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Recently, it was shown that using an ellipsoidal mesh in an einzel-type lens, spherical aberration can be
corrected over a wide acceptance angle of up to 120°. The present paper creates the possibility for beam
analysis by achieving dramatic improvements in deceleration lens capabilities. This provides a scheme for
simultaneous angular distribution measurement suitable for application to high-energy charged-particle beams
up to around 10 keV. We consider the behavior of wide-angle charged-particle beams in electrostatic fields
given by simple solutions of the Laplace equation, starting with a discussion on a spherically symmetric
deceleration field. A beam focusing over a wide acceptance angle of 100° is found in a special spherically
symmetric field. However, in many cases of the spherically symmetric field, focusing of wide-angle beams is
obstructed by the presence of spherical aberration. We show that the spherical aberration can be corrected by
two kinds of deformation of the spherically symmetric field, a deformation of the field under a spherical
boundary condition and an ellipsoidal deformation of the field. We study practical realization of such fields
under the use of a few electrodes and a curved mesh �spherical or ellipsoidal mesh�. Some variations of the
arrangement of electrodes are considered, and simple designs of deceleration lenses with wide acceptance
angles of up to 120° are obtained. Here fine focusing of wide-angle beams can be achieved in a three-electrode
deceleration lens with an ellipsoidal mesh.
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I. INTRODUCTION

Realization of wide acceptance angles in electron lenses,
allowing simultaneous measurement of two-dimensional an-
gular distribution of charged particles, is of great fascination
for surface and materials analysis techniques such as x-ray
photoelectron spectroscopy �XPS�. Its achievement has been
obstructed by the problem of spherical aberration. Instead, a
mirror optical technique �the display-type spherical mirror
analyzer� being free of this problem has been developed
�1–4�, which served for determination of the Fermi surface
and band structure in two dimensions �2D� or three dimen-
sions �3D� �5–8� and for direct recognition of 3D atomic
arrangement �stereo atomscopy� �9–11�. Recently, however,
based on the use of meshes �12–14�, remarkable progress has
been made in the correction of spherical aberration �15�. It
was shown that it is possible, using an ellipsoidal mesh in an
einzel-type lens, to correct spherical aberration over a wide
acceptance angle of up to 120° �±60° �. The proposed lens is
the combination of two opposite fields in close proximity to
each other, similar to the well-known combination of con-
cave and convex lenses in light optics. The principle of the
correction in this lens is that the field around a mesh gener-
ates negative spherical aberration in the virtual image
plane and compensates positive spherical aberration of a
focusing field. The mesh lens can be used as an objective
lens to provide powerful analysis capabilities for, e.g.,
electronic structure analysis, photoelectron diffraction, stereo
atomscopy, and depth profile based on angle-resolved
spectroscopy.

The purpose of this paper is to provide a scheme for si-
multaneous angular distribution measurements suitable for
application to high-energy charged-particle beams up to

around 10 keV. In recent high-energy XPS �16–21�, photon
energies up to around 10 keV are used for excitation of
inner-core electrons or to obtain bulk or interface informa-
tion utilizing a long sampling depth. Notice that the wide-
angle mesh lens in Ref. �15� produces an output beam
with the same kinetic energy as the initial beam. This condi-
tion would not be practically convenient for high-energy
XPS and related techniques. In general, it is difficult to focus
high-energy charged-particle beams �under a conventional
lens condition� unless the beam divergence angle is consid-
erably small around a few degrees. For simultaneous angular
distribution measurements in the case of high-energy
charged-particle beams up to around 10 keV, it is desired
that an objective lens not only focus a wide-angle beam, but
also, simultaneously, reduce the kinetic energy of the beam.
However, deceleration lenses, in general, have a great disad-
vantage in the collection and focusing of charged particles.
The present paper, therefore, tries to achieve dramatic
improvements in deceleration lens capabilities.

