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Abstract

We demonstrate by ray tracing analysis that the focusing properties of a hemispherical spectrograph depend critically
on the placement of the electron entrance position R

0
and the value of the potential <

0
at R

0
. Improvements over

conventional spectrographs using R
0
"RM , the mean radius and <

0
"0 are predicted for particular combinations of

R
0

and <
0
. A spectrograph with RM "101.6 mm and an entrance at R

0
"82.55 mm using a zoom lens and a two-

dimensional position sensitive detector (2D-PSD) with 40 mm multichannel plates and resistive anode encoder has been
used to con"rm the predicted qualitative behaviour. These results suggest that improvement in energy resolution may be
attained without the use of fringing "eld correctors. ( 2000 Elsevier Science B.V. All rights reserved.
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The properties of hemispherical analysers and
their operation have been extensively described in
the literature for slit spectrometers (see for example
the recent review by Roy and Tremblay [1] and
references therein) and to a lesser extent for spectro-
graphs [2}4], where the exit slit has been replaced
by a positive-sensitive detector (PSD). Conven-
tional hemispherical analysers are used with an
entrance aperture centered at a radial distance
R

0
"RM , where RM "1

2
(R

1
#R

2
) is the mean radius.
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Furthermore, the entrance potential at R
0

is usu-
ally set at 0, i.e. <

0
,<(R

0
)"0. Then the central

ray trajectory is a circle.
However, when the fractional inter-radial separ-

ation o"*R/RM is large, such as in the case of
modern day spectrographs using PSDs (here
o"0.575), the e!ect of the entrance and exit fring-
ing "elds can result in large departures from the 1/r
potential dependence of an ideal spherical conden-
ser. This usually results in a shift of the focus of the
spectrograph from the exit plane at a de#ection
angle of 1803 to some smaller de#ection angle in-
side the analyser with a corresponding loss in en-
ergy resolution. Various correction schemes have
been proposed [6], the most common solution (al-
beit cumbersome) being the use of multiple rings or
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Table 1
Basic features of an ideal hemispherical electron analyser for central and paracentric entry. The mean radius of the analyser is
RM "1

2
(R

1
#R

2
). The exit point of the central ray in both cases has been chosen for central exit on the PSD at RM
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strips to terminate the electric "eld at the ends of
the hemispherical electrodes [2,7]. Here, we dem-
onstrate by ray tracing calculations, performed
with the popular ion-optics package SIMION, that
improved focusing over conventional spectro-
graphs using R

0
"RM and <

0
"0 are predicted for

particular combinations of R
0

and <
0
. These re-

sults suggest that good energy resolution may be
attained without the use of fringing "eld correctors
for paracentric entry (R

0
ORM ) simplifying the im-

plementation of large area PSDs.
A high gain, paracentric, ESCA-like electron

spectrometer has recently been set-up [8}10] for
use in zero-degree Auger spectroscopy of ions in
energetic collisions with atoms. Such measure-
ments take place at an observation angle of 03 with
respect to the beam direction to minimize an other-
wise large kinematic broadening seriously degrad-
ing energy resolution [11]. The spectrograph (see
Refs. [8,9] for a "gure of the experimental setup) is
composed of a conventional hemispherical ana-
lyser, a 4-element focusing lens system (zoom lens)
and a two-dimensional position sensitive detector
(2D-PSD), all commercially available. The hemi-
spherical shells have an outer radius R

2
"130.8

mm and inner radius R
1
"72.4 mm. The large

inter-radial distance *R"R
2
!R

1
"58.4 mm

easily accommodates a 40 mm 2D-PSD allowing
for a detection energy window of 20% around the
central energy. The zoom lens provides two impor-
tant functions: (a) It focuses the incoming electrons
at the entrance of the analyser, thus simulating
a small virtual slit necessary for high-resolution
measurements. This is particularly important in
our application at 03 observation angle (where the
primary ion beam has to pass through the analyser

itself) since small apertures lead to severe electron
background from slit scattering of the primary ion
beam. An entrance aperture of 6 mm diameter was
used for this reason. (b) It decelerates projectile
electrons, typically in the energy range of a few keV,
down to a few hundreds of eV for improved resolu-
tion.

The trajectory equations within an ideal spheri-
cal condenser are only known for the case of central
entrance at <

0
"0, to the best of our knowledge.

We thus had to solve the problem of arbitrary
entrance R

0
and potential<

0
from basic principles.

