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A high-resolution aberration-corrected photoemission electron microscopesPEEM3d will be
installed on an undulator beamline at the Advanced Light Source at the Lawrence Berkeley National
Laboratory. The aim of this instrument is to provide a substantial flux and resolution improvement
by employing an electron mirror for correcting both the third-order spherical aberration and the
primary chromatic aberration. In order to utilize this concept of correction, a beam separator is a
prerequisite. Crucial to achieving a resolution of 5 nm for the high-resolution mode, and a 16-fold
increase in throughput at the same resolution as its predecessor, PEEM2, specified as 20 nm at 2%
transmission, for the high flux mode is the double-symmetric design of the beam separator, which
eliminates all the second-order geometric aberrations. Nonetheless, substantial tuning capabilities
must be incorporated into the PEEM3 design to compensate for both systematic and random errors.
In this article, we investigate how to correct for nonsystematic imperfections and for systematic
uncertainties in the accuracy of the magnetic fields and focus on how degradation of the resolution
and the field of view can be minimized. Finally, we outline a tentative correction strategy for
PEEM3. ©2005 American Institute of Physics.fDOI: 10.1063/1.1841871g

I. INTRODUCTION

X-ray photoemission electron microscopysX-PEEMd
combines the power of synchrotron radiation spectroscopy
with the imaging capabilities of photoelectron emission mi-
croscopy. Soft x-ray radiation with a typical photon energy
of 100–1000 eV from a synchrotron radiation source can be
tuned through core excitation energies to reveal chemical and
magnetic information through changes in the x-ray absorp-
tion. This absorption is monitored through the yield of elec-
trons from the material surface, and is imaged with full-field
electron microscopy.1,2 Images are acquired at energies span-
ning an absorption edge, and spectra can then be associated
with each individual position on the sample. The position of
an x-ray absorption edge is used to identify the element,
while variations in the detailed structure at the edge provide
information on chemical and electronic states. Differences in
the structure at the edge recorded with linearly or circularly
polarized light provide information on bond orientation and
magnetic state. A spectacular example of the application of
such techniques to problems in interfacial magnetism is the
coupling of ultrathin ferromagnetic layers to antiferromag-
netic substrates by Ohldag and co-workers.3 The imaging is
typically produced through use of a low-voltages20 kVd
electrostatic, or electrostatic-magnetic immersion objective
lens, and a series of projector lenses.

All X-PEEMs functioning today are based on this simple
concept and are not aberration corrected. Their resolution is
therefore limited by both spherical and chromatic aberra-
tions. The spherical aberration is reduced by accelerating the
electrons to high energy immediately on leaving the sample,
thereby reducing the angular spread of the emitted beam. The
chromatic aberration results from the thermal distribution of
scattered electrons within the sample, extending from 0 eV,
typically peaking at 1.5 eV, and with a full width of a few
eV. The effect of the chromatic source is also reduced by
accelerating electrons to high energy. Theoretical and experi-
mental work has shown that the resolution limit for this type
of microscope, using synchrotron radiation excitation, is
around 20 nm. Going beyond this resolution limit requires
aberration correction. Developing an aberration-corrected
X-PEEM is the main goal of the SMART project in
Germany4 and the PEEM3 project at the Advanced Light
SourcesALSd in Lawrence Berkeley National Laboratory.
Both systems are based on the findings of Rempfer and co-
workers that the inability to cancel terms as predicted under
the assumptions of the Scherzer theorem5 can be avoided by
reversing the direction of electrons in the system with use of
an electron mirror.6,7 In Rempfer’s work and the work of
Preikszas and Rose,8 it was found that an electron mirror
could correct the spherical and chromatic aberrations of the
accelerating field of an immersion objective lens. However,
practical implementation requires separation of the incomingadElectronic mail: poschmid@lbl.gov

REVIEW OF SCIENTIFIC INSTRUMENTS76, 023302s2005d

0034-6748/2005/76~2!/023302/14/$22.50 © 2005 American Institute of Physics76, 023302-1

Downloaded 22 Apr 2005 to 131.243.171.21. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

http://dx.doi.org/10.1063/1.1841871


and outgoing rays, coming from the objective, and going to
the projector column, respectively. This beam separator itself
is not rotationally symmetric, so that aberrations it introduces
cannot be corrected by the rotationally symmetric mirror; it
therefore must be designed and fabricated with aberrations
below the values specified for the entire microscope. The
route to the system used in SMART and in PEEM3 was first
identified by Rose and Preikszas9 and further developed in
the work of Mülleret al.10 This scheme of a combination of
immersion lens objective, aberration-free separator, electron
mirror, and projector lens column, although well studied, has
yet to demonstrate the theoretical performance of 2 nm reso-
lution. The system is complex; therefore, it requires sophis-
ticated alignment and complex manufacturing techniques.

For reliable and successful operation of the PEEM3 mi-
croscope, the influence of field deviations from design values
must be studied and compensated. In this article, we will
investigate how nonsystematic imperfections and systematic
errors in the beam separator, which is the most sensitive and
critical electron optical element, give rise to aberrations and
thus degrade image quality. The insights gained from these
studies lead to specifications for the machining tolerances
and a correctable range for errors. Furthermore, the findings
suggest an alignment strategy for the aberration corrector.

Optical components of the corrected microscope are out-
lined in Sec. II, perturbations that can arise in the beam sepa-
rator are summarized in Sec. III, and mitigation measures are
outlined. In Sec. IV we outline an alignment strategy for the
aberration corrector of PEEM3. Finally, in the Secs. V and
VI, separators hampered by the perturbations mentioned
herein are modeled numerically, and how these deviations
affect the resolution, the field of view, and the operation of
the electron optics is documented.

