. 1(f). Figs. 2 and 3 provide an answer to this question. Ray tracing
simulations were performed for three different initial energies: Eg = 100
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Fig. 1. Operating schemes for the different modes of the multimode front lens, showing the equipotential contours. (a) Classic extractor mode with the extractor Ex
and ring electrodes R1 and R2 at 20 kV, resulting in a homogeneous field of F= +3.3 kV/mm. (b) Gaplens mode with Ugx= 12 kV and Ur;= Ug2 = 0 V, resulting in the
formation of an additional lens in front of Ex, which reduces the field at the sample Sa to +1 kV/mm. (c) Zero-field mode (F= 0), obtained with Ugx = 8 kV and
negative ring electrodes (Ur1= Uga= -10 kV). (d) Repeller mode, here with F= -310 V/mm, obtained with Ugy= 6 kV and Ug;= Ura= -12 kV. The saddle point at Us =
-375 V defines the low energy cutoff. (e) Repeller mode, modified by setting Ugx= Uro= +8 kV and Ur;= -9.6 kV. In (d,e) the retarding field is indicated by red
potential contours. (f) Geometry of the complete front lens including the focus electrode (Foc) and the lens element with stigmator 1 and contrast aperture (CA); the
dotted red line indicates the 1*' k-image. (g) Second lens group, consisting of the transfer lenses T1-T3 and the lens element with stigmator 2 and field aperture (FA).
The dashed blue line indicates the 1% Gaussian image. Note the different scale bars in (f,g). (h,i) Top view and cross section of a first prototype of the electrodes Ex
and R.
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Fig. 2. Comparison of extractor and gaplens modes for Eo = 100 eV; source spot diameter 30 pm. Simulations for ag = 0-70°, corresponding to a k-field of 9.6 A™ in
diameter. (a) Extractor mode with Ug, = Ug = 20 kV giving an electric field of F = 3.3 kV/mm. A k-resolution of Ak = 1072 Al is obtained for o up to about 35°. The
blue and black ray bundles (difference 102 10\'1) are just separated at 0° (lower inset) and 35° (upper inset); the dotted red lines mark the k-image plane. (b) The same
for the gaplens mode. Here, a resolution of 102 A7 is achieved for oo up to 70°. (¢) Quantification of the chromatic aberration. The k-image (left inset) shows a
significant change in magnification with energy between 97 and 103 eV. The double arrow labeled x0.5 indicates a change in the radial scale. The Gaussian image
(right inset) shows both the magnification change and a significant image plane shift. The dashed blue line indicates the Gaussian image plane. (d) Simulation for the
whole microscope in gaplens mode. The resolution of Ak = 102 A™! is maintained in the final k-image.
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Fig. 3. Comparison of extractor and gaplens modes for Eo = 900 eV and 6 kV; source spot diameter 100 pm. (a-c) Simulation for ay = 0-30°, corresponding to a k-field
of 15 A in diameter. (a) Extractor mode with Ugy = Ur = 20 kV giving a k-resolution of Ak = 0.015 A7 for angles up to op = 20° (dia. 10 A’l). (b,c) Gaplens mode with
Ugx = 20 kV and Uy = -5 kV (F= 1.3 kV/mm). Here Ak = 0.015 Al is obtained for angles up to op = 30° (dia. 15 f\'l). The dotted red lines mark the k-image planes.
(d-f) Analogous simulations for Ey = 6 keV (ap = 0 -14°; dia. 19 ;\'1). (d) Extractor mode [Ugx = +20 kV; F = 2.5 kV/mm; dia. 12 ;\'1]. (e,f) Gaplens mode [Ugy = +17

kV; Ug = -5 kV; F = 440 V/mm; dia. 19 A™].

eV (Fig. 2),900 eV and 6 keV (Fig. 3). 100 eV is achieved by synchrotron
beamlines as well as HHG-based laboratory sources, while the latter two
are typical soft and hard X-ray energies, respectively.

The trajectory simulations for Eg = 100 eV, Fig. 2, were performed
for a range of take-off angles from ap = 0° to 70°. The k-field radius is
given by kj = 0.512 sina \/ Eg; 70° corresponds to a k-field diameter of
9.6 AL. The simulation for the extractor mode is shown in Fig. 2(a). 20kV
at the extractor and ring electrode results in a homogeneous electric
field of 3.3 kV/mm in a 6 mm gap. Fig. 2(b) shows the corresponding
trajectories for the gaplens mode. By setting the ring electrode to Ug = -2
kV and reducing Ugy to 15 kV, the homogeneous field is replaced by an
accelerating lens in the gap between the sample and the extractor. The
field strength at the sample is reduced to 1.2 kV/mm. It increases to 3.6
kV/mm at the center of the gaplens.

Spherical aberration causes the rays in a k-image to become
increasingly over-focused as k|| increases, resulting in field curvature. On
a planar detector, this field curvature causes image blur that increases
with distance from the center. For most k-imaging experiments, the
quantity of interest is not only the ultimate resolution Ak, but - equally
important - the size of the k-field, which in many cases should contain
more than a full Brillouin zone. Large k-fields are the main advantage of
momentum microscopes, e.g. in comparison with hemispherical ana-
lyzers. Here we quantify the spherical aberration by a practical criterion:
For a resolution value Ak we determine the maximum radius k["® up to
which this resolution is achieved. For a given k-field, Ak is ultimately
limited by the pixel resolution of the detector. Delay-line detectors with
a 3D imaging scheme have effective pixel sizes of 80 ym. For an 80 mm
detector this nominally corresponds to 1000 points along the image
diameter (experiments typically yield half of this value). In the examples
of Fig. 2, the photoemission horizon (defined by the full 2x solid angle) is
about 10 AL, Then 1000 resolved pixels correspond to a resolution of Ak
=102 A, which we use as a quantitative criterion for the simulation.
Note that this value is about a factor of 2 worse than the best k-resolution
reported by Tusche et al. [14].

