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This paper provides a way of focusing wide-angle charged-particle beams in multiple lens systems. In
previous papers [H. Matsuda et al., Phys. Rev. E 71, 066503 (2005); 74, 036501 (2006)], it was shown that an
ellipsoidal mesh, combined with electrostatic lenses, enables correction of spherical aberration over wide
acceptance angles up to £60°. In this paper, practical situations where ordinary electron lenses are arranged
behind the wide-angle electrostatic lenses are taken into account using ray tracing calculation. For practical
realization of the wide-angle lens systems, the acceptance angle is set to +50°. We note that the output beams
of the wide-angle electrostatic lenses have somewhat large divergence angles which cause unacceptable or
non-negligible spherical aberration in additional lenses. A solution to this problem is presented showing that
lens combinations to cancel spherical aberration are available, whereby wide-angle charged-particle beams can

be finely focused with considerably reduced divergence angles less than +5°.
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I. INTRODUCTION

In the previous papers [1,2], focusing of wide-angle
charged-particle beams with divergence angles up to £60° by
means of an electron lens has been shown to be possible,
improving the mesh lenses having been proposed [3-5].
They allow simultaneous two-dimensional (2D) angular dis-
tribution measurement of charged particles, and can provide
fruitful applications in surface and materials analysis tech-
niques such as x-ray photoelectron spectroscopy (XPS), as
being of great advantage to angle-resolved XPS, photoelec-
tron diffraction, stereo atomscopy [6], depth profiling, etc.
Note that the display-type spherical mirror analyzer [7-10],
while being a fine technique for simultaneous 2D angular
distribution measurement [6,11-16], has a great disadvantage
in that the microscopic imaging and analysis are not avail-
able because of its lensless design. The wide-angle electro-
static lenses can serve to overcome such a disadvantage, in-
troducing the function of photoemission electron microscopy
(PEEM) in the 2D angular distribution measurement.

The wide-angle electrostatic lenses proposed are of two
types: an Einzel type [1] and a deceleration type [2]. In each
type, an ellipsoidal mesh, together with optimized electrode
arrangements, enables correction of spherical aberration over
wide acceptance angles up to +60°. A wide energy range of
input beams including that in recent high-energy XPS
[17,18] (in which photon energies up to around 10 keV are
used) can be covered by the wide-angle electrostatic lenses
without losing the capability to perform simultaneous 2D
angular distribution measurement. The wide-angle decelera-
tion lens can be suitably applied to the analysis of wide-
angle high-energy charged-particle beams up to around
10 keV. The wide-angle Einzel-type lens, producing an out-
put beam with the same kinetic energy as the initial beam,
should be useful for the analysis of relatively low-energy
beams.

In recent XPS, fine beam focusing is required for micro-
scopic or nano analysis of materials [19-21]. There are some
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key techniques for that purpose. One technique is the
aberration-canceling combination of two hemispherical ana-
lyzers [20]. A basic technique usually introduced for PEEM
is the use of a cathode lens, which provides a better spatial
resolution and higher electron transmission. Moreover, for
aberration correction of XPS and PEEM systems, a mirror
corrector [22,23] can be suitably applied, as has been used in
the development of high-resolution PEEMs [24,25]. How-
ever, these techniques cannot provide fine focusing over a
wide emission angle, except when the beam energy at the
sample surface is extremely low compared to the cathode
lens bias.

In this paper, we proceed to realize both wide angular
acceptance and fine focusing in more practical situations
than discussed in the previous papers [1,2]. We consider sub-
sequent focusing of the output beams of the wide-angle elec-
trostatic lenses, supposing that multiple lens systems are
composed by arranging one or more lenses behind the wide-
angle electrostatic lenses. We choose an acceptance angle of
+50° for practical realization of the wide-angle lens systems.
We note that although the wide-angle electrostatic lenses can
provide fine focusing at their outputs, there remain somewhat
large divergence angles which cause unacceptable or non-
negligible spherical aberration in additional lenses. Thus, fur-
ther correction of spherical aberration is required for obtain-
ing finely focused beams at the outputs of the multiple lens
systems. We show that the wide-angle electrostatic lenses
can produce the negative spherical aberrations to cancel the
positive spherical aberrations of additional lenses. The con-
sideration in this paper is responsible for developing XPS
and PEEM techniques taking great advantage of the wide-
angle electrostatic lenses.