II. OUTLINE OF THE PEEM3 MICROSCOPE

The full view of the PEEM3 microscope, which will be
installed on undulator beamline 11.0.1 at the ALS, is shown
in Fig. 1. It will be fastened to a heavy granite block with
mechanical dampers to reduce the mechanical vibrations.
The linear dimensions of the system are 190 cm3125 cm.

The electron optical components of PEEM3 are depicted
in Fig. 2. The photons, typically soft x-rays with an energy of
100–1000 eV, impinge from the left into the sample cham-
ber residing in UHV. Photoelectrons generated are focused
by a purely electrostatic immersion lens, which also acceler-
ates the electrons to 20 kV.

The axial aberration correction mechanism is provided
by an electrostatic tetrode mirror in combination with a mag-
netic beam separator. The tetrode mirror provides adjustable
voltages on three of its electrodes. They are necessary for
adjusting the refraction power of the mirror and for nullify-
ing the coefficients of both spherical aberrationCS and chro-
matic aberrationCC of the objective lens.

In order to utilize the correcting properties of an electron
mirror, incident electrons must be separated from those re-
flected. For this purpose, a beam separator is required that
does not introduce any new performance-limiting aberra-
tions. This is achieved by a separator with a double-
symmetric path of rays, removing all second-order geometric
aberrations.

Two field lenses are located at intermediate image
planes, one lens in front of and the other behind the separa-
tor. They are used for adjusting the field rays independently
from the axial rays in such a way that off-axis coma is elimi-
nated. Eliminating this aberration is important because it lim-
its the field of view and, hence, may severely hamper the
usability of the corrected electron microscope.

After the electron beam passes through the separator for
the second timesa second 90° passd, it forms an image of the
diffraction plane at the back focal plane of the transfer lens.
In this plane, a diaphragm limits the aperture angle without
affecting the field of view. Finally, the beam is magnified by
the projector system to the final image plane, where the im-
age is recorded by a CCD camera.

In addition to the electron optical elements mandatory
for a corrected PEEM, we implement additional devices for
adjusting, steering, and monitoring the PEEM. These are dis-
cussed in detail in Secs. III and IV. There are two electro-
static dodecapole elements directly behind the objective lens.
In front of the beam separator are two combined electromag-

FIG. 1. sColor onlined Full view of the PEEM3 spectromicroscope.

FIG. 2. sColor onlined The components of the PEEM3 microscope.
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netic twelve-pole elements in the mirror arm. Another elec-
trostatic 12-pole element is located at the exit of the beam
separator. Twelve-pole elements were chosen as correction
devices for parasitic aberrations caused by small mechanical
or electrical imperfections in the lenses since they are able to
generate dipole, quadrupole, and hexapole fields of any de-
sired azimuthal orientation, allowing the correction of dis-
placement, twofold astigmatism, and threefold aberrations.
These 12-pole elements do not introduce parasitic aberra-
tions lower than fifth order. In addition, excitation of an oc-
topole field is possible.

At certain planes, beam monitoring and analyzing de-
vices can be inserted into the optical path. In the proximity
of the separator’s image planes, pinholes and coded grids can
be placed, allowing sophisticated beam diagnostics. For ana-
lyzing the beam after a single pass through the separator, a
“90° PEEM” facility is provided. This configuration com-
prises a fully functional PEEM, including all the optical
components of PEEM3 from the sample through the mirror.
In this configuration the second field lens is used in a differ-
ent imaging mode and the mirror is effectively turned off.
The beam passes through a hole in the mirror provided for
optical alignment and the image is recorded by a separate
CCD camera. This tool, dedicated for monitoring the status
of the separator alignment, will help us in learning how the
separator can be operated, leading to subsequent semi-
automatic computer-controlled monitoring and alignment of
the microscope.

III. IMPERFECTIONS AND CORRECTION STRATEGIES

Paramount to successful aberration correction is that the
setup of the separator magnets realizes as many symmetries
as possible. We impose three symmetries on the ideal layout.
The first symmetry is the midsection symmetry of the sepa-
rator in they direction, which is mandatory to achieve the
planar optic axis necessary to avoid introducing torsion. This
trait reduces the number of excited aberration coefficients
considerably, making the numerical calculation practical.
The second and third symmetries comprise double symmetry
along the optic axis imposed on the path of the fundamental
rays leading to the double-symmetric separator layout, as
shown in Fig. 3.

TheS1 symmetry, imposed at the 45° plane, is necessary
for nullifying many aperture aberration coefficients as well
as the second-order axial geometrical aberrations, and thus is
crucial for achieving good axial resolution. The remaining
second-order aberrations, proportional to the lateral initial
coordinates, vanish because of the symmetry imposed at the
22.5° planes, thereby, securing a large field of view.

Our goal is to maintain the symmetries mentioned above
to the greatest extent possible. The main task is to figure out
how such a breach will cause a degradation of image quality
and how to monitor that the path of rays in fact maintains the
symmetries. When analyzing imperfections and errors, the
focus will be to determine their affects on the symmetries
and means to adjust for such deviations.

Our concern is to conserve the resolution over a large
field of view and to avoid any residual dispersion on the far

side of the separator. Residual lower-order aberrations can
excite large higher-order aberrations due to coupling with the
aberrations of the mirror. Additionally, the displacement of
the optic axis of the separator with respect to the axis of the
lenses should be minimized. Otherwise, the off-central
traverse may cause severe deterioration of image quality.