Ray tracing allows this criterion to be translated into a usable k-field
diameter. Due to the k-image curvature the point (along the optical
axis), at which two closely spaced ray bundles are just completely
separated depends on the radius k. The insets in Figs. 2(a) and (b) show
black and blue ray bundles separated by 1072 Al In the experiment, the
focus is adjusted so that the image plane (dashed red line) intersects the
point, where this condition is satisfied for the central (paraxial) and off-
axis ray bundles (lower and upper insets). At these positions the rays are

just separated at op = 35° in (a) and 70° in (b), as shown in the upper
insets, defining k["®. g = 70° (9.6 Al diameter) in gaplens mode and
op = 35° (5.9 A'l) in extractor mode correspond to 94 % and 33 % of the
full 27 solid angle, respectively. For Eg = 100 eV the smaller field cur-
vature in the gaplens mode gains about a factor of 3 in the accepted solid
angle interval and 2.6 in the corresponding k-space area.

The divergence of the ray bundles is defined by the source diameter,
defined by the photon footprint on the sample or the size of the field
aperture. Here we assumed a spot of 30 pm diameter, which is a typical
value for state-of-the-art HHG setups [27] and synchrotron beamlines
[16,17]. ﬂ“‘“‘ increases with decreasing source diameter. However, the
field curvature does not depend on the source size, so the relative
behavior remains the same. For extractor voltages < 20 kV, the curva-
ture in (a) is even more pronounced, further reducing the usable angular
range. The striking difference between Figs. 2(a,b) is also reflected in the
spherical aberration coefficient ck; of the reciprocal image. In the
gaplens mode with field strengths of 1200 and 880 V/mm, this coeffi-
cient is about a factor of 3 smaller than in the extractor mode; see
Table 1, values in blue and red boxes.

Two different effects are observed as a characteristic of chromatic
aberration. Transverse chromatic aberration (also called chromatic aber-
ration of magnification) results in a variation of the image magnification
as Eyj, varies. This effect can be easily corrected numerically [23].
Longitudinal chromatic aberration results in a shift of the image plane
because the refractive power of a lens varies with 1/ \/ Eyin. With
increasing deviation from the chosen center energy this leads to image
blur that cannot be corrected. These effects are present in real-space and
k-images. They are negligible in experiments with HSA-based MMs or
when studying core levels, due to the small transmitted energy band or
the small linewidth. These effects become significant when imaging
valence band patterns of several eV width with a ToF-MM. Especially in
pump-probe experiments the ultrafast dynamics of both hot electrons (a
few eV above Er) as well as the corresponding holes (a few eV below Ep)
must be simultaneously captured.

For the quantification of the chromatic aberration in gaplens mode
we chose an interval of 100 + 3 eV. Rays for different energies are
shown in the insets of Fig. 2(c) in both the 15t k-image (left inset) and the
1% Gaussian image (right inset). The shift of the image plane (longitu-
dinal effect) is negligible and not visible in the insets of Fig. 2(c). The
transverse effect is quantified for op = 30° in the left inset. Blue, black
and red beams correspond to Ep = 103, 100 and 97 eV, respectively.
AEyin = 3 eV results in a shift corresponding to 0.039 f\'l, which can be
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Aberration coefficients for the lens geometry shown in Figs. 1(f,g) for an initial energy of Eq = 100 eV. The electric field at the sample surface (Field) was varied in a
wide range by adjusting the voltages of extractor (Ex) and ring electrode (R). M is the resulting image magnification. C3 and Cc are the spherical and chromatic
aberration coefficients and Dj is the distortion coefficient of the Gaussian image. C*5 and Ck¢ are the spherical and chromatic aberration coefficients of the reciprocal
image. For the definition of the coefficients and details of their calculation see supplementary material.

Field Ex R M [ Cc D, c .
MODE: V/mm kv kv mm mm mm? mm?
1. Extractor 3240 20 20 9.8 0.11 -0.19 0.039 0.24 0.20
2. Extractor 2400 15 15 10.1 0.20 -0.22 0.048 0.27 0.21
3. Extractor 1200 7.5 7.5 9.1 0.88 -0.44 0.086 0.27 0.28
4. Gaplens 1200 15 -2 113 0.17 -0.21 -0.045 0.10 0.075
5. Extractor 880 5.55 5.55 8.5 1.58 -0.62 0.107 0.27 0.33
6. Gaplens 880 10 0 10.3 0.36 -0-33 -0.033 0.09 0.092
7. Repeller -14 9.3 -11.3 11.6 1.49 -1.14 -0.132 2.5 3.13

corrected by data processing [23]. This result is further quantified by the
chromatic aberration coefficient Ckc, which is a factor of 3.6 smaller in
the gaplens mode than in the extractor mode (Tab. 1, last column).