II. SCHEME FOR FINE FOCUSING
A. Basic consideration

Figure 1 shows electron trajectories calculated in a typical
Einzel lens. It is supposed that electrons enter the lens after
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FIG. 1. Electron trajectories in a typical Einzel lens (a) starting
from a point on the plane P1 and (b) converging to a point on the
plane P2. The electron energy is 1 keV. The spherical aberrations r;
at P1 and P2 relative to the radius R of the lens are shown in each
case, (c¢) and (d) corresponding to (a) and (b), respectively. Here 6 is
the angle of a trajectory at P1.

passing through a certain forward lens. In Fig. 1(a), no
spherical aberration is produced at the image plane P1 of the
forward lens. The beam divergence angle at P1 is +12°. This
results in large spherical aberration at the image plane P2 of
the backward lens [see Fig. 1(c)]. In contrast, Fig. 1(b) shows
electron trajectories that converge to a point on the plane P2.
In this case, the negative spherical aberration canceling the
positive spherical aberration of the backward lens is given at
P1 [see Fig. 1(d)]. In the case of Fig. 1(a), it is possible to
reduce spherical aberration by increasing the electrode volt-
age but, even when using a high voltage of some tens of kV
for 1 keV electrons, the lens produces non-negligible spheri-
cal aberration for electrons with large incident angles of
around +10°. Therefore, we consider the scheme of Fig. 1(b)
in the combination of ordinary electron lenses with the wide-
angle electrostatic lenses.

B. Wide-angle Einzel-type lens

Figure 2(a) shows a four-electrode electrostatic mesh lens
of the Einzel type with an acceptance angle of £50° [1]. The
mesh M, the first electrode EL1, and the final electrode EL4
are grounded. The ellipsoidal shape parameter 7y (the ratio of
the major radius to the minor radius of the ellipsoid) was set
to y=1.73, which minimizes spherical aberration for a cer-
tain electrode arrangement. Moreover, for fine correction of
spherical aberration, the detailed adjustment of the mesh
shape was done using the displacement function &
=37 ¢;sin?) §cos'%) @ (see Ref. [1]), where c;, p;, g; are
adjustable parameters. We set n=4 and adjusted the param-
eters until the radius of the spherical aberration disk at P1
relative to the radius R, of the lens entrance became less than
0.0002, which is less than 1/10 of the case of the exact
ellipsoidal mesh. The difference between the obtained mesh
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FIG. 2. Generation and control of negative spherical aberration
in the wide-angle Einzel-type lens with an acceptance angle of
+50°. (a) Electron trajectories with initial angles up to +50° in the
focusing condition. Spherical aberrations r; at P1 are shown in the
variations of (b) the ellipsoidal-shape parameter 7y, (c) the voltage
V, on the second electrode EL2, and (d) the distance d between the
object and the lens entrance. The solid line in each figure corre-
sponds to the case of Fig. 2(a).

shape and the exact ellipsoidal shape is less than 0.3%. The
divergence angle of the trajectories at P1 is around +11°.
In Figs. 2(b)-2(d), the effects of the changes in the ellip-
soidal shape parameter v, the voltage V, on the second elec-
trode EL2, and the distance d between the object and the lens
entrance are considered. Because a change in any such pa-
rameter from the focusing condition results in a shift in the
image position, we adjusted the voltage V3 on the third elec-
trode EL3 to give the Gaussian image plane at the same
position. The solid line in Figs. 2(b)-2(d), which corresponds
to the case of Fig. 2(a), shows that in the focusing condition,
spherical aberration is finely corrected at the image plane P1.
In Fig. 2(b), it is shown that negative spherical aberration
can be well controlled by the ellipsoidal shape parameter 7.
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As seen from the comparison between Fig. 1(d) and Fig.
2(b), the spherical aberration forms a nice curve at a certain
increased 7y for the cancellation of positive spherical aberra-
tion.

It is shown in Fig. 2(c) that it is also possible to produce
negative spherical aberration by reducing the voltage V, on
the second electrode EL2. However, the curves of the spheri-
cal aberration shown in Fig. 2(c) are not so good for the
cancellation of positive spherical aberration over the full an-
gular range. An interesting behavior of spherical aberration
occurs for the variation of the distance d between the object
and the lens entrance, which is shown in Fig. 2(d). It is
suggested that the variation of both the voltage V, and the
distance d may give some good negative spherical aberration
at P1 for the cancellation of positive spherical aberration,
even when the parameter 7 is fixed at the focusing condition
of the wide-angle electrostatic lens.

C. Wide-angle deceleration lens

Figure 3(a) shows a three-electrode electrostatic mesh
lens of the deceleration type with an acceptance angle of
+50° [2]. The mesh M and the first electrode EL1 are
grounded. The voltage V3 on the third electrode EL3 is
around —820 V for the case where the initial electron energy
is 1 keV; the ratio of the final to the initial kinetic energy
(the deceleration ratio) is around 0.18. The ellipsoidal shape
parameter 7y is given by y=1.50. Similarly to the case of the
wide-angle Einzel-type lens, the detailed adjustment of the
mesh shape was performed using the displacement function
6 with n=4. The obtained mesh shape is close to the exact
ellipsoidal shape with y=1.50 (the difference is less than
0.1%). The radius of the spherical aberration disk at P1 rela-
tive to the radius R, of the lens entrance is around 0.0002,
which is around 1/5 of the case of the exact ellipsoidal
mesh. The divergence angle of the trajectories at Pl is
around +11°, which is almost the same as in Fig. 2(a).