A separator magnet when physically constructed can de-
viate from the ideal optimized design due to various errors.
The errors can be classified in the following categories:

• systematic errors, constrained by the allowed symme-
tries, such as errors in the magnetic model used
throughout the numerical calculations to define the
“supposedly” optimized ideal design, or symmetrical
fabrication imperfections deviating from the specified
design, and

• random errors, such as deviations from the specified
groove positions due to nonsystematic machining er-
rors, material inhomogeneities, or mechanical mis-
alignment.

Furthermore, deflection and misfocusing errors of the enter-
ing electron beam with respect to the separator—which have
nothing to do with the design or imperfections of the sepa-
rator itself—can give rise to parasitic aberrations, such as
defocusing and twofold axial astigmatism.

A systematic error of particular concern is that of incor-
rectly specified groove positions caused by either slight
three-dimensional geometrical deviations from the assumed
two-dimensional Schwartz–Christoffel numerical field model
or by deviations from infinite magnetic permeability in the
pole material. This subject is addressed in Sec. V. Further-
more, there can be imperfections caused by systematic ma-
chining errors. These systematic errors can be minimized by
a thorough analysis of the processes involved in manufactur-
ing the separator pole plates. Note that systematic errors
do not break the symmetry of the layout of the separator
magnet.

FIG. 3. sColor onlined Layout of the separator windings. The double-
symmetric layout is clearly visible. Vertical and horizontal dipole elements
are located at the 45° planes, intended for checking the location of the image
planes.
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Random imperfections arise due to variations of critical
dimensions beyond the control of manufacturing machines
and processes. By adhering to the tightest tolerances pos-
sible, the effect of these errors can be minimized. In Sec. VI
we determine the accuracy to which the grooves have to be
manufactured so that the errors caused by random deviations
from the nominal values can be compensated for by correc-
tion elements. In Sec. VI A we discuss the Gaussian optics
and how the dispersion terms can be adjusted by internal
correctors. In Sec. VI B we show how additional external
multipole fields generated by 12-pole elements can be used
for correction: dipole fields for orbit control and quadrupole
fields for focusing correction.

Of course, there is a limit to the number and magnitude
of random errors that can be corrected to a suitable level. For
example, compensating for significant deviations from the
specified properties of the magnetic material, such as wide-
spread local inhomogeneities, is problematical. The most ef-
fective approach is to simply process the material in a stress-
less way on a best effort basis. If there are perceivable
deviations in the alloy giving rise to local permeability non-
uniformities then this material is not usable.

Deflection and misfocusing errors due to a mismatch of
the entering beam and the separator can, at least in principle,
be removed by beam tuning and focusing. Given the com-
plexity of the separator and the mirror corrector, sophisti-
cated probing and monitoring capabilities are necessary to
assess the status of the apparatus and ultimately to correct for
component misalignment in a semi-automatic fashion. The
monitoring and probing facilities of PEEM3 are shown in
Fig. 4.

Image planes are located at the entrance and the exit face

of the separator. Pin holes and coded grid structures are
placed at these planes for determining the position and the
orientation of the electron beam. The grids also allow iden-
tification of parasitic aberrations. In the mirror column there
is the 90° PEEM facility, which allows monitoring of the
image after a single pass through the separator, which can aid
in understanding how the separator is performing. Two or-
thogonal dipole deflectors are located at the 45° planes inside
of the separator, one deflects in the horizontal plane, the
other in the vertical direction. This facility allows us to check
whether there is a stigmatic image at these symmetry planes.

IV. SKETCH OF AN ALIGNMENT STRATEGY
FOR PEEM3

Because of the inherent complexity of the separator, a
feasible alignment strategy is of great importance for operat-
ing the microscope. The suppression of various aberrations
in the separator critically depends on the double symmetry of
its design. Deviations from this symmetry can be identified
easily because they introduce additional characteristic
aberrations.11 An alignment strategy, which corrects for de-
viations according to their respective orders, has been devel-
oped to restore this double symmetry in the separator optics.

Correcting the aberrations of a given order by multipoles
does not affect lower-order ones. Thus, the alignment
achieved by compensating for errors of lower orders is not
affected because a multipole of multiplicitym only affects
aberrations of ordernùm−1.

In the first step, the objective lens, the mirror, and the
field lenses are adjusted for an image as sharp as possible on
the CCD camera of the 90° PEEM facility.

In the second step, the internal trim current correctors in
the separator magnet are adjusted such that a total 90° bend
of the separator is achieved as well as zero total lateral and
angular dispersion at the exit of the separator. Any lateral
displacement induced by the correction elements can be re-
moved by exciting dipole components inside the two com-
bined electromagnetic 12-pole elements of the mirror
column.

The fundamental axial raysxa andyb can be controlled
by tuning the focal length of the objective lens. We compen-
sate for the remaining astigmatism by exciting quadrupole
fields on the twelve-pole elements in the objective column.
The dipoles at the 45° plane are crucial for checking the
proper adjustment of the fundamental axial rays; the image
plane is determined to be at the midplane of this dipole if
changing its setting does not move the beam image at the
detecting CCD camera at 90°. Subsequently, the round lenses
are adjusted to yield the sharpest image possible.

The field raysxg andyd can be manipulated by the field
lenses in such a way that they intersect the optic axis at the
22.5° planes, forming an image of the diffraction plane.
Since these lenses are placed near intermediate images, ad-
justing the field rays does not affect the preceding alignment
of the axial rays. Currently, we are investigating how to in-
stall deflectors at the 22.5° planes without risking the full
operativeness of the separator.

