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Abstract

Aberration correction of photoemission electron micro-
scopes (PEEM) requires use of a magnetic beam separator.
This device is a complex integrated magnetic system and is
essentially fixed in its optical properties hence very suscep-
tible to problems caused by mechanical or magnetic imper-
fections. Here we present a separate function design that is
simple to construct, is fully adjustable and gives outstand-
ing performance.

INTRODUCTION

Photo Emission Microscopy has become a powerful tool
in recent years for the investigation of the surface chemical
and magnetic properties of materials at high spatial resolu-
tion. While a spatial resolution of 50 nm can be achieved,
this is at a huge penalty in terms of transmission. In addi-
tion, many scientific applications require a resolution sig-
nificantly better than 50 nm and this has led to a need for
aberration corrected microscope optics. Aberration correc-
tion is performed by an electron mirror that is tuned to
have the same magnitude but opposite sign of the low or-
der aberrations generated by the acceleration field and ob-
jective lens of the microscope. While being a successful
strategy, it entails separation of the beams going into and
coming out of the electron mirror and this has to date been
accomplished by a 90◦ magnetic separator. This device
has itself to be aberration free to high order and therefore
imposes very severe electron optical and engineering chal-
lenges. The design adopted in the SMART [1] and PEEM3
[2] microscopes use a single magnetic unit to achieve this
separation (see Fig. 1 for the layout of PEEM3). It consists
of 8 dipole magnets in each pass in a double symmetric
design including 4 reverse bending magnets and employs
only edge focusing. The performance of this unit depends
critically on achieving very stringent machining tolerances
and is essentially a untunable design.

Figure 1: The layout of PEEM3.

In this work, we have examined a radically different ap-
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proach. The magnetic dipole is simple and only has the
function of guiding the beam. Focusing is achieved with a
combination of electrostatic round lenses and quadrupoles.
This device is thus fully tunable and much simpler to con-
struct than a combined function separator magnet. Prelimi-
nary results on the layout, the Gaussian optics and the effect
of the remaining aberrations the new separator are reported.

LAYOUT AND GAUSSIAN OPTICS

Instead of attempting to find a new design that cancels
the same number of aberrations as the existing one, we
tried to find a simpler design that fulfills the requirement
for an aberration corrected PEEM with the resolution of a
few nanometer such as SMART and PEEM3. We began
with the simplest layout possible, which consists of just
one bending magnet, as, for example, used in LEEMs [6].
Yet the large remaining dispersion after the two passes lim-
its the resolution to hundreds of nanometer, which implies
that the block containing the separator and the mirror col-
umn has to be achromatic. In the existing separator design,
each pass of the separator is achromatic, which requires at
least two bending magnets for each pass, or three in total.
Due to the fact that the mirror column is a −I transport,
the entire separator-mirror block section is achromatic if
η′ = 0 after each pass. Concequently, only one bending
magnet is needed. It should be pointed out that, in order
to maintain mirror symmetry, the shared lenses (excluding
the magnet) have to be electrostatic.
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Figure 2: The layout of the new separator: Q = quadrupole,
L = round lens, D = dipole magnet.

Based on these findings, regular round lens, simple bend-
ing magnet and weak electrostatic quadrupole are chosen to
form the new separator. The round lenses are chosen to be
the main focusing lenses due to the fact that deviation from
rotational symmetry caused by the bending magnet and the
remaining aberrations of the lenses are small, resulting in
weak quadrupoles. In order to cancel potentially dangerous
aberrations such as coma, each pass is mirror symmetric
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about the center and forms a −I transport and guarrentees
that η′ = 0 [7]. In summary, the field of the bending mag-
net alone defines the optical axis and four knobs are needed
to ensure that (x|α), (y|β), (α|x) and (β|y) vanish, where
x, y are horizontal and vertical displacements, α and β are
horizontal and vertical slopes. As a result, two families of
electrostatic quadrupoles are included in the new separator
design and the position of the images along the optical axis
is adjusted together with the strength of the round lenses.
In total, the new separator consists of one bending mag-
net, three Einzal lenses and six electrostatic quadrupoles,
as shown in Figure 2. The paraxial rays are shown in Figure
3. It is worth noting that, compared to the original existing
design, the new separator is fully tunable in terms of the
total bending angle and the Gaussian optics. First, the total
bending angle is determined by the magnetic field only and
is independent of the Gaussian optics. Secondly, all four
knobs needed for setting up the Gaussian optics can be ad-
justed individually. From the engineering point of view, the
new separator requires a much simpler magnet and merely
one third of the field for the existing separator, due to the
absence of the reverse bending present in that design.
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Figure 3: The fundamental rays of the x-z (red, green and
light blue) and y-z (orange and dark blue) sections of an
90◦ separator; displacement: 0.5 mm, opening angle: 5
mrad, energy deviation: 0.5%.

FIELD MODELS AND ABERRATIONS

In order to determine the performance of the new sepa-
rator, aberrations have to be calculated and ray tracing has
to be performed. Following our previous works on PEEM3
[4, 5, 8], a model of the new separator has been developed
using the differential algebraic (DA) [9] technique, which
computes the Taylor map up to any order. The transfer
map is in turn used for ray tracing; this is orders of magni-
tude faster than traditional methods. The field of the round
lens, the magnet and the electrostatic quadrupoles are mod-
eled using the charge ring method [5, 10], the Schwartz-
Christoffel model [11, 12] and the hypertagent function,
respectively, which are implemented using the code COSY
INFINITY [13].