In this case the trajectory of the central ray is an
ellipse. In Table 1 we summarize some of the im-
portant di!erences between central and paracentric
(o!-central) entrance for the ideal hemispherical
analyser. The full treatment will be presented
elsewhere [12]. From the general trajectory equa-
tion the voltages <

i
can be determined analytically

(see Table 1). They are seen to be functions of
the energy ¹

0
of the central ray used to `tunea

the analyser and the potential <
0

which is used
as a free parameter and adjusted for best results.
In the case of the ideal condenser <

0
"<(R

0
) with

<(r) the 1/r potential inside the analyser. Clearly
fringing "eld e!ects are not included in such a
treatment.

To include the fringing "eld e!ects we use the
ion-optics package SIMION 3D [5]. In Fig. 1 we
compare two identical spectrometers, for central
(R

0
"RM "102 mm) and paracentric (R

0
"82 mm)

electron entry. In both cases, all voltages on lens
and hemispheres (<

1
"877.5 V and <

2
"!503.5

V) are the same. The lens focuses the electrons at
the entrance of the analyser. The <"0 equipoten-
tial is emphasized. The result of the fringing "elds
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Fig. 1. SIMION simulation. Electrons with initial kinetic energy ¹
0
"1000 eV are #own from a point source located at a distance of 30

mm from the lens entrance within an emittance cone angle of 63. These are focused at the entrance of the analyser by the lens. Left:
central entrance with R

0
"RM "102 mm and <

0
"0. Right: paracentric (o!-central) entrance with R

0
"82 mm and <

0
+500 V. In

both cases all voltages are the same. Clearly observable are the improved focusing conditions on the position sensitive detector achieved
for the paracentric entrance.

on the potential near the entrance and the exit of
the analyser are clearly visible. For the case of
central entry, the well-known shifting of the focus
from the exit plane at the de#ection angle h"1803
to smaller de#ection angles is clearly seen to result
in a badly focused trace *r. In the paracentric case
good focusing conditions on the detector plane are
restored.

In Fig. 2 (left) we plot the base energy resolution
R

"
"*E/E as a function of <

0
for di!erent entry

values of R
0
. These results were also obtained by

SIMION. In each case we used the same group of
electrons as those shown in Fig. 1. These were
#own in SIMION and their trace width *r across
the PSD was recorded. An energy calibration was
used to convert *r to the base energy width *E.
The energy calibration was accomplished with
SIMION by #ying electrons with di!erent energies
and recording their position on exit along the PSD.
Voltages were set using the equations for <

i
from

Table 1. In a similar way, the overall energy accept-
ance window *¹

8*/$08
was determined for each

case and displayed in Fig. 2 (right). The limiting
values of the energy window were de"ned by the
limits of the analyser inner walls. Only energies
which resulted in 100% transmission through the

analyser were used for the determination of
*¹

8*/$08
, which explains the sudden cut-o! of the

values in the graphs.
As can be seen directly from Fig. 2, there is no

one entrance position which gives best resolution.
Rather, speci"c combinations of R

0
and <

0
lead to

the best focusing conditions. Thus, for R
0
"82

mm, a voltage of<
0
"0.6¹

0
is seen to give the best

energy resolution. However, for a conventional
analyser having R

0
"RM "102 mm, SIMION indi-

cates that the energy resolution is best for <
0
"0

with the resolution getting worse with increasing
values of <

0
. We also note that the energy window

of the analyser becomes larger as R
0

increases and
<
0

decreases.
We are in the process of verifying these SIMION

results experimentally. Indeed, our paracentric
spectrograph (with lens focused) having its entrance
at R

0
"82.55 mm, showed a similar dependence on

<
0

as that of Fig. 2 (left) attaining its best FWHM
energy resolution (0.9% without deceleration) for
<
0
"0.46¹

0
with an acceptance window of about

0.2¹
0
. This small di!erence from the SIMION

prediction of 0.6¹
0

could be due to di!erences in
the focusing of the lens which cannot be monitored
in the experiment.
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Fig. 2. Base energy resolution (left) and acceptance energy window (right) for a hemispherical spectrograph with di!erent locations of
the entry point R

0
and entrance potential parameter <

0
. Only cases where the transmission through the analyser was 100% were

considered.

In conclusion, we have performed ray tracing
calculations which indicate that improved focusing
can be attained for particular combinations of en-
trance position R

0
and entrance potential para-

meter <
0

which di!er from the conventional
hemispherical spectrograph settings of R

0
"RM and

<
0
"0. Experimental results supported the pre-

dicted behaviour for R
0
"82.55 mm.
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