To minimize the deviations from a symmetric path of
rays and thus the field aberrations, we impose telescopic con-

FIG. 4. sColor onlined Schematic layout of PEEM3. All of the correction
and monitoring facilities are indicated. Such as the 90° PEEM facility pro-
vided in the mirror column, consisting of the modified field lensF2, the
mirror, the additional lensP3, and a separate CCD camera. For external
correction, there are the electrostatic dodecapole elementsD1 throughD7,
which can be employed to generate dipole, quadrupole, hexapole, and octo-
pole fields to correct for parasitic aberrations. In order to influence the
impinging and the reflected beam independently utilizing the velocity de-
pendence of the magnetic component of the Lorentz force, the elementsD3

and D4 are combined electrostatic and magnetic 12-pole elements. At the
exit and the entry faces of the separator there are coded grids and pinholes
that can be moved by motors electronically, allowing one to ascertain the
position and the orientation of the electron beam.
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ditions on both of the field rays at the entrance and the exit of
the separator. In our present design the field rays cannot be
manipulated independently from the axial rays without em-
barking on delicate manipulations involving at least two
quadrupole fields. An alternative, straightforward way to ad-
just the field rays individually is by superposing an addi-
tional quadrupole field on the field lenses placed at interme-
diate images of the object plane. This can be achieved by
subdividing the central electrode of these lenses into seg-
ments to provide a quadrupole field with the appropriate ori-
entation. A criterion for achieving a double symmetry is that
all the second-order aberrations vanish. If none are present,
we can be sure that the field rays are properly adjusted.

How to align for correction of aberrations higher than
the second rank will be the subject of another study.

V. CORRECTING FOR SYSTEMATIC ERRORS
CAUSED BY IMPERFECTIONS IN THE MAGNETIC
FIELD MODEL

As shown in Refs. 10 and 12, calculating the optical
properties of the beam separator accurately is rather in-
volved. In addition to the complexity of the system given by
the double symmetry along a curved axis, the positions of the
cardinal elementssthe image and object focus and the prin-
cipal planesd and the trajectory of the optic axis must be
known to a high degree of accuracy. These properties are
sensitive to the assumptions made while developing the field
model for the separator magnet. It is essential that the field
model for the separator magnet accurately reflects to a suffi-
cient degree that actually present in the as-built device. Un-
fortunately, there is no exact three-dimensional analytic so-
lution for the magnetic fields generated by coils buried in
three adjacent curved grooves. Furthermore, all analytic so-
lutions assume isopotential sections at the surface of the pole
plate, which is only an approximation given that the perme-
ability of the magnetic material is not infinite.

For computing aberration coefficients, both SMART and
PEEM3 designs employ a two-dimensional magnetic field
model generated by currents buried deep within grooves, first
solved via a Schwartz–Christoffel mapping by Herzog.13 The
geometry of this two-dimensional arrangement is shown in
Fig. 5. Here, the magnetic field is calculated assuming a pair
of excited parallel pole plates of infinite extent in the third
dimension, placed symmetrically about thej axis with a gap
separation ofD. To obtain a well-defined decrease of the
fringe field, one places two plane-parallel mirror plates at a
distanceS in front of the pole plates, as shown in Fig. 5. The
distance of the platesD is the same as that of the pole plates.
This calculation assumes that the magnetic potentialc is
constant on the surface of the pole plate.

The magnetic fieldBsjd=Bysy=0,jd of a Schwartz–
Christoffel magnet in the symmetry sectiony=0 is given in
the most simple form11 by

Bsjd =
B0

2
S t

r
+Î1 + t2

1 + r2D, r =
S

D
, − r ø t ø r . s1d

The auxiliary variablet is given by

pj

D
= r arctant + arctanhS t

r
D . s2d

Both calculations in Refs. 12 and 14 use the field model
given by Eq.s1d for computing the contribution of a single
groove to the total magnetic field. The total magnetic field
was obtained either by linearly superposing the contributions
of all the grooves, assuming the Schwartz–Christoffel mag-
net model for each of the grooves14 or by linearly superpos-
ing the fields from each of the two grooves closest to the
point of the observation considered in isolation.12

However, due to groove curvature and depending on the
curvature distance-to-gap ratio, calculations that are solely
based on the two-dimensional field model may not predict
the trajectory of the optic axis with sufficient precision to
obtain 2 nm resolution.10 A different model, using dipole
charge sheets, allowing three-dimensionality, was used by
SMART to give presumably more accurate values for their
groove orientations:10 The deviations between the two results
are 3.9 and 2.3 mrad, respectively, for the orientations of the
second and the third grooves. Nevertheless, these exceeded
the correctable range given by the trim coils of the SMART
separator. It turns out that the curvature of the wires and the
effect of overlapping fringe fields cannot be neglected for
their layout of the separator magnet. The calculations in Ref.
10 used as design parameters an edge length of 28 cm, three

FIG. 5. sColor onlined Two-dimensional geometry of a separator magnet.
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grooves per symmetry unit with widths of 3, 6, and 3 mm,
and a full distance of 7 mm between the pole plates.

Although SMART’s refined model uses a sophisticated
scheme of virtual dipole layers and extrapolation techniques,
the magnetic field obtained is still only an approximation to
the actual field, because this model ignores the noninfinite
permeability of the material used for the pole plates and it
relies on a numerical integration, which may also introduce
errors. Thus far, the resolution of the SMART mirror correc-
tor employing a separator manufactured according to the
specification given by this calculation has only been tested to
the 10 nm level.15

Because of these uncertainties, we did not embark on
developing a more sophisticated magnetic field model, but
considered ways to improve the matching between the actual
and the computed field by changing the parameters of the
separator and by investigating methods for correcting sym-
metric perturbations of the groove orientations. Specifically,
we modify our original 7 mm gap design to a 5 mm design.