We consider the behavior of wide-angle charged-particle
beams in deceleration fields given by simple solutions of
Laplace equation. We start with showing the beam behavior
in a spherically symmetric field between two concentric
spheres �in a situation where charged particles enter the field
from the inner boundary� and then consider deformation of
the field to correct spherical aberration. A similar analysis
was performed in Refs. �14,15� under the consideration of
virtual images. The present paper examines the possibility of
focusing wide-angle beams without the use of a focusing
field of acceleration, such as in Refs. �14,15�. The beam be-
havior in the spherically symmetric field is discussed using
the exact solution of the equation of motion �1,2�. We take
into account two essentially different deformations of the

PHYSICAL REVIEW E 74, 036501 �2006�

1539-3755/2006/74�3�/036501�9� ©2006 The American Physical Society036501-1

http://dx.doi.org/10.1103/PhysRevE.74.036501


spherically symmetric field; a deformation of the field under
a spherical boundary condition, which is considered in the
same manner as in Ref. �14�, and an ellipsoidal deformation
of the field, which is considered using a simple solution of
the Laplace equation in a prolate spheroidal coordinate sys-
tem. These deformations will be shown to be responsible for
deceleration and focusing of wide-angle beams. After these
considerations, we will proceed to the practical design of
wide-angle deceleration lenses.

In Sec. II, our basic consideration based on simple solu-
tions of Laplace equation is given. In Sec. III, practical lens
design is studied under the use of a spherical mesh and a few
electrodes, taking into account appropriate electrode arrange-
ments. In Sec. IV, we consider three-electrode deceleration
lenses with an ellipsoidal mesh. Here, beam focusing over
wide acceptance angles up to 120° is realized. Sec. V is
devoted to discussion and conclusion.

II. THEORETICAL CONSIDERATIONS USING SIMPLE
SOLUTIONS OF THE LAPLACE EQUATION

Ordinary electron lenses yield large spherical aberration
for rays passing through a region far from the optical axis. In
general, deceleration lenses �while responsible for providing
better energy resolution� are not suited for beam focusing,
because they have a local divergent field at the entrance side.
An example of ray tracing in a deceleration lens is shown in
Fig. 1. Here a large spherical aberration is produced even for
small initial angles of around ±5°. Thus, beam focusing in
ordinary deceleration lenses requires that the beam diver-
gence angle be limited to a considerably small degree. In

Secs. II A–II C basic considerations using simple solutions
of Laplace equations are presented to dramatically increase
acceptance angles of deceleration lenses.

A. Spherical aberration in a spherically symmetric field

Let us first discuss spherical aberration behavior in a
spherically symmetric field. We consider the situation de-
picted in Fig. 2. A spherically symmetric field is given in the
region between two half-spherical surfaces S0 and S1. Here
the region inside S0 and outside S1 is set to be field free. The
potential function ��r� for the field with the condition
��r0�=0 is given by

��r� =
r1V

r1 − r0
�1 −

r0

r
� , �1�

where r0 and r1 are the radii of S0 and S1, respectively, and V
is the potential difference between S1 and S0. The electron
source P0 is at a distance d from the center O of the spheres.
An electron, starting from P0 with an initial angle � and
decelerated in the field between S0 and S1, crosses the optical
axis z in the region outside S1 for some range of the initial
energy Ei of the electron.

Taking polar coordinates �r ,�� at O, the solution for the
electron trajectory in the region between S0 and S1 �see Refs.
�1,2�� is given by

FIG. 2. Use of a spherically symmetric field �Coulomb field� as
a lens. The field is given in the region between two half-spherical
surfaces S0 and S1, and the other region �including the electron
source P0� is set to be field free. The electron position P is specified
in polar coordinates �r ,��. An electron, starting from the source P0,
is bent by the field and crosses the optical axis at z=zc.

FIG. 3. Electron trajectories in the spherically symmetric field
for Ef /Ei=0.1, r1 /r0=4, and d /r0=1.72. Initial angles up to ±30°
are considered.