The behaviors of spherical aberration in the variations of
the ellipsoidal shape parameter v, the voltage V, on the sec-
ond electrode EL2, and the distance d between the object and
the lens entrance are shown in Figs. 3(b)-3(d). Again, nega-
tive spherical aberration can be well controlled by the ellip-
soidal shape parameter vy, as shown in Fig. 3(b). Note that
while the curves of spherical aberration in Fig. 3(b) are simi-
lar to those in Fig. 2(b), the changes in vy are significantly
smaller than the case of the wide-angle Einzel-type lens. The
spherical aberration behavior in Fig. 3(c) seems to be better
than that in Fig. 2(c) for the cancellation of the positive
spherical aberration of an ordinary electron lens. The spheri-
cal aberration behavior in Fig. 3(d) is similar to that in Fig.
2(d). It is seen from the comparison between Fig. 2 and Fig.
3 that the wide-angle deceleration lens is more sensitive to
the parameters (7y,V,,d) than the wide-angle Einzel-type
lens, due to the fact that a focusing field of acceleration is not
present in the former, while it is present in the latter.

II1I. LENS COMBINATION TO CANCEL SPHERICAL
ABERRATION

We now proceed to the combinations of the wide-angle
electrostatic lenses and ordinary electron lenses. In Fig. 4, a
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FIG. 3. Generation and control of negative spherical aberration
in the wide-angle deceleration lens with an acceptance angle of
+50°. (a) Electron trajectories with initial angles up to £50° in the
focusing condition. Spherical aberrations r; at P1 are shown in the
variations of (b) the ellipsoidal shape parameter v, (c) the voltage
V, on the second electrode EL2, and (d) the distance d between the
object and the lens entrance. The solid line in each figure corre-
sponds to the case of Fig. 3(a).

combination of the wide-angle Einzel-type lens and a typical
three-electrode Einzel lens is considered. The electrodes EL5
and EL7 are grounded (EL4 and EL5 are at the same volt-
age) and a voltage of 7 kV is applied to the electrode EL6
for the case where the initial electron energy is 1 keV. Elec-
tron trajectories with initial angles up to +50° are shown for
different conditions [Figs. 4(a) and 4(b)]. In Fig. 4(a), the
wide-angle Einzel-type lens is designed so that spherical ab-
erration is finely corrected at the image plane P1, and con-
sequently, large spherical aberration is produced at the sec-
ond image plane P2. The spherical aberrations at P1 and P2
relative to the radius R, of the entrance of the wide-angle
Einzel-type lens are shown in Fig. 4(c). The radius of the
disk of least-confusion near P2 relative to R, is around 0.04.
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FIG. 4. Combination of the wide-angle Einzel-type lens and an
ordinary Einzel lens. Electron trajectories with initial angles up to
+50° are shown in two cases: (a) Simple lens combination in which
spherical aberration is corrected at P1, and (b) fine lens combination
in which spherical aberration is corrected at P2. Spherical aberra-
tions r, at P1 and P2 are shown in different cases: (c) the case of
Fig. 4(a), (d) the case of optimizing V, and 7y, which is the case of
Fig. 4(b), (e) the case of optimizing only V,, and (f) the case of
optimizing V, and d.

Figure 4(b) shows electron trajectories in an optimized
lens combination. Here the ellipsoidal shape parameter vy and
the voltages on the electrodes EL2 and EL3 were adjusted
for fine focusing at P2; the negative spherical aberration to
cancel the positive spherical aberration of the backward lens
is produced at P1, as shown in Fig. 4(d). The radius of the
spherical aberration disk at P2 relative to the entrance radius
R, is around 0.001 [much smaller than that of the least-
confusion disk in Fig. 4(a)]. The ellipsoidal shape parameter
v used in Fig. 4(b) is y=1.76, while that in Fig. 4(a) is y
=1.73. The divergence angle at P2 is reasonably small,
around +4°.