Inspecting the formulas1d leads to the conclusion that

for a fixed groove widthS, the normalized fieldB/B0 will
decrease more rapidly axially if the gapD between the pole
plates is decreased. A faster spatial decay gives rise to a more
localized field, which means less overlap between of the
fields generated by adjacent wires. More important, the re-
duced gap makes the field in the neighborhood of the trajec-
tory more perfectly two-dimensional; thereby, the Schwartz–
Christoffel model more accurately reflects realitysto perhaps
six significant figures rather than four.d

Dipole decay in the vicinity of a groove as a function of
the half distanceh=D /2 of the pole plates is shown in Fig. 6
and Table I. The change fromh=3.5 mm toh=2.5 mm has
dramatic consequences. Whereas at a distance of −10.5 mm
from the center of the groove, the normalized magnetic field
B/B0 has decayed to 10−4 for a 7 mm gap, it is at the 5
310−6 level for a distance between the pole plates of 5 mm.
For a distance of −13 mm, the normalized magnetic field
strengths are 10−5 and 10−7 for a separation of 7 and 5 mm,
respectivelyssee Tables I and IId.

As a further consequence of the faster decay of the field,
the effect of groove curvature is diminished. Since the loca-
tion x, the distance from the center of the groove to the
location where the groove begins to bend appreciably, is ap-
proximately the same for all gap distances investigated after

TABLE I. Figures for the field decay of the normalized magnetic fieldB/B0

generated by the arrangement shown in Fig. 5 as a function of the ratio of
the distance from the center of the groovex to the half-gap distanceh
=D /2. Reducingh, while keeping the half-groove widtha=S/2 fixed, re-
sults in a largerx /h at the location of an adjacent groove or beginning of
groove curvature. Therefore, deviation from the model due to either an
adjacent groove curvature is substantially decreased.

B/B0 x /h

10−4 −3.0
10−5 −3.7
10−6 −4.5

FIG. 6. sColor onlined Decay of the normalized fieldB/B0 as a function of
the gap distance between the pole plates 2h for the separator magnet with a
width of the grooves 2a of 3 mm. The decay and thus the overlap of per-
turbations to the magnetic fields of two adjacent grooves will be reduced
considerably when the gap is reduced from 7 to 5 mm. By the same token,
the distancex to the point where the groove is beginning to bend apprecia-
bly, measured in units of the half-gap distanceh, increases. Since the groove
distances and curvatures of corresponding optimized solutions remain ap-
proximately the same, the parameterx /h scales with the reciprocal gap
distance. Thus, the perturbations of the curved portion of the groove to the
magnetic field in the region close to the beam path is substantially dimin-
ished, because of the strong dependence of the normalized magnetic field
B/B0 on r =a/h fSee Eq.s1dg.

FIG. 7. sColor onlined Resolution computed for a distribution consisting of
27 000 electrons at the image plane of the separator originating from a
sample with a work function of 5 eV after traversing a perfect front end with
a magnification of −12 and an accelerating voltage of 20 kV as a function of
the field size in thex–z section. The three curves show the resolution as a
function of the radius of the field of view for separators differing in the
half-distanceh of the pole plates. Each of these separator designs was op-
timized when the gap was altered to the figure indicated. Thus, these designs
differ in the groove positions and orientations. The difference in the optical
properties of the separators shown is negligible.

TABLE II. A change in the half-distanceh between the pole pieces, causes
a different optimal solution for the layout when we fit for a double-
symmetric solution with a total bending angle of 90°. Here is shown how the
distances between adjacent groove positions g1-g2 and g2-g3, taken as the
point of intersection of the trajectory and the groove, change when the
distance between the pole plate changes. A beam energy of 20 kV and
grooves with an equal width of 3 mm were assumed.

Distance h=2.5 mm h=3.0 mm h=3.5 m

g1-g2 0.0199 m 0.0196 m 0.0194 m
g2-g3 0.0127 m 0.0126 m 0.0125 m
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optimization, the relevant quantityx /h is again increased by
the factor7

5 to 3.5 when the half-gap distanceh is decreased
from 3.5 to 2.5 mm. Thus, the perturbation from the curved
part of the groove to the magnetic field at the beam region is
down to the 10−5 level ssee Table Id, if we assume a 90° turn
of the groove. For the design shown in Fig. 3, field pertur-
bation from the curved portions is even less.

Next, we address how decreasing the gap affects the op-
timized groove configuration and the optical properties of the
whole separator. As stated in Ref. 16, the secondary-electron
distribution generated by impinging x rays for many materi-
als can be modeled by the formula

dN

dEk
~

Ek

sEk + Wd4 . s3d

Here, dN stands for the number of electrons within the ki-
netic energy rangedEk, and W is the work function of the
sample. For our calculations, we assume a work function of
5 eV and 27 000 macroparticles originating from a point on
the sample with weights given by Eq.s3d. We randomly se-
lect 30 values for the emission anglesf andu and the energy
width DE, respectively. For the acceleration gap, a voltage of
20 kV was assumed. The objective lens is modeled by a
linear transfer matrix, magnifying the initial distribution by
−12.

Figures 7 and 8 show the resolution as a function of the
radius of the field of view. The resolution is computed in the
same way as in Ref. 12, but with a magnification of −12. The

field of view in both imaging sections remains largely unaf-
fected when the gap between the pole plates is decreased
from 7 to 5 mm. As could be expected, the distances be-
tween adjacent grooves in an optimized design is largely
independent of the gap between the pole plates. In fact, a gap
change from 7 to 5 mm gives rise to a maximum change of a
mere 3.5% in the groove positions, as shown in Table II. The
optimized angular orientations of the grooves change at most
by about 5%ssee Table IIId.