FIG. 4. Spherical aberration of the spherically symmetric field
for various Ef /Ei and d /r0. In the case Ef /Ei=from 0.1 to 0.02, the
ratio r1 /r0 is fixed at 4. In the case Ef /Ei=0.01, r1 /r0 is adjusted to
obtain fine focusing.

FIG. 1. Spherical aberration of a typical cylindrical deceleration
lens. Electron trajectories with initial angles up to ±10 are shown.
The initial energy of the electrons is 1 keV and a voltage of −900 V
is applied to the second electrode. The bar in the exit region marks
the Gaussian image plane.
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r =
�d2/r0�� sin2 �

1 − � sin � sin � − � cos � cos �
, �2�

where

� = Ei/E0, E0 =
r1eV

2�r1 − r0�
, �3�

� = �1 + ��� − 2��d2/r0
2�sin2 ��1/2, �4�

� = � − �, tan � =
�� − 1�d sin �

�r0
2 − d2 sin2 �

. �5�

�e is the elementary charge and E0 is the energy of an elec-
tron undergoing circular motion at r=r0.� For a given
r�r0�r�r1�, the electron position P in Fig. 2 is determined
by

cos � =
	�r�cos � − sin ���2 − 	�r�2

�
, �6�

where

	�r� = 1 −
�d2

r0r
sin2 � . �7�

The condition �2−	�r�2
0 means that the electron passes or
reaches the spherical surface of radius r. Taking r=r1, it
holds when

� 

2�1 − r0/r1�

1 − �d2/r1
2�sin2 �

� 2�1 −
r0

r1
� . �8�

The axially crossing position zc is given by

zc = z1 − x1� �z

�x
�

r=r1

, �9�

where �z1 ,x1� denotes the z, x coordinate point of the elec-
tron at the surface of r=r1. Real images are obtained when
the slope 	 �z

�x 	r=r1
of the trajectory at r=r1 is negative. �For

	 �z
�x 	r=r1

�0, Eq. �9� gives the axially crossing position at the
virtual image.� The slope is given by

� �z

�x
�

r=r1

= −
�	�r1� − �2�sin � + cos ���2 − 	�r1�2

�	�r1� − �2�cos � − sin ���2 − 	�r1�2
.

�10�

Inserting the solution for �z1 ,x1� and Eq. �10� into Eq. �9�,
we obtain

zc =
�d2/r0��� sin2 �

�	�r1� − �2�cos � − sin ���2 − 	�r1�2
. �11�

The position of the Gaussian image plane �zc at �→0� is
given by

zG =
�r1

− � − ��� − 2�
r1

r0
− 
 r1

d
− �� − 1�

r1

r0
����� − 2� + 2�

r0

r1

. �12�

Taking into account the limit d→� in Eq. �12�, it can be
seen that the condition for zG�0 satisfies

� 
2

1 + r0/r1
. �13�

The beam behavior in the spherically symmetric field is
determined by the parameters �, d /r0, and r1 /r0. The ratio
Ef /Ei of the final kinetic energy to the initial one, i.e., the
deceleration ratio is given by Ef /Ei=1−eV /Ei=1−2�r1

−r0� /r1�. The spherical aberration is largely dependent on
the electron source position. Large spherical aberration is
produced in the case where the electron source is at a rela-
tively large distance from the entrance of the field. An ex-
ample is given in Fig. 3, where electron trajectories with
initial angles up to ±30° are shown. The deceleration ratio
Ef /Ei is 0.1, the same as in Fig. 1. The spherical aberration is
much smaller than that of an ordinary deceleration lens, as
seen from the comparison with Fig. 1. In Fig. 4, it is shown
that the spherical aberration can be greatly reduced by choos-
ing a smaller value of d /r0. In this case, to produce a real

image with better focusing, a higher deceleration voltage
should be applied to the outer boundary surface. In this way,
fine focusing of wide-angle beams can be achieved in the
spherically symmetric field. A remarkable example is shown
in Fig. 5, where focusing over a wide divergence angle of
100° is realized by choosing Ef /Ei=0.01, d /r0=0.511, and
r1 /r0=5.56.