The spherical aberration correction when v is fixed at the
condition of Fig. 4(a) (y=1.73) is considered in Figs. 4(e)
and 4(f). Figure 4(e) shows the result when only the voltage
V, on EL2 is optimized from the condition of Fig. 4(a). Fig-
ure 4(f) is the result when the voltage V, is optimized to-
gether with the distance d between the object and the lens
entrance. The spherical aberration is significantly reduced
from the case of Fig. 4(e), as was suggested in the discussion
of Fig. 2. However, the reduced spherical aberration is still
much larger than the case of Fig. 4(d) (especially at large
angles 6), which means that the adjustment of the ellipsoidal
shape parameter vy is necessary for fine focusing at P2.
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FIG. 5. Combination of the wide-angle deceleration lens and an
ordinary Einzel lens. Electron trajectories with initial angles up to
+50° are shown in two cases: (a) Simple lens combination in which
spherical aberration is corrected at P1, and (b) fine lens combination
in which spherical aberration is corrected at P2. Spherical aberra-
tions r, at P1 and P2 are shown in different cases: (c) the case of
Fig. 5(a), (d) the case of optimizing V, and vy, which is the case of
Fig. 5(b), (e) the case of optimizing only V,, and (f) the case of
optimizing V, and d.

In Fig. 5, a combination of the wide-angle deceleration
lens and a typical three-electrode Einzel lens is considered.
The electrodes EL4 and EL6 are set at the same voltage as
the final electrode EL3 of the wide-angle deceleration lens. A
voltage of around —820 V is applied to these electrodes for
the case where the initial electron energy E, is 1 keV. Since
the electron energy reduces to BE, at P1 (8=0.18 in the
present design), the voltage on the middle electrode EL5 of
the backward lens can be much smaller than the voltage on
the corresponding electrode EL6 in Fig. 4; denoting these
voltages by V, (the latter) and Vj (the former), equivalent
voltages in the two cases are related by Vz=(8-1)Ey/e
+ BV, (e is the elementary charge). Inserting Ey=1 keV and
V=7 kV to this equation gives V3=440 V. This voltage was
applied to the electrode ELS in Fig. 5.

In Fig. 5(a), electron trajectories with initial angles up to
+50° are shown for a simple lens combination in which
spherical aberration is corrected at P1 (y=1.50); large
spherical aberration is produced at P2, as shown in Fig. 5(c).
Figures 5(b) and 5(d) show results for an optimized lens
combination in which spherical aberration is corrected at P2;
the ellipsoidal shape parameter vy and the voltage V, on the
electrode EL2 were optimized. The 7y obtained here is 1.505,
slightly changed from the case of Fig. 5(a). The radius of the
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spherical aberration disk at P2 relative to the entrance radius
R, of the wide-angle deceleration lens is around 0.001. Simi-
larly to Figs. 4(e) and 4(f), the spherical aberration correction
when 1y is fixed at the condition of Fig. 5(a) is considered in
Figs. 5(e) and 5(f). In Fig. 5(e), the result when only the
voltage V, is optimized is shown. The spherical aberration
correction here is better than the case of the wide-angle
Einzel-type lens, as expected in the previous section. No fur-
ther significant reduction of spherical aberration was seen in
the adjustment of the distance d between the object and the
lens entrance [Fig. 5(f)].

IV. DISCUSSION AND CONCLUSION

We have presented a way of focusing wide-angle charged-
particle beams in multiple lens systems. Combinations of the
recently proposed wide-angle electrostatic mesh lenses [1,2]
and ordinary electron lenses were considered. The wide-
angle Einzel-type and deceleration lenses allow the genera-
tion and fine control of negative spherical aberration. We
demonstrated that the wide-angle electrostatic lenses can in-
deed produce the negative spherical aberration to cancel the
positive spherical aberration of an additional lens. Here, an
important role can be played by the ellipsoidal shape param-
eter 7y, the voltages on some electrodes, and the distance
between the object and the lens entrance. In particular, the
parameter vy is responsible for fine cancellation of positive

PHYSICAL REVIEW E 75, 046402 (2007)

spherical aberration; here, y needs to be a little larger than
the case where spherical aberration is independently cor-
rected in the wide-angle electrostatic lenses. We note that the
wide-angle deceleration lens allows a much lower focusing
voltage on an additional lens than does the wide-angle
Einzel-type lens.

In the lens combinations shown, an input beam with a
divergence angle of +50° can be transformed into a finely
focused beam with a considerably reduced divergence angle
of around +4°. The output beam can be successively intro-
duced into an XPS or PEEM lens column or a typical energy
analyzer (such as a hemispherical analyzer), and can then be
focused at its output. The resulting aberration can be much
smaller than the case where the aberration cancellation
scheme is not applied. It is thus reasonable to design wide-
angle aberration-canceling lens combinations such as in this
paper, adjusting all possible parameters for fine correction of
spherical aberration. It is possible to simply modify the lens
combinations to provide fine focusing with a further reduced
divergence angle. The cancellation of the spherical aberra-
tion when two or more lenses are arranged behind the wide-
angle electrostatic lenses is also possible. The proposed way
of focusing wide-angle charged-particle beams in multiple
lens systems is important for developing XPS and related
techniques taking great advantage of the wide-angle electro-
static lenses.
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