In addition to the minor geometric changes, the design
current driving the coils is reduced considerably from
69.4 to 47.9 A or roughly to5

7 of the original current, as
expected from reducing the gap from 7 to 5 mmssee Table
IV d. Since the heat load scales with the square of the current,
the energy dissipated is reduced by one-half.

The layout of the entire PEEM3 separator is shown in
Fig. 3. The width of all grooves is 3 mm. The edge length is
28 cm, as for SMART. The design is based on the double
symmetry of the separator. Areas with opposite magnetic flux
are equalized so as to minimize flux path lengths in thesnot
quite infinited Permalloy™ pole plates. Any residual flux is
shorted via Permalloy™ spacers positioned as close to the
beam path as possible without disturbing the fields, as shown
in Fig. 3. The Permalloy™ has a permeability of 40 000 for
a magnetic field strength of 25 mT. To dissipate the heat, a
hollow-core water-cooled copper tube is positioned parallel
to electrical windings.

In addition to the main coils, the separator includes two

TABLE III. A change in the half-distanceh between the pole pieces, causes
a different optimal solution for the layout when we fit for a double-
symmetric solution with a total bending angle of 90°. Here is shown how the
distances between adjacent groove positions g1-g2 and g2-g3, taken as the
point of intersection of the trajectory and the groove, change when the
distance between the pole plate changes. A beam energy of 20 kV and
grooves with an equal width of 3 mm were assumed.

Angle h=2.5 mm h=3.0 mm h=3.5 mm

f1 0.000 rad 0.000 rad 0.000 rad
f2 0.445 rad 0.435 rad 0.424 rad
f3 0.0884 rad 0.0867 rad 0.0848 rad

TABLE IV. Change of the optimal groove orientations as a function of the
gap width.

Current h=2.5 mm h=3.0 mm h=3.5 mm

I 47.7 A 58.3 A 69.4 A

FIG. 8. sColor onlined This graph shows the resolution as a function of the
radius of the field of view for they–z section for the same setup as in Fig.
7.

FIG. 9. sColor onlined Change in the field of view for different symmetric
perturbations of the center groove after employing the correction scheme
utilizing the three internal correctors currents and the distance of the image
plane from the edge of separator as variables, while fitting for a stigmatic
image at the 45°sS1d plane and a zero slope of the dispersion rayxk8szS1

d at
the remaining symmetry planesS1d. Here the resolutions obtained in thex–z
section are shown. We were unable to obtain a solution for a misalignment
of more than −2.8320 mrad.
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trim coils in each groove and a pair of deflectors in each of
the 45° symmetry planes to diagnose deviations from a sym-
metric beam path.

Although the reduction in the gap between pole plates
will increase the accuracy of our numerical field model, it
remains to be seen whether this will be sufficient to operate
PEEM3 in a high-resolution imaging mode at a resolution of
about 5 nm. Since the field model is based on several as-
sumptionsstwo-dimensionality, infinite permeability of the

pole plates, no random errorsd, which are only valid to a
certain degree, a procedure allowing to correct for uncertain-
ties in the model and for random fabrication or material im-
perfections has been developed.

Although the layout of the grooves is double symmetric
when the two-dimensional field model is utilized, the actual
path of the fundamental rays may be asymmetrical. In the
following, we propose a strategy to regain one of the plane-
section symmetries of the fundamental rays, thereby accom-
plishing a good axial resolution, since imposing a single
symmetry on these rays with respect to the 45° plane is suf-
ficient to nullify the axial aberrations of second order.17

However, a loss in the field of view is expected since the
second symmetry, along theS2 or 22.5° planes, is perturbed:
some of the aberration terms proportional to the lateral initial
coordinates are no longer canceled.

The question is, “To what extent can a breach of the
double symmetry of the fundamental rays incurred by
grooves deviating from the truly optimized design be com-
pensated and how does the field of view degrade?”

We assume that such deviations are likely to be of the
order of those between the two-dimensional Schwartz–
Christoffel and the SMART dipole layer models, the latter
also being a numerical approximation, and also neglecting
deviations of the value of the permeability from infinity.

To elucidate this question, we studied to what extent we

FIG. 10. sColor onlined Same as in the previous Fig. 9, but for they–z
imaging section.

FIG. 11. sColor onlined Random errors
before correction. A Gaussian random
number generator was employed for
generating alignment errorssx,y

=25 mm for the positions andsf

=1 mrad for the orientations. An en-
semble of 100 misaligned separators
was used for preparing the plot data.
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could correct for perturbations caused by a mispositioning of
the center grooves. The strategy employed was tosad set up
the system double symmetrically,sbd add a perturbation tilt
to the second groove, and thenscd try to find a solution that
maintains a stigmatic image plane at the 45° plane and a
symmetric trajectory of the dispersion ray. This gives four
constraints: a total bending angle of 45° at thesS1d plane,
with the xa and yb rays vanishing at that plane,xaszS1

d
=ybszS1

d=0, and with the conditionxk8szS1
d=0. Four param-

eters we employ for correcting: the three independent trim
coil currents, one in each groovesthe other trim coil currents
are determined by exciting the trims double symmetricallyd
and the defocusingsthe distance of the image plane from the
nominal plane at the edge of the separatord.

The results presented in the Figs. 9 and 10 show
that compensating for design misspecification of up to

+4/−2.8 mrad to the center angle is feasible, as the decrease
in the field of view is acceptable in both imaging sections.

This simple correction scheme is not able to accommo-
date for changes greater than +4/−2.8 mrad. More sophisti-
cated schemes incorporating external multipole elements,
which do not rely on changes of the optic axis within the
separator, are likely to surpass the correctable range given by
the strategy outlined above.