A high deceleration value of around Ef /Ei=0.01 may be
appropriate for beams with high energies around 10 keV.
However, a reasonable choice of Ef /Ei to cover a wide en-
ergy range from below 1 keV to around 10 keV is rather
around 0.1. In this case, it is required that spherical aberra-
tion be corrected in a certain way, which is considered in
Secs. II B and II C.

B. Spherical aberration correction by field deformation
under a spherical boundary condition

Consider a deformation of the spherically symmetric field
under the spherical boundary condition that �=0 for r=r0,
irrespective of �. The rotational symmetry with respect to
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the optical axis is also imposed. The general solution of the
Laplace equation under these conditions can be expressed in
a series of spherical harmonics as �n=0

� An�rn

−r0
2n+1 /rn+1�Pn�cos ��, with arbitrary constants An �Pn repre-

sents Legendre polynomials� �14�. The spherically symmet-
ric potential �1� is given by the term of n=0. We consider
only the term of n=1 for deformation of the spherically sym-
metric field, i.e., consider the following solution:

��r,�� = A0�1 −
r0

r
� + A1�r −

r0
3

r2�cos � . �14�

In Ref. �14�, the solution with the terms of n=0, n=1, and
n=2 was considered, and then beam focusing over a large
acceptance angle of 60° was shown to be possible by regu-
lating A0, A1, and A2; the term of n=2 was set to give a
focusing field of acceleration. We consider beam focusing
without the use of such a focusing field.

Starting from the case of Fig. 3 �the spherically symmetric
case A1=0�, the spherical aberration can be reduced by in-
creasing the contribution of the second term in Eq. �14� with
A1 /A0�0. For fine correction of spherical aberration, it is
required to optimize the possible parameters A0, A1, and d.
An example of the optimization is given in Fig. 6�a�. Here

spherical aberration is finely corrected over a large accep-
tance angle of 60°. When using a spherical boundary surface
larger than half of a sphere, it is possible to correct spherical
aberration over larger acceptance angles up to around 80°, as
shown in Fig. 6�b�. Figure 6 gives the possibility of realizing
wide-angle deceleration lenses using a spherical mesh �for
practical lens design, see Sec. III�.

C. Spherical aberration correction
by ellipsoidal field deformation

Next, we show that an ellipsoidal deformation of the
spherically symmetric field enables correction of spherical
aberration over larger acceptance angles. Consider ellipsoi-
dal coordinates �u ,v ,�� shown in Fig. 7 �a prolate spheroi-
dal coordinate system �see, e.g., Refs. �22,23�� with foci on
the optical axis z�. Here � is the azimuthal angle with respect
to the z axis. Let f be the focal distance from O, i.e., foci at
z= ± f . Then the coordinates u, v, and � are connected with
the rectangular coordinate system by

x = f�u2 − 1�1 − v2 cos � , �15�

y = f�u2 − 1�1 − v2 sin � , �16�

z = fuv , �17�

with permissible ranges 1�u�, −1�v�1, and 0��
�2�. It is easily seen that Eqs. �15�–�17� satisfy the ellip-
soid equation z2 / �fu�2+ �x2+y2� / �f2�u2−1��=1. Thus, for a
given u, the variables v and � give a confocal ellipsoid with
a major radius of fu and a minor radius of f�u2−1. In this
coordinate system, an ellipsoidal boundary condition that
�=0 for u=u0, irrespective of �v ,��, can be well introduced
into the solution � of the Laplace equation. A simple solu-
tion is given by

��u� = A ln
u − 1

u + 1
− A ln

u0 − 1

u0 + 1
, �18�

where A is an arbitrary constant. It is useful to express A by

FIG. 5. Electron trajectories in the spherically symmetric field
for Ef /Ei=0.01, r1 /r0=5.56, and d /r0=0.511. Initial angles up to
±50° are considered.