In the Gaussian image the longitudinal effect is larger as shown in the
right inset of Fig. 2(c). To avoid overlapping, the ray bundles (100 + 3
eV in steps of 1 eV) were shifted laterally on the sample in steps of 200
nm. For AEy, = 3 eV the longitudinal effect results in a blur of 56 nm,
which is in the range of the XPEEM resolution. However, XPEEM is
typically performed at core levels with energy widths of < 1 eV, so the
additional blur is < 10 nm and thus negligible. As with the k-image, the
transverse effect can be corrected numerically [23]. We will return to
the XPEEM mode in Sec. 3.

Simulations for the complete ToF-MM showed that these values for
the spherical and chromatic aberration effects are transferred to the final
k-image, see Fig. 2(d). The details of blue and black beams at the central
(Iower inset) and outer beam bundle (upper inset) in the final k-image in
Fig. 2(d) show the same k-resolution as found for the 1% k-image in Fig. 2
(b). These results for Ey = 100 eV have shown that the gaplens mode
provides access to the full 2x solid angle interval, which typically in-
cludes many Brillouin zones. A wide range of applications is expected.

The results for Eg = 900 eV (ag = 0-30°) and 6 keV (ag = 0-14°) are
shown in Fig. 3. As a consequence of the larger k-field diameters of 15
and 19 A’ the field curvatures in the extractor mode (denoted by the
dashed red curves in Figs. 3(a) and (d)) are even larger and lead to
blurring of the outer parts of the images. The usable angular range
defined by 1000 resolved image points is reduced to 20° (k-field diam-
eter of ~10 f\'l) for 900 eV and 9° (diameter ~12 /0\'1) for 6 keV. The
trajectories for the gaplens mode at 900 eV are shown in Figs. 3(b,c). In
this case, the total k-field of 15 A7 satisfies the condition Ak = 0.015 A™.
Here, the field strength is 1.3 kV/mm at the sample and increases to 3.8
kV/mm at the center of the gaplens.

For Ey = 6 keV the gap size was increased to 8 mm, which proved to
be advantageous for experiments at such high energies. Due to the larger
k-field the usable angular range is defined by the criterion Ak = 0.02 A™..
For the gaplens mode with Ugx = 17 kV and Ugr = -5 kV the entire k-field
of 19 A'! satisfies this condition (Fig. 3(e)). The k-field curvature is very
small and the field strength at the sample is as low as 440 V/mm, see
Fig. 3(f). It can be reduced to zero for a larger negative potential at R, as
will be discussed in the following section. Such settings are optimal for
operando samples with contacts or actuators on the surface. By
providing access to k-fields of up to 20 Alin diameter, the gaplens mode
is advantageous for hard X-ray XPD studies. Such large k|-values require
the incorporation of subsequent electron lenses with larger diameters
while maintaining reasonable fill factors.

It can be concluded that the additional lens positioned between the
extractor and the sample has the effect of reducing the field strength at
the sample surface compared to the extractor mode. In addition, the k-
field diameter is increased and the k-resolution is improved over the
entire energy range from the XUV to hard X-rays. We have introduced
the practical criterion that the k-resolution should be limited by the
detector resolution and not by the electron optics. The combination of a
reduced field at the sample and improved image quality makes the
gaplens mode a promising option for many applications. It is the stan-
dard mode at the HHG-based fs XUV source at CELIA, Bordeaux [27-29].
It has also been used in soft X-ray experiments at beamline PO4 at PETRA
III (DESY, Hamburg, Germany) [30,31].

2.3. Repeller and zero-field mode

By setting the ring electrode R to a larger negative voltage and
reducing Uy the field at the sample surface can be tuned to zero or even
negative values. Such modes are called zero-field and repeller modes. The
gaplens mode (see Section 2.2) is a flexible alternative to the conven-
tional extractor mode. In contrast, the repeller mode is primarily designed
for a specific application, namely the reduction of space charge inter-
action. Consequently, this mode is particularly attractive for time-
resolved photoelectron momentum microscopy using pump-probe
techniques. In these experiments, a significant number of slow elec-
trons can be emitted by the pump pulse through nPPE processes or
plasmonic emission. Time-resolved ToF-MM at FELs and HHG-based
laboratory sources is an emerging technique that is on the rise. Refer-
ences [28,29,32-38] provide insight into various aspects of this
technique.

Fig. 4 shows the repeller mode for four initial energies between Ey =
36 eV and 3.6 keV. In this range, the extractor potential is reduced from
Ugx = +9.5 kV to +3.3 kV, and Ug = -12 kV for the first three cases and
-15 kV for 3.6 keV, resulting in repeller fields at the sample surface
between F = -11 V/mm and -1.3 kV/mm, respectively. The retarding
field determines the distance at which electrons of a given energy are
repelled toward the sample surface. The saddle point acts as a high-pass
filter, with Ug defining the cutoff energy for the electrons escaping from
the sample. In the sequence from Ey = 36 €V to 3.6 keV, the cutoff energy
increases from 3 eV to 3.15 keV; see values in the panels of Fig. 4. The
refractive power of the saddle point potential is very high, so the first k-
image is located in the gap region and the first Gaussian image appears
close to the extractor bore. The real-space imaging properties of this
unusual type of lens will be discussed in Sec. 3.