VI. RANDOM ERRORS CORRECTION

A. Correcting for a single pass through the separator

In the previous section we outlined how to correct for
misspecifications of the correct groove orientations caused
by limitations of our two-dimensional field model. In this
section we investigate to what extent random mechanical
imperfections can be compensated.

Whereas in a previous study12 the correction was
achieved by artificially setting elements of the linear transfer
map to zero, to estimate the impact of aberrations when the
Gaussian optics could be brought back to its design values
by some hypothetical perfect linear-focusing corrector, in the
present study the internal trim correctors currents are utilized
for compensation, modeling a realistic means of correction.

Contrary to the correction scheme pursued in Sec. V,
which utilized the trim coil currents to correct double sym-
metrically stherefore, only three independent correcting cur-
rents per 90° turn prevailedd, throughout this section, there is
no additional symmetry imposed on the correctors. Thus, six
independent currents as variables are available. The six trim
coil currents,

I i, i = 1, . . . ,6, s4d

are used to adjust four coefficients of the Gaussian optics
utilizing the singular-value decomposition technique.

The four quantities to be corrected are:

s1d m12szEd, which corresponds to a combination of the de-
focusing and the axial astigmatism in thex–z section
fsee Eqs.s5d and s6dg;

s2d m34szEd, which corresponds to a combination of the de-
focusing and the axial astigmatism in they–z section;

s3d dxszEd=xkszEd, the angular dispersion; and
s4d dpx

szEd=xk8szEd, the lateral dispersion.

All of these terms are determined at the exit plane of the
separatorz=zE.

As set of possible misalignment errors, we choosesx,y

=25 mm andsf=1 mrad for the positions and orientations
of the grooves, respectively. Assuming a Gaussian distribu-
tion for the errors in position and in angle with a two stan-
dard deviations cut, an ensemble of 100 misaligned separa-
tors was used for studying the effectiveness of the correction
scheme outlined above.

To obtain and analyze the optical properties of mis-
aligned separators, parameter-dependent nonlinear transfer
maps are generated from the separator design code devel-
oped with the differential algebrasDAd method.18,19 These

FIG. 12. sColor onlined Relative corrector strengths for the six correction
elements. A Gaussian random number generator was employed for generat-
ing alignment errorssx,y=25 mm for the positions andsf=1 mrad for the
orientations. An ensemble of 100 misaligned separators was used for pre-
paring the plot data.
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maps describe the imaging properties as functions of the
groove orientations and positions, as well as the magnetic
potentials as parameters.

In the studies, the DA maps include aberrations through
fourth order and a linear dependence on the geometrical pa-
rameters and currents of the main and the correction coils.
The six correction currents are set to nullify the selected
aberration terms. The resulting map is then used for tracking
the initial particle distribution through one quadrant of the
separator, after propagating through the objective lens, which
is assumed to be ideal.

The distribution of the random linear aberration coeffi-
cients to be corrected are shown in Fig. 11.

Since for the misalignments a Gaussian distribution was
selected, we fitted the histogram of the coefficients to a
Gaussian. This gives the center and the standard deviation of
the distribution. The correction schemes are aimed to correct
90% of imperfect separators among the randomly generated
ensemble. This 90% of confidence level translates to the lim-
its at ±1.65s assuming a Gaussian distribution, as shown in
Fig. 11.

Although the specifications of the separator are rather
tight, they are 25mm for the positions and 1 mrad for the
angles; these are non-negligible deviations from the nominal
values present. Since the dispersion terms cannot be compen-

sated externally, they must be nullified by the dipole fields
within the separator.

The distribution of the corrector strengths relative to the
currentI0 driving the main current is shown in Fig. 12. The
standard deviations for the six currents overI0 are s1

=0.262%, s2=0.335%, s3=0.153%, s4=0.473%, s5

=0.318%, ands6=0.243%. To remain within the 90% re-
gime of the distribution requires a trim of at most 1% of the
main current. Therefore, we expect that the nonlinear part of
the imaging will not be substantially affected by the addi-
tional aberrations induced by exciting the alignment coils.

The resolutions in thex–z section and they–z section
before and after correction for an axial sample point are
shown in Fig. 13.

On the abscissae, the deviations of the resolution from a
perfectly aligned and machined system are shown. For a per-
fect front end with a magnification of −12, the nominal val-
ues for the resolutions aredx0

=0.54 nm anddy0
=2.1 nm for

an axial point. The figures clearly demonstrate that the cor-
rection scheme works for this point. The deviations from the
nominal values for the ensemble of corrected separators are
negligibly small. The same is true for an off-axial point, as
demonstrated in Fig. 14.

FIG. 13. sColor onlined Relative cor-
rector strengths for the six correction
elements. A Gaussian random number
generator was employed for generat-
ing alignment errorssx,y=25 mm for
the positions andsf=1 mrad for the
orientations. An ensemble of 100 mis-
aligned separators was used for pre-
paring the plot data.
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For the point with the coordinatess−5 mm,−5 mmd on
the sample, the resolution can be recovered sufficiently close
to the design values ofdx0

=0.67 nm anddy0
=4.3 nm by cor-

rection.
There is a limitation of our correction scheme, however:

It is not possible to compensate for a displacement of the

center of the distribution in thex direction, as shown in
Fig. 15. This shift of some 100mm must be removed exter-
nally. We will investigate how this shift influences the image
quality in the next section. Of special concern is that an
off-axis beam passing through the field lenses might excite
degrading aberrations.

FIG. 14. sColor onlined Off-axial reso-
lution computed for the point s
−5 mm,−5 mmd on the sample before
and after correction. A Gaussian ran-
dom number generator was employed
for generating alignment errorssx,y

=25 mm for the positions andsf

=1 mrad for the orientations. An en-
semble of 100 misaligned separators
was used for preparing the plot data.