FIG. 6. Results of optimization in the deformation of the spheri-
cally symmetric field under a spherical boundary condition for ac-
ceptance angles of �a� 60° and �b� 80°. Electron trajectories with
initial angles up to �a� ±30° and �b� ±40° are shown. The decelera-
tion ratio Ef /Ei is 0.1.

FIG. 7. Illustration of a prolate spheroidal coordinate system
�u ,v ,��. Shown are u-constant and v-constant curves in the z ,x
plane. The azimuth � refers to the rotation of coordinate points
around the z axis.
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A = V ln�u1 − 1

u1 + 1

u0 + 1

u0 − 1
� , �19�

where V=��u1�. It is easy to verify that in the limit f →0,
Eq. �18�, together with Eq. �19�, leads to Eq. �1� when setting
r0= fu0, r1= fu1, and r= fu.

In the present case, spherical aberration can be reduced by
increasing the ratio �=u0 /�u0

2−1 of the two radii of the
boundary ellipsoid of u=u0, starting from the spherically
symmetric case �=1. Figure 8 shows results of optimization
in this approach. In Fig. 8�a�, spherical aberration is well
corrected over a wide acceptance angle of 100°. Figure 8�b�
suggests that spherical aberration can be corrected over
wider acceptance angles up to around 120° by using a
boundary surface larger than half of an ellipsoid. The values
of the ellipsoidal shape parameter � obtained for the two
cases are both around �=1.12. Thus beam deceleration and
focusing over a wide acceptance angle can be achieved by a
small deformation of the spherically symmetric field. It
should be noted, however, that the fields in Fig. 8 have two
ellipsoidal boundaries, which requires the use of two ellip-
soidal meshes for actual realization. In Sec. IV we try to
achieve deceleration and focusing of wide-angle beams with
the use of a single ellipsoidal mesh.

III. DECELERATION AND FOCUSING OF WIDE-ANGLE
BEAMS USING A SPHERICAL MESH

Here and in the following section, we consider practical
realization of wide-angle deceleration lenses. This section
studies the possibility of the use of a spherical mesh, follow-
ing Sec. II B. Let us first consider an equidiameter two-
cylinder lens with a spherical mesh. In Fig. 9�a�, we show a
design of the lens with an acceptance angle of 40° �±20° �.
Here spherical aberration is well corrected over the accep-
tance angle. The mesh is given to the front electrode EL1,
which is set at ground potential. A decelerating voltage V2 is
applied to the rear electrode EL2. When the initial electron

energy is 1 keV, the voltage V2 is set to −835 V; the decel-
eration ratio is 0.165.

There are some parameters that determine the aberration
behavior of the lens. An important parameter is the length L
of the front electrode �see Fig. 9�a��. This parameter allows
us to effectively control the electrostatic field around the
mesh. Increasing L �decreasing L� results in a shift of the
image position z to larger z �smaller z�. In Figs. 9�b� and
9�c�, opposite variations from Fig. 9�a� are considered, with
V2 set to give the Gaussian image plane at the same position.
As seen here, the parameter L allows reversing the sign of
the aberration; positive and negative spherical aberrations are
generated in Figs. 9�b� and 9�c�, respectively. Figure 10
shows the spherical aberration behavior of the lens for some
variations of L. The spherical aberration becomes very small
at certain L, around which the sign of the aberration changes.