Fig. 4(a) shows the front lens region up to the ond

k-image, while (b)
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Fig. 4. Ray tracing for the repeller mode and the zero-field mode (only (e)). The retarding field F at the sample surface and the potential of the saddle point Ug are given
in the panels. (a,b) Repeller mode for E; = 36 eV and oy = 0-30°, corresponding to a k-field of 3 A7 diameter. (a) Detail from sample (Sa) to the ond k-image; (b)
simulation for full ToF MM optics. (c,d) The same for Eg = 100 eV for ag = 0 -27° (k-field 4.5 10\’1). The retarding and accelerating field regions are marked by red and
blue equipotential contours, respectively; the numbers represent the potential in volts. (€) Zero-field mode obtained from (d) by increasing Ugx by 430 V. (f,g) Repeller

mode for Eq =

shows the complete lens optics of a ToF-MM for Eg = 36 eV and ag = O -
30° (k-field diameter 3 10\'1). The simulation for the complete ToF MM
optics shows that the k-field visible in (a) is transferred to the final k-
image on the detector, i.e., the aberrations of the following lenses are not
significant. This configuration with Us = -3 V effectively removes all
slow electrons with kinetic energies up to 3 eV from the beam. Fig. 4(c)
shows the equipotential contours of the front lens for Eg = 100 eV and
ag = 0 - 27° (diameter 4.5 ;\'1). The contours of the retarding region are
shown in red. The retarding field of F = -38 V/mm causes slow electrons
with energies up to 3.8 eV to turn back within the first 100 pm from the
surface. Up to the saddle point at Us = -16 V all electrons up to Ey = 16
eV are repelled.

Increasing Ugy to +9.73 kV causes the saddle point to shift toward
the sample surface, establishing the zero-field mode, see Fig. 4(e). Under
these conditions, the field increases gradually and remains relatively
low for the first half mm. This is advantageous for samples with 3-

900 eV and ag = O - 8° (k-field 4.2 A™). (h,i) Simulation for Ey =

3.6 keV and o = 0 - 6° (diameter 6.3 A ™).

dimensional structures, such as operando devices with electrodes on
the top surface. For clarity, the voltages on the potential contours in
Fig. 4 and on the lens elements in all Fig.s are referenced to the sample (i.
e. Usy, = 0). In experiments Usg, is often set to Ey/e. The shapes of po-
tential contours and trajectories do not depend on the choice of refer-
ence point.

With increasing kinetic energy, the basic behavior remains the same,
as can be seen in the results for 900 eV and 3600 eV shown in Figs. 4(f,g)
and (h,i), respectively. To maintain the high refractive power at higher
kinetic energies, Ugy is reduced and Uy is increased (for Eg = 3.6 keV, Ug
=-15kV and Ugx = +3.3 kV). We observe a trend that the saddle point
and the first k-image move closer to the extractor hole and the usable k-
field diameter increases. The strong deceleration and the curvature of
the equipotential contours act as a strong lens. In Fig. 4(h) Eyj, drops
from 3.6 keV at the sample to 320 eV at the saddle point. The distance
between the object (sample) and the first Gaussian image is between 5
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and 10 mm.

The lens geometry is designed so that the position of the second k-
image in the repeller mode coincides with the position of the first k-
image in gaplens and extractor modes. In the microscope, this plane
contains the array of contrast apertures. The usable k-field diameter is
reduced compared to the other modes. However, it increases with
increasing kinetic energy, from 3 to 6.3 Al in the sequence in Figs. 4(b,
d,g,i). This reduction in the k-field size is also reflected in an order of
magnitude larger spherical aberration coefficient C*3 of the reciprocal
image (Tab. 1, last row).

2.4. Basics of the repeller mode

The crucial effect of the repeller mode is the fast separation of the slow
background electrons from the photoelectrons. Here we briefly recall the
essentials from Fig. 2 of Ref. [39]. Early time-resolved ARPES experi-
ments at FELs [40,41] have shown that both the pump and the probe
pulses contribute to the space charge effects. Simulations and synchro-
tron experiments [10] as well as FEL experiments [11,39] have shown
that the situation is particularly critical in the extractor mode, because
the field accelerates the slow electrons into the lens column, where they
travel as a charge cloud along the optical axis at a short distance from
the photoelectrons. The integral Coulomb interaction along the optical
path causes artifacts in time-resolved measurements, masking the true
dynamic effects.

Zhou et al. [42] were the first to analyze the combined effect of space
charge and image charge for excitation with 60 ps synchrotron pulses.
For such long pulses the electron cloud is propagated along the optical
axis. Nevertheless, the study showed that the effect of the space charge
and its positive image charge (also called mirror charge) induced in the
conducting surface partially compensate each other. Femtosecond pump
pulses release slow electrons that form a flat ‘charge carpet’ in front of
the surface (Fig. 2(a) of [39]). In repeller mode, this charge carpet re-
mains close to the surface for hundreds of ps (Fig. 4 of [39]). However,
the positive image charge effectively shields the Coulomb forces. For the
flat charge carpet, the configuration resembles the field of a capacitor.
The photoelectrons emitted at a later time by the probe pulse pass
through this carpet of slow electrons within a short time (a few to a few
tens of ps), depending on their energy. After passing through the carpet,
the escaping photoelectrons ‘see’ only the far-field distribution of this
capacitor. What remains is the stochastic e-e scattering as the
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photoelectrons (typically very few per photon pulse) cross the
high-density charge carpet. These stochastic events kick the electron out
of the observed phase space volume [43] and only contribute to a diffuse
background at lower energies.