FIG. 15. sColor onlined Displacement
before and after correction. A Gauss-
ian random number generator was em-
ployed for generating alignment errors
sx,y=25 mm for the positions andsf

=1 mrad for the orientations. An en-
semble of 100 misaligned separators
was used for preparing the plot data.
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B. Correcting for a perturbed separator
in an otherwise aligned system with additional
external dipole and quadrupole elements

In this subsection, we describe the correction methods
using both built-in trim current correctors and external cor-
rector elements. The elements are shown in Fig. 4. The elec-
tron rays are computed from the sample where they originate
with a work function of 5 eV. Subsequently, they are accel-
erated to 20 kV by the cathode lens and imaged by the ob-
jective in a plane in front of the beam separator, where the
first field lens is located. After traversing the separator, the
electrons enter the mirror that compensates for the spherical

aberration and the chromatic aberration of the objective lens
and reflects the electrons back to the separator. The angular
aperture is set by the aperture at the back focal plane of the
transfer lens behind the separator. The resolution as a func-
tion of the transmission or the aperture is calculated at the
final image plane following the aperture.

With the exception of the separator, all of the compo-
nents mentioned above are at their design values. The toler-
able misalignments of the separator must not induce errors
which are larger thansx,y=10 mm andsf=0.5 mrad. Other-
wise the required resolution cannot be obtained by means of
the correction procedure. After randomly selecting an en-

FIG. 16. sColor onlined Off-axial lin-
ear matrix elements as a function of
the axial resolution computed for an
ensemble of 500 perturbed separators.

FIG. 17. sColor onlined Diagonal lin-
ear matrix elements as a function of
the axial resolution computed for an
ensemble of 500 perturbed separators.
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semble of 500 misaligned separators with the tolerances
given above, 27 000 particles generated in the same way as
in the previous section were tracked from the sample to the
first image plane after the aperture.

In the first stage, in addition to internal corrections
within the separator, dipole elements are excited on the 12-
pole elements in the mirror arm and in front of the transfer
lens, to adjust the optic axis. When correcting for lateral
deviations of the rays leaving the separator after the first
pass, we utilize the fact that the force of a magnetic dipole
field is velocity dependent. Thus, we choose equal electric
and magnetic dipole strengths. The alignment of the incident
rays thus does not affect the pass of the reflected ones. The
reflected beam enters the separator on-axis, traversing it for
the second time.

In the next step, the linear focusing terms are adjusted in
the same way by means of electrostatic and magnetic quad-
rupole fields. To investigate whether there is a correlation
between a specific linear focusing term and the resolution,
we refer to Figs. 16 and 17, where the off-diagonal and di-
agonal elements of the linear transfer matrix are plotted as
spot diagrams, respectively. It can be gathered from these
figures that a relationship is clearly visible for them12 and
m34 terms.

These relations become evident by writing the first-order
axial aberrations in the form

Dx = m12x08 = sC1 + A1dx08,

Dy = m34y08 = sC1 − A1dy08. s5d

Here, we adhere to standard electron optical notation for the
defocusingC1=−Df and the axial astigmatismA1. When

these aberration coefficients are nullified, the terms in the
spectroscopic notation vanish as well because of the relations

m12 = C1 + A1,

m34 = C1 − A1. s6d

Therefore, we corrected for both of these terms by addi-
tional quadrupole fields within the 12-pole elements, elimi-
nating the axial astigmatismA1 and the defocus by readjust-
ing the focal strengths of the objective lens and the mirror.
The axial resolution computed before and after correction for
the aperture radii of 5 and 25mm is presented in Fig. 18.

This figure indicates that the correction scheme allows
recovery of the axial resolution computed in radiusdr0

within
one standard deviation to the nominal value of 5 and 27 nm
for an aperture radius of 5 and 25mm, respectively.

Finally, the resolution versus transmission curve is plot-
ted for the perfectly aligned system without imperfections in
Fig. 19. The deviations for the ensemble of separators after
correction are shown as error bars. A separator with standard
deviations smaller thansx,y=10 mm and sf=0.5 mrad
should allow a successful operation of PEEM3.

VII. DISCUSSION

We have decreased the separator gap to 5 mm to in-
crease the accuracy of the two-dimensional field model vis-
à-vis the actual field; we have developed effective correction
schemes to restore the separator performance for random er-
rors less thansx,y=10 mm andsf=0.5 mrad and for system-
atic perturbations of less than +4/−2.8 mrad of the orienta-
tion of the center grooves. With these developments, we

FIG. 18. sColord The axial resolution
of a system consisting of the objective,
field, and transfer lenses for two dif-
ferent aperture radii is shown. The cor-
rection utilizes the six internal correc-
tors, as used for correcting a single
pass through the separator shown ear-
lier, and additionally three electrostatic
and two magnetic dipole fields for or-
bit correction in combination with two
electrostatic quadrupole fields for cor-
recting linear focusing errors. An en-
semble of 500 misaligned separators
with a specification ofsx,y=10 mm
andsf=0.5 mrad in an otherwise per-
fectly aligned system was chosen. All
aberration terms through fourth rank
are included. The green lines indicate
the nominal value for a setup free of
imperfections. The red lines border a
s environment centered on the mean
value drawn as a blue line. The plots
show a separator with the given speci-
fication is correctable for an axial
point.
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expect that the PEEM3 separator will be able to achieve an
axial resolution of 5 nm with a sufficient field of view, as
long as the symmetry of the fundamental rays at the 45°
planes is preserved. Nevertheless, much effort will be in-
vested in developing an on-line monitoring program and a
comprehensive alignment strategy for a robust and reliable
operation of the aberration correction facility of PEEM3.
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