It is remarkable that such a simple lens design as in Fig. 9
gives a considerable improvement of an ordinary decelera-
tion lens. A further improvement of the lens under the use of
a spherical mesh is available by introducing more degrees of
freedom in the electrode arrangement. Figure 11�a� shows a
simple modification of the lens in this regard. Figure 11�b� is
a further modification with a three-electrode arrangement. In
these lenses, spherical aberration is corrected over a large
acceptance angle of 60°. We have performed optimization on
two- and three-electrode designs for different acceptance
angles. The results for the spherical aberration disk size �the
diameter of the blur of the image� are shown in Fig. 12. Here
the distance between the object and the image is set to
500 mm. �The values can be reduced in proportion to the
system size.� The three-electrode spherical mesh lens gives a
significant improvement of the focusing capability of the
two-electrode one. The reduction of the spherical aberration
in the considered modification is around 40%, taking the
difference in magnification into account.

FIG. 8. Results of optimization in the ellipsoidal deformation of
the spherically symmetric field. Electron trajectories with initial
angles up to �a� ±50° and �b� ±60° are shown. The ratio � of the
two radii of the boundary ellipsoid of u=u0 is both around
�=1.12. The deceleration ratio Ef /Ei is 0.1.

FIG. 9. Equidiameter two-cylinder lens with a spherical mesh.
Three different conditions are considered: �a� L /R=0.448, �b�
L /R=0.24, and �c� L /R=0.54. Equipotential lines and electron tra-
jectories with initial angles up to ±20° are shown. The bar in the
focusing region marks the Gaussian image plane. The condition �a�
provides beam focusing at the image plane. In the conditions �b�
and �c�, positive and negative spherical aberrations are produced,
respectively.
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One can consider a lens design with four or more elec-
trodes to further reduce spherical aberration. However, the
reduction in this approach seems to be small, and it is diffi-
cult to realize acceptance angles larger than around 70° when
using a spherical mesh. Thus, in the following section, we
consider the use of an ellipsoidal mesh to obtain larger ac-
ceptance angles in deceleration lenses.

IV. DECELERATION AND FOCUSING OF WIDE-ANGLE
BEAMS USING AN ELLIPSOIDAL MESH

The preceding section has shown that practical realization
of focusing fields such as suggested in Sec. II B is possible
using a spherical mesh and a few electrodes. Now, for further
enhancement of the capability of collecting and focusing
charged particles, let us consider the use of an ellipsoidal
mesh, instead of a spherical mesh, following Sec. II C. Op-

timization of the ellipsoidal shape parameter �, together with
that of the electrode arrangement, was performed to realize
fine focusing over wide acceptance angles.

Figure 13 shows an optimization result for a three-
electrode deceleration lens with an ellipsoidal mesh. Here,
spherical aberration is finely corrected over a wide accep-
tance angle of 100°. The first electrode EL1 and the mesh are
set at ground potential and decelerating voltages V2 and V3
are applied to the electrodes EL2 and EL3. The deceleration
ratio of the lens is around 0.18. The beam divergence angle
at the image plane is around 23° �which is around the same
degree as in the einzel-type mesh lens proposed in Ref. �15��.
The focusing position can be well controlled in the lens;
shifting the focusing position results in changing the output
beam divergence angle.

The value of the ellipsoidal-shape parameter for the lens
shown in Fig. 13 is �=1.50. Note that the � value for mini-
mum spherical aberration, which is somewhat dependent on
the electrode arrangement and the focusing position, is much
larger than the one indicated in Sec. II C. This is a conse-
quence from the fact that a single mesh is used in the con-
sidered lens design, while two ellipsoidal boundaries are sup-

FIG. 10. Spherical aberration behavior of the mesh lens shown
in Fig. 9. The spherical aberration rs relative to the radius R of the
lens is shown. Some variations of the electrode length L shown in
Fig. 9 are considered. The voltage on the second electrode is ad-
justed to give the Gaussian image plane at the same position.

FIG. 11. Comparison between �a� two- and �b� three-electrode
deceleration lenses with a spherical mesh. Equipotential lines and
electron trajectories with initial angles up to ±30° are shown. The
three-electrode arrangement provides good regulation of the elec-
trostatic field.

FIG. 12. Results of optimization of the electrode conditions of
two- and three-electrode deceleration lenses with a spherical mesh.
The values of the aberration disk size �the diameter of the blur of
the image� obtained for various acceptance angles are shown. The
distance between the object and the image is 500 mm.