Prior to the development of the multimode lens, we gained initial
experience with the so-called long-range modes that are possible in any
MM or PEEM with an electrostatic cathode lens. When the extractor is at
the same potential as the sample, the long range zero field mode is formed.
This mode has been exploited when tilting the sample in order to record
patterns at large off-normal angles (see Fig. 2(c) in [17] and Figs. 5(-p)
in [19] for details). When the extractor is set at a negative potential with
respect to the sample, the long-range repeller mode is obtained. The
operation of this mode was previously confirmed in an experiment at the
FEL FLASH at DESY [39], and it has been successfully used to probe
sub-picosecond magnetization dynamics [32].

In summary, the repeller mode is mainly useful in cases where space
charge effects are a significant obstacle. In pump-probe experiments it
provides access to a regime of pump fluences that is prohibitive for both,
MMs in extractor mode [39] and conventional hemisphere-based ARPES
experiments [40,41]. The strength of the space charge effects depends
on many factors, the discussion of which is beyond the scope of this
article. In general, it is less severe for sources with high pulse rates, such
as the cavity-enhanced HHG sources [44].

3. Real space imaging
3.1. ToF XPEEM mode

The ability to obtain high quality PEEM images with momentum
microscopes is important for a number of applications. Obviously, PEEM
is an effective way to optimize the photon footprint on the sample and
the spatial overlap of the pump and probe beams; an example is shown
in Ref. [11]. Second, the identification of homogeneous regions for
k-imaging is particularly important in the context of cleaved samples.
Third, the detection and subsequent elimination of emission hot spots
from the region of interest (ROI) by lateral displacement is of paramount
importance in pump-probe experiments. The intense electron emission
from hot spots is a major source of space charge effects. Fourth, PEEM
imaging is critical for the small-ROI mode of momentum microscopy,
analogous to sub-micron ARPES. The ROI can be limited by a small field
aperture in the intermediate Gaussian image. The effective emission

ToF-XPEEM: Strong repeller mode

« Contrast aperture (CA)

Field aperture\l

Eyin= 900 eV

0 pm = opt. axis
l3"’ Gauss. image

CAdiameter (um) = 500

final Gauss. image (FoV 50um)

350 200

Fig. 5. Time-of-flight XPEEM simulations for E; = 900 eV using the repeller mode [Ugx = 5.35 kV, Ug = -12 kV, F = -510 V/mm)]. (a) Front section showing the ond
momentum and 2™ Gaussian images aligned to the planes containing the contrast and field aperture arrays. These planes host the 1% k-space and Gaussian images in
extractor and gaplens modes. (b) Rays for the complete microscope optics at high magnification (M, = 1600). The upper and lower insets on the left show the details
of the 3" Gaussian and 2" k-image, respectively. The small insets on the right show ray groups starting from the sample at distances Ax between 300 and 15 nm; the
corresponding CA diameters are given at the bottom. High resolutions of 50 nm or better are achieved only for reduced FoV of 20 pm diameter, see second row

of insets.
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area for k-image acquisition is defined by this aperture, independent of
the photon footprint. ROIs of 700 nm in diameter have been selected for
k-imaging using UV laser excitation, with a photon footprint of
approximately 20 pm [45]. Even smaller ROIs appear to be feasible,
provided that the photon flux in the ROI is sufficiently high.

The four applications mentioned above support measurements of k-
distributions. In addition, high-quality real-space imaging facilitates
efficient analysis of the surface chemical structure. In a seminal paper,
Tonner [46] proposed a HSA-based energy-filtered PEEM for the X-ray
region (XPEEM). This concept was subsequently demonstrated experi-
mentally using synchrotron radiation by Bauer and coworkers [47].
Later, the method was extended to higher energies using
double-hemisphere setups [48,49,9]. These approaches are 2-D
recording methods. A ToF-MM can record 3-D data arrays (X,y,Ekin),
allowing rapid mapping of the chemical structure of a sample. The high
chemical sensitivity of ToF-XPEEM allows the determination of the
atomic species and their chemical states via core-level shifts.

Locatelli et al. [7] were the first to observe that the spatial resolution
of XPEEM at synchrotron sources is ultimately limited by space charge
effects. Later it was shown that this is also the case for
aberration-corrected instruments [8]. For metallic samples, the sec-
ondary electron spectrum resulting from the keV primary electrons ex-
hibits a peak at about Exj,= 2 eV and a width of several eV, which
depends on the work function (for details, see Ref. [50]). The secondary
electron background due to cascade scattering effects increases strongly
with increasing Eg. A ToF-MM experiment at Eg = 1 keV using syn-
chrotron radiation from a soft X-ray beamline provided a quantitative
assessment of this phenomenon [10]. Space charge shifts > 10 eV
indicate the presence of a macrocharge of 10°-10° slow electrons trailing
each photoelectron. The Coulomb repulsion is sustained over long pe-
riods of time and acts over macroscopic distances of tens of mm. By
removing all slow electrons from the beam very close to the sample
surface, the repeller mode is expected to dramatically improve XPEEM
performance in the soft and even more so in the hard X-ray region.

We have performed XPEEM simulations in repeller mode at various
energies from EUV to hard X-rays. As an example, Fig. 5 shows results for
Ey = 900 eV. Voltages Ur and Ugx were identical to Fig. 4(f), which
shows trajectories and equipotential lines of the special field distribution
near the sample. The strong retarding field of F = -510 V/mm removes
all electrons with Eg < 5 eV from the beam within the first 10 pm above
the sample. Following the results of Refs. [10,39] this should have the
effect of ‘turning off’ the Coulomb forces exerted by the slow electron
macrocharge. The trajectories up to the 2" Gaussian image are shown in
Fig. 5(a). The positions of the contrast aperture and the field aperture,
which are used to limit the k-range and the real-space range, respec-
tively, are indicated. The lenses are adjusted so that these positions
coincide with those of the 1% momentum and Gaussian images in
extractor and gaplens modes. This coincidence allows switching be-
tween the modes simply by varying the lens excitations.