With the field models implemented, it is straightforward
to compute the aberrations. Listed in Table 1 are the key

new existing objective lens
(x|κ) 8 0 0
(x|ακ) 146 -82 -4.3×104

(y|βκ) 169 -309 -4.3×104

(x|α2) -163 0 0
(x|β2) -77 0 0
(y|αβ) -170 0 0
(x|α3) -1223 68 1.2×107

(x|αβ2) -445 -380 1.2×107

(y|α2β) -445 -387 1.2×107

(y|β3) -2035 7145 1.2×107

Table 1: Selected aberrations (in millimeters) of the new
and the existing separators together with the objective lens.
Here α, β and κ denote px/p0, py/p0 and δEk/Ek0, re-
spectively. The distance between the first and the last im-
age of the new separator is 28 cm, which is the same as
the existing one, yet the size of the bending magnet is only
13×13 cm

aberrations of the new separator and the existing separator
for single pass, as well as, for comparison, the aberrations
of the objective lens are given. A few points are worth
noting regarding this table. First, unlike the existing sepa-
rator and all round lenses, the new design does have finite
linear dispersion and second order geometrical aberration
because it has only one symmetry plane. Since the mirror
column is a −I transport, both the linear dispersion and the
second order axial aberration are cancelled after the sec-
ond pass of the separator. Therefore, to first order, they
do not affect the resolution. It does introduce more aber-
rations through coupling to other parts of the microscope.
Yet, due to the weaker magnetic field, those extra terms
are too small to significantly affect the point-to-point reso-
lution (see Figure 4). Second, the chromatic and spherical
aberrations of the existing and the new separators are of the
same of order of magnitude, which are 2 and 4 orders of
magnitude smaller than those of the objective lens, respec-
tively. Third, the differences of the aberrations between the
x and y planes are much smaller for the new separator than
those for the existing separator, which indicates that the ro-
tational symmetry is broken to a lesser degree in the new
separator than in the existing separator. It is our believe that
this also resulted from the weaker magnetic field.

RESOLUTION WITHOUT ERRORS

The overall performance of the new separator is de-
termined by tracking an ensemble of secondary electrons
through the microscope. The distribution of the electrons
on the the sample is the same as the one used in the pre-
vious studies of PEEM3 [2, 4, 5, 8], which is based on the
work of B. L. Henke, et al. [14]. The electrons are traced
through the objective lens using the traditional numerical
integration method, since the Taylor map diverges for an
energy distribution of the secondary electrons that peaks at
1.3 eV and extends from 0 to 20 eV. After the objective
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lens, the electrons are tracked through the 5th order Tay-
lor map of the field lens computed using the DA technique
and form an image after it. The result was bench marked
against that from the finite difference and ray tracing code
SIMION [15] and good agreement was found between the
two models. Next, the 5th order Taylor map from the en-
trance to the exit of the separator, with the mirror column in
between, and that from the entrance of the separator to the
back focal plane after the separator are generated. An aper-
ture is placed at the back focal plane to adjust the transmis-
sion. The distribution of the electrons that pass the aper-
ture is analyzed at the exit of the separator to determine
the resolution of the microscope, which is defined as the
radius of the circle that encloses 68% of the total transmit-
ted electrons [2, 4, 5, 8]. The results for the new separator
without errors are shown in Figures 4 and 5. As discussed
above, the new and the existing separator have almost the
same point-to-point resolution over the allowed range of
transmission. Yet the new separator behaves much more
isotropically when the source point is 15 µm off the optical
axis. It is our belief that this is the result of utilizing the
the round lenses as the main focusing elements on the one
hand and removing the reverse bending on the other.
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Figure 4: The resolutions of PEEM2, the ideal separator,
PEEM3 separator and the new separator. The source is on
the optical axis. Note that the ideal separator refers to the
one with no aberrations. The same is true for all subsequent
figures.
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Figure 5: The resolutions of PEEM2, the ideal separator,
PEEM3 separator and the new separator. The source is 15
µm off the optical axis vertically.

FURTHER DISCUSSION

In conclusion, a new design of separator is presented
for aberration corrected photoemission microscopes. Com-
pared to the existing design, the new separator has the fol-
lowing advantages. First, replacing edge focusing with sep-
arate lenses reduces the sensitivity of the Gaussian optics to
the details of the magnetic field and increases the tunability
of the separator. Second, using round lenses as the main fo-
cusing lenses, together with the reduction of the magnetic
field due to the removal of reverse bending, helps to bet-
ter preserve the rotational symmetry of the separator. One
result is higher resolution and larger transmission for the
source points that are off the axis. Another is relaxed toler-
ances on the stability of the power supplies and alignment
which is not discussed here due to the limited space. A
more detailed article will be published in the near future.
It is worth noting that the tolarence on power supply sta-
bility and misalignment is roughly an order of magnitude
more relaxed. On the whole, the new design simplifies the
engineering design, lowers the total cost and increases tun-
ability during operation.
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