FIG. 13. A three-electrode deceleration lens with an ellipsoidal
mesh. Equipotential lines and electron trajectories with initial
angles up to ±50° are shown. The ellipsoidal-shape parameter is
�=1.50.
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posed in Sec. II C. It should also be noted that the � value
here is significantly smaller than the one ��=1.73� obtained
for the einzel-type mesh lens in Ref. �15�.

In Fig. 14�a�, some variations of � from the focusing con-
dition in Fig. 13 are considered. While increasing � �decreas-
ing �� gives a shift of the image position to smaller z �larger
z�, we fixed the Gaussian image plane at the same position
by adjusting the voltage V3. As is shown, the parameter �
provides fine control of the degree and sign of spherical ab-
erration. In Fig. 14�b�, it is shown that the spherical aberra-
tion can be well controlled with the voltage V2. Increasing
the length of the first electrode EL1 along the slope results in
producing or increasing negative spherical aberration, similar
to Fig. 10. The length parameters of the electrodes EL1 and
EL2, as well as the ellipsoidal-shape parameter, play an im-
portant role for fine correction of spherical aberration.

It should be noted that in the wide-angle mesh lens, the
beam-divergence angle is considerably reduced at the image

plane, but it is still somewhat large. Thus, a great care should
be taken when considering a combination of a usual lens
with the mesh lens. Figure 14 suggests that we give the
wide-angle mesh lens with some degree of negative spherical
aberration to cancel positive spherical aberration of an
additional lens.

For various values of �, we performed optimization of the
electrode conditions. The results for the spherical aberration
disk size �the diameter of the blur of the image� are shown in
Fig. 15. Starting from the spherical mesh case �=1, the
spherical aberration rapidly decreases with increasing �, and
it then becomes very small at around �=1.50, around which
the aberration disk size is less than 0.1 mm. The curve in
Fig. 15 has a broad minimum with values less than 1 mm
between around �=1.35 and 1.65.

Finally, we mention that it is possible to further increase
the acceptance angle of the mesh lens by modifying the elec-
trode arrangement and the mesh shape. Figure 16 shows a
three-electrode deceleration lens with an acceptance angle of
120°. Here, a mesh surface larger than half of an ellipsoid is
used, similarly to Fig. 8�b�. The � value used here is around
the same as the � in Fig. 13. The deceleration ratio of the
lens is around 0.19. The output beam divergence angle is
around 27°.

FIG. 14. Spherical aberration behavior of the wide-angle decel-
eration lens for a variation of �a� the ellipsoidal-shape parameter �
and �b� the voltage V2 on the second electrode EL2. The spherical
aberration rs relative to the radius R of the cylinder of the lens is
shown. It is seen that spherical aberration is very small for
�=1.50 �the case in Fig. 13�. Some variations of � and V2 from this
focusing condition are considered. The values of V2 are shown for
the case where the initial electron energy is 1 keV. The voltage on
the third electrode EL3 is adjusted to give the Gaussian image plane
at the same position.

FIG. 15. Results of optimization of the electrode conditions of
the three-electrode deceleration lens for various values of �. The
distance between the object and the image is 500 mm.

FIG. 16. A three-electrode deceleration lens with an acceptance
angle of 120°. Equipotential lines and electron trajectories with ini-
tial angles up to ±60° are shown.
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V. DISCUSSION AND CONCLUSION