Fig. 5(b) shows a simulation for the entire column with the lenses set
to a high magnification (M, = 1600). Systematic simulations revealed
that such strong retarding field settings are characterized by a negligible
curvature of the Gaussian image. An example for a FoV of 100 pm is
shown in the upper left inset of Fig. 5(b). We can speculate that this is a
property of the saddle-point field distribution, examples see Figs. 4(c,f,
h), which is atypical for converging lenses. However, this planar
Gaussian image comes at the cost of an increase of the k-field curvature,
as shown in the lower left inset of Fig. 5(b). This strong k-field curvature
is the reason for a significant reduction of the observable k-field diam-
eter in repeller mode.

We investigated the theoretical XPEEM resolution of the repeller
mode using the same approach as for k-imaging (see Fig. 2). The black
and blue groups of rays in the insets to the right of Fig. 5(b) are separated
on the sample by the distance Ax as indicated. The five columns corre-
spond to different sizes of the contrast aperture CA between 500 and 60
pm as indicated at the bottom. Due to the small field curvature, all insets
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in Fig. 5(b) are at or near the detector plane, dashed blue line on the
right. For each CA size, the spatial resolution is determined as the value
of Ax, where the ray bundles are just resolved. Due to the spherical
aberration, Ax increases with increasing distance from the optical axis.
Here we show Ax values for the paraxial rays (bottom row of insets), for
the edge of a 20 pm FoV (middle row) and for the edge of a 50 pm FoV
(top row). As CA is reduced, Ax varies from 150 to 15 nm on the optical
axis, from 180 to 25 nm at the edge of the 20 pm FoV and from 300 to 60
nm at the edge of the 50 pm FoV. The 1000-pixel criterion gives 20 nm
for 20 pm FoV and 50 nm for 50 pm FoV. This means that the CA 60 pm
achieves pixel resolution for these fields of view.

In summary, these simulations indicate that an XPEEM resolution of
< 20 nm can be achieved in repeller mode, where the space charge effects
are expected to be negligible. As the diameter of the contrast aperture is
reduced from 500 to 60 pm, the cross-section of the central ray bundle
shrinks from Ax = 150 nm to 15 nm. The spherical aberration coefficient
Cs of the repeller mode is almost identical to that of the extractor mode
at 880 V/mm; compare rows 5 and 7 of Tab. 1. In contrast, the co-
efficients of the k-image C*3 and CX¢ are an order of magnitude larger for
the repeller mode.

Experimentally, a prototype ToF-MM with multimode front lens
achieved a resolution of 90 nm by imaging triangular flakes of V-doped
WS, at the W 4f core level with soft X-rays at beamline PO4 (PETRA III,
DESY, Hamburg) [51]. The optics were operated in gaplens mode and
the transverse chromatic aberration was numerically corrected. This
value is comparable to nano-ARPES experiments with hemispherical
analyzers and small-spot photon beams using Kirkpatrick-Baez optics
and/or zone plates, e.g. at the ‘MAESTRO beamline’ [52] (at the ALS,
Berkeley) or the ‘ANTARES beamline’ [53] (at Soleil, Saint-Aubin). A
spectroscopic XPEEM without aberration correction (‘SPELEEM’ at
ELETTRA, Trieste) achieved a resolution of 30 to 40 nm [7]. An
aberration-corrected instrument (‘SMART’ at BESSY, Berlin) reached a
resolution of 18 nm [8]. In the LEEM mode with continuous beam, the
same instrument reached 2.6 nm, indicating that 18 nm is still limited by
space charge interactions in front of the small contrast aperture.

Such experiments require a large lateral magnification and a suffi-
ciently high flux density in the photon footprint. At the hard X-ray
beamline P22 of PETRA III, photon spot sizes < 10 pm have been ach-
ieved by using a focusing X-ray capillary [54]. This flux density will
allow to elucidate the practical limit of ToF-XPEEM resolution. The hard
X-ray region is highly attractive due to the large mean free path of the
photoelectrons, which allows the study of buried structures and thin film
devices [55,56] even in operando.

3.2. ToF-PAXRIXS mode

Finally, we introduce an upcoming application of the multimode
front lens that will offer a new approach to Resonant Inelastic X-ray
Scattering (RIXS). Fig. 6 shows the results of an XPEEM simulation in
gaplens mode to elucidate the maximum possible field of view. We found
diameters exceeding 4 mm, which is five times larger than the FoVs
achievable with standard low-energy PEEMs and MMs. These large
fields are paramount for a forthcoming methodology in which the
inelastically scattered X-ray photons impinge on a thin converter foil,
releasing photoelectrons. The photoelectron spectrum reflects the X-ray
spectrum, hence the name Photoelectron spectrometry for Analysis of X-
rays (PAX). Until now, PAXRIXS has been measured using classical
hemispherical spectrometers [12,57]. In the new ToF-PAXRIXS
approach, the microscope will capture 3D photoelectron arrays I(Exip,
x,y) from the converter foil with highest efficiency. The Ey, distribution
reflects the energy loss spectrum of the X-rays and the lateral co-
ordinates (x,y) are a measure for the momentum transfer. Since typical
RIXS energies are in the soft X-ray range, we ran the simulation for Ey =
900 eV.

Fig. 6(a) shows the region near the sample. The gap lens field con-
tracts the ray bundles and pulls the outer bundles closer to the optical
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ToF-XPEEM: Large field of view in gap-lens mode
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Fig. 6. Time-of-flight XPEEM simulations for Ey = 900 eV and a field of view of 4 mm using the gaplens mode [Ugx = 8.5 kV, Ug = +1.5 kV, F= 630 V/mm]. (a) Front
part showing how the ray bundles in the interval oy = 0 - 18° (k-field 9.3 A™") are contracted by the gaplens field. (b) Rays up to the 1% Gaussian image at a
magnification of M = 1, which requires a different position and a large size of the contrast apertures. The curved stripes in (a) are moiré artifacts. (c-g) Details of the
Gaussian images simulated for contrast aperture diameters between 2 and 14 mm as indicated. The panels show black and blue ray groups starting from the sample at

distances Ax between 20 pm (c) and 250 pm (g).

axis. For this simulation, the extractor hole diameter was increased to 5
mm so that all rays originating from the 4 mm FoV with g = 0 - 18°
would pass through the hole. Fig. 6(b) shows the rays up to the first
Gaussian image. The small magnification (here M=1) requires a large
diameter for the first k-image. Thus, this instrument has a contrast
aperture array in a different position and larger apertures up to 14 mm.
The final magnification at the detector is My, = 17, allowing observa-
tion of a 4.7 mm FoV on an 80-mm-diameter detector. Performance
criteria for this application include a large FoV diameter to capture a
broad range of momentum transfer and acceptance of a large solid angle
defined by the contrast aperture. To observe the k-dispersion in RIXS, 20
to 40 resolved points along the image diameter are sufficient.

Fig. 6(c-g) show an enlarged section of the Gaussian image shown in
the small inset on the top right side of (b). This region extends from
radius O to 2 mm of the FoV, see the ordinate scale in (c). Patterns (c,d,e,
f,g) were determined using contrast apertures of 2, 4, 5.3, 8 and 14 mm,
respectively. The sizes of the CAs and the distances of the blue and black
ray bundles are given in the panels. The results for small CAs were used
to check the resolution limit. 20 pm, as found for CA 2 mm (c), corre-
sponds to 200 resolved points along the diameter of the FoV. For PAX-
RIXS high intensity is mandatory; therefore the optimal operating point
will be at large CA diameters that are just sufficient for the required
lateral resolution. Figs. 6(f) and (g) show simulations with CAs of 8 and
14 mm, yielding 130 pm and 200 pm, respectively. These correspond to
30 and 20 resolved points along the FoV diameter. For the 14 mm case
(g), the diffuse background increases significantly; thus, this appears to
be the practical limit. This value corresponds to og = O - 8°, which is a
typical acceptance range of hemispherical analyzers. Such analyzers
record the distribution along a line. In contrast, the ToF-PAXRIXS
approach simultaneously captures the full 2D ROI with a radius of 2
mm. We have not yet determined the aberration coefficients for Eg =
900 eV, but we expect them to follow the same trend as those for 100 eV.
In gaplens mode, Cg is a factor of 4 - 5 smaller than in extractor mode
(Tab. 1, rows 3-6).

4. Summary and conclusions

A novel front lens has been developed for photoelectron momentum

microscopes and PEEMs. The primary goal was to reduce the electric
field strength at the sample surface thereby lowering the risk of field
emission or flashovers. These occurrences can be caused by local field
enhancement at sharp corners or protrusions of cleaved samples. A
second goal was to create a retarding field at the surface. In soft and hard
X-ray excitation and pump-probe experiments, the charge cloud of slow
background electrons is the main source of space charge effects. Redi-
recting all slow electrons back to the surface largely eliminates these
effects.

Systematic ray tracing calculations were performed for different
geometries. One or two annular electrodes that are concentric to the
extractor provide the degree of freedom to shape the electric field. The
result is a lens design that allows for four modes of operation: Extractor
mode, which operates with a high accelerating field; gaplens mode, which
operates with a significantly reduced field strength, zero-field mode, in
which the field at the sample is tuned to zero; and repeller mode, which
operates with a retarding field at the surface. The key design criterion
was that all four modes could be selected by simply applying different
potentials to the lens elements while keeping their geometry and the
position of the contrast aperture mechanism fixed. Since the retarding
field has a strong refractive power, this criterion could only be met by
adjusting the second k-image of the repeller mode to the position of the
first k-image of the other modes. In addition to ray tracing, we deter-
mined the aberration coefficients of the real-space and k-space images.

Adjusting the ring electrodes to a lower potential reduces the electric
field F at the sample from the typical range of 3 - 10 kV/mm in extractor
mode to 0.4 - 1.5 kV/mm. This greatly reduces the likelihood of field
emission or flashovers because these phenomena often exhibit threshold
behavior as a function of F. The extractor electrode, which is at a high
positive voltage and is surrounded by annular electrodes at lower volt-
ages, forms a gap lens between the sample and the electrodes. In gaplens
mode the field curvature of the k-image in the back focal plane is
significantly reduced, and the depth of focus increases. Each resolution
value, Ak, defines a maximum radius, ﬁ“ax, up to which this resolution is
achieved. For our comparative study, we chose Eg = 100 eV, an energy
available at synchrotrons and HHG-based laboratory sources. A resolu-
tion of Ak = 102 A is obtained for 94 % of the full 2x solid angle
(diameter 9.6 A'l) in gaplens mode and for only 33 % (diameter 5.9 A



O. Tkach and G. Schonhense

in extractor mode (see Figs. 2a and 2b). Consistent with this result, the
aberration coefficient Ck3 of the k-image is approximately a factor of 3
smaller in gaplens mode than in extractor mode.