Considerations on beam focusing using simple solutions
of Laplace equation have shown some interesting features. A
fundamental feature is that a spherically symmetric decelera-
tion field provides much better focusing than ordinary decel-
eration lenses. Beam focusing over a wide divergence angle
of 100° was shown to be possible in a situation where the
deceleration ratio Ef /Ei is 0.01, which may be appropriate
for beams with high energies of around 10 keV. However,
large spherical aberration is produced when the deceleration
ratio Ef /Ei is set to a relatively large value, around 0.1. In
this situation, two essentially different deformations of the
spherically symmetric field were considered. It was indicated
here that a deformation of the field under a spherical bound-
ary condition allows us to correct spherical aberration over
wide acceptance angles up to around 80°. A similar consid-
eration can be found in Ref. �14�; here, beam focusing over a
large acceptance angle of 60° was shown to be possible in a
situation where a focusing field of acceleration follows an
entrance field. Note that the present scheme for focusing
wide-angle beams is not based on the use of such a focusing
field. Furthermore, it was shown that an ellipsoidal deforma-
tion of the spherically symmetric field enables correction of
spherical aberration over wide-acceptance angles up to
around 120°.

We demonstrated that practical realizations of such fields
are possible using a few electrodes and a curved mesh. The
simplest case is the equidiameter two-cylinder lens with a
spherical mesh, which allows an acceptance angle of around
40°. Appropriate electrode arrangements enable realizing
larger acceptance angles up to around 60°, when using a
spherical mesh. A good focusing capability can be realized
by a three-electrode arrangement �while the use of more
electrodes can provide somewhat better focusing�. The diam-
eter of the blur of the image obtained in the three-electrode
deceleration lens is around 0.7 mm when the distance be-
tween the object and the image is 500 mm. This value is of
the same order as in the einzel-type spherical mesh lens pro-
posed in Ref. �14�. A deceleration lens may be arranged be-
hind the einzel-type spherical mesh lens. However, in this
case, it is difficult to provide good focusing, as deceleration
lenses in general have large spherical aberration. The decel-
erating spherical mesh lens has an advantage in this respect.

For realization of larger acceptance angles, we considered
a three-electrode deceleration lens with an ellipsoid mesh. It
was shown here that spherical aberration can be finely cor-
rected over a wide acceptance angle of 100°. The diameter of
the blur disk obtained in this lens is around 0.08 mm when
the distance between the object and the image is 500 mm.
The complete correction of the spherical aberration is pos-
sible by using the optimization procedure presented in the
previous paper �15�. The ellipsoidal mesh lens not only pro-
vides fine focusing but also allows generation and fine con-
trol of negative spherical aberration. This feature is impor-
tant because it in turn allows cancellation of positive
spherical aberration when we arrange an additional lens be-
hind the mesh lens. The dependence of the image blur on the
ellipsoidal-shape parameter � in the considered mesh lens
shows a curve with a broad minimum around �=1.50 �the
blur of the image is reasonably small even at �=1.40�. Thus
the mesh lens has a high tolerance for � variation at some
acceptable focusing level. It should be noted that the � in the
minimum-blur condition is significantly smaller than the one
��=1.73� obtained for the einzel-type ellipsoidal mesh lens
in Ref. �15�. For the fabrication of an ellipsoidal mesh and,
in view of the electron transmission through the mesh, a
mesh shape with smaller � would be better. We have also
demonstrated that in a three-electrode ellipsoidal-mesh lens,
the use of a mesh surface larger than half of an ellipsoid
allows us to correct spherical aberration over a wide accep-
tance angle of 120°. The fabrication and alignment of such a
mesh is, however, not easy, and thus, the wide-angle mesh
lens with an acceptance angle of less than around 100°
would be better for practical realization; an acceptance angle
of larger than around 90° is very fascinating for, e.g., elec-
tronic structure analysis, stereo atomscopy, and depth profile
analysis.

The wide-angle lens proposed in this paper, as well as the
one proposed in the previous paper �15�, can serve as a pow-
erful basis for simultaneous angular distribution measure-
ment of charged particles. The remarkable difference be-
tween the two is that the wide-angle lens in this paper not
only provides focusing of a wide-angle beam, but also, si-
multaneously, achieves deceleration of the beam. This lens
capability would be especially important for realizing wide
acceptance angles in high-energy XPS and related tech-
niques.
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