The advantages of the gaplens mode become even more significant at
higher kinetic energies. Its low aberrations enable imaging of k-fields up
to 20 }0\'1, which is crucial for XPD experiments [18,19]. Large areas are
also accessible in XPEEM mode. For example, a 4 mm FoV was achieved
at Ey = 900 eV. This will be crucial for the upcoming ToF-PAXRIXS
technique [12,57]. The zero-field mode provides access to large
off-normal emission angles via sample tilt [17,19]. Due to the vanishing
field strength at the sample surface, this mode is ideal for samples with
surface roughness, corrugations, or 3D structure. Such topographic ef-
fects deform the electrostatic field and degrade resolution [58,59].

Current experiments using an HHG source with a low kinetic energy
of 16 eV standardly use the gaplens mode [27-29]. It has also performed
well with soft X-rays at the PETRA III synchrotron [30,31]. A key feature
contributing to the high collection efficiency is the small distance be-
tween the gap lens and the sample. Its high refractive power and prox-
imity to the object mimic the characteristics of an objective lens in an
optical microscope. The gap lens is followed by an aperture lens (the
extractor hole), which has negative aberration coefficients [60]. Unlike
in optical microscopy, round lenses in particle optics cannot eliminate
spherical aberration, as demonstrated by Scherzer and Rose [61,62].

Applying a negative potential to the ring electrode(s) creates a
retarding field at the sample surface. Slow electrons up to a certain
cutoff energy are deflected back to the surface, hence the name repeller
mode. The number of slow secondary electrons can exceed the number of
photoelectrons by several orders of magnitude, as quantified at 1 keV in
Ref. [10]. In pump-probe experiments, the pump pulse can produce
large numbers of slow electrons via nPPE processes. Present ray tracing
calculations and aberration coefficients quantitatively support previous
qualitative considerations regarding the reduction of space charge ef-
fects [10,26,39,43]. Eliminating the primary source of Coulomb forces
enables pump fluences that were previously unattainable. It paves the
way for a promising future of the repeller mode in time-resolved
pump-probe experiments. This is particularly important for experi-
ments at X-ray FELs, which involve both high photoelectron energies
and slow electrons released by the pump pulse. The first iteration of the
repeller mode, in which the extractor served as the repeller electrode,
was investigated at the FEL FLASH at DESY [39] and was subsequently
used in experiments [32,33]. Initial experiments with an HHG source
revealed that the repeller mode remains effective at kinetic energies as
low as 16 eV [13]. However, the recorded k-field diameter is smaller,
and chromatic aberration is larger.

Previous synchrotron experiments [7-9] have shown that the reso-
lution in XPEEM is limited by space charge effects. Therefore, elimi-
nating the space charge effects in real-space imaging using the repeller
mode should be advantageous. While transverse chromatic aberration (i.
e. the variation of image magnification with energy) can be corrected
numerically [23], longitudinal chromatic aberration (i.e., the shift of the
focal plane) cannot. However, this is not a significant problem for XPD
and XPEEM at core levels, since the width of the signals is typically less
than 1 eV. For valence band mapping in ToF-MM the shift of the focal
plane can pose an obstacle, requiring the acquisition of several smaller
energy intervals with appropriate refocusing for each interval. Despite
the repeller mode’s large overall aberration coefficients, Fig. 5(b) pre-
dicts resolutions of 60 nm for a FoV of 50 pm and even 25 nm for a FoV of
20 pm. Using soft X-rays from PETRA III (DESY, Hamburg), WS, flakes
have been imaged at the W 4f core level in gaplens mode with a resolution
of 90 nm [51]. This value was limited by the pixel resolution of the
detector.

The key messages of the aberration coefficients in Table 1 can be
summarized as follows: For PEEM imaging, the classical extractor mode
with strong electric field at the sample surface is superior (smallest C3
and C¢) if field emission, flashovers, and space charge effects are not an
issue. However, this is not the case for k-imaging, because even with
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extractor 20 kV (row 1) the Ck3 and Ckc coefficients are still significantly
larger than those of the gaplens mode at much lower fields (rows 4 and
6). At reduced fields all aberration coefficients are smaller in the gaplens
mode for both Gaussian and k-space imaging (see values for 1200 and
880 V/mm). Finally, the imaging performance of the repeller mode is
moderate for Gaussian imaging and poor for k-imaging compared to all
other modes. This is the price we pay for eliminating the effects of space
charge. The usefulness of the repeller mode depends on the trade-off
between space charge effects and loss of imaging performance.

In summary, the novel front lens configuration offers operating
modes that are not possible with conventional cathode lenses. Two
features in particular make this lens attractive. First, a significantly
reduced electric field at the sample avoids field emission and flashovers,
which are particularly severe for cleaved samples. Second, a retarding
field can redirect slow electrons back to the surface, eliminating the
main source of space charge effects that can degrade energy and k-res-
olution. An overview of initial experiments can be found in Refs. [13]
and [27].
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