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For high-energy-resolution photoelectron spectroscopy using

synchrotron radiation, the energy resolution of a commercial

compact photoelectron spectrometer (hemispherical concentric

spectrometer) was improved by reducing the size of the entrance

and detector slits and optimizing the operation conditions of the

lens voltage. Under the optimized conditions, ray-tracing simula-

tions show that severe spectral intensity decreases can be avoided.

An energy resolution of 6.2 meV and a resolving power of 8100 at

a kinetic energy of 50 eV were experimentally obtained.
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1. Introduction

X-ray photoelectron spectroscopy (XPS) is a useful method for

simultaneous analysis of chemical and bonding states on surfaces.

High-energy-resolution XPS and vacuum ultraviolet photoelec-

tron spectroscopy (UPS) are now available using an incident light

source of narrow energy width obtained from synchrotron

radiation. In such cases, a concentric hemispherical analyser

(CHA) is commonly used as an electron spectrometer as it is

suitable for energy analysis in high-energy-resolution photoelec-

tron spectroscopy and angle-dependent photoelectron spectro-

scopy (Osterwalder et al., 1989; MaÊrtensson et al., 1994). The CHA

(PHI 10-360) has been used at the high-resolution vacuum

ultraviolet (VUV) beamline SORIS (Kido et al., 1998; Namba et

al., 1998) at Ritsumeikan University to measure XPS and UPS in

the study of surface electronic states, such as the one-dimensional

nature of the step on stepped surfaces (Namba, 1996). In such

cases, it is necessary to acquire a high-resolution core-level

photoelectron spectrum and a ®ne-structure spectrum of the

valence band. However, the CHA, which was manufactured as a

high-transmission analyser for small-area analysis, has an energy

resolution of about 40 meV, which is insuf®cient for the require-

ments of our study.

It is known that high energy resolution can be obtained by

reducing the analyser slit size or the pass energy. For a compact

CHA which has hemispheres of a small mean radius, the reduction

in transmission should be considered when reducing the slit size,

as the analysis area and the acceptance angle may be reduced. The

dependence of transmission on the slit size, lens magni®cation,

pass energy and kinetic energy is quite complicated. Therefore

optimization of the slit size and the pass energy by ray-tracing

simulation and experiment is very important in minimizing the

decrease in transmission.

In this paper, we discuss the optimization and modi®cation of

the compact CHA in order to improve the energy resolution with

the aim of achieving an energy resolution of less than 10 meV.

Some evaluation results are also reported.

2. Analyser modi®cation for improvement of energy resolution

The energy resolution �E, de®ned as full width at half-maximum

(FWHM), for a CHA is given by

�E � ��w=2R� � ��2=4��Ep; �1�
where Ep is the pass energy of the analyser, w is the slit width of

the analyser, R is the mean radius of the hemispheres and � is the

half-angle of electrons entering the analyser at the entrance slit

(Briggs & Seah, 1990). Relative resolution is sometimes also

expressed as the resolving power � in terms of the initial kinetic

energy E0 and �E, i.e.

� � E0=�E: �2�
High energy resolution may be achieved by decreasing the pass

energy; however, this may not give good analyser transmission

and energy resolution. One reason is that the transmission of the

analyser input lens is also decreased by a higher retarding ratio,

which is de®ned as initial kinetic energy divided by pass energy

(Seah & Smith, 1990). Another reason is that contamination on

the electrode surfaces may cause distortion of the electric ®eld in

both hemispheres, restricting the transmission and energy reso-

lution. Thus, we consider changing the slit width w and the half-

angle � as estimated by the ray-tracing simulation.

Fig. 1 shows a diagram of the analyser and related electronics

(Physical Electronics, 1986). The analyser, as originally designed

Figure 1
Diagram of the concentric hemispherical analyser and related electronics.



by Physical Electronics, is con®gured with an analyser input lens,

spheres and 16-channel detector using a chevron-mounted pair of

microchannel plates. The input lens is a double-focused lens with

seven lens elements. The ®rst stage (L1±L4) of the input lens

de®nes the analysis area selected by the adjustable aperture S1.

The magni®cation and acceptance angle are changed by adjusting

the L2 and L4 voltages. The second stage (L5±L7) of the input lens

functions as a transfer lens to the CHA. The sizes of the entrance

slit S2 and the detector slit S3 are 4 � 10 mm and 2 � 19 mm,

respectively. The half-angle of electrons entering the analyser, �,

was estimated as 2� at an L2 operating voltage of 0 V by ray-

tracing simulation. Therefore, the expected energy resolution was

calculated to be 14 meV at 1 eV pass energy.

To improve the energy resolution, the sizes of S2 and S3 were

changed to 0.4 � 10 mm and 0.5 � 19 mm, respectively. The

surfaces of the lens elements, spheres and detector were coated

with graphite rather than gold to reduce secondary electron

scattering. The energy resolution at a pass energy of 1 eV was

then calculated to be 2.1 meV.

3. Experimental apparatus

To evaluate the energy resolution of the analyser, spectra of the

transmitted electron beam were measured. The half-solid-angle

for the monochromated electron beam is about 2� with a 20 mm

working distance which is adjustable by varying the external

voltage supply. The working distance of the input lens for the

analyser is about 19 mm. The monochromator, composed of an

electron gun, an energy analyser and a lens, was shielded with two

separate continuous layers of �-metal. The monochromatic elec-

tron beam can be moved mechanically in the x, y and z directions

from outside the vacuum chamber. The mean radius of the

monochromator hemispheres is 50 mm and the entrance slit size is

0.2 � 5 mm. The half angle � was estimated to be 3.2� at 1.4 eV

pass energy from the ray-tracing simulation of the input lens.

Therefore, the energy resolution was calculated to be 3.9 meV

FWHM at 1.4 eV pass energy, which was suf®cient for the present

experiment.

The voltage range of the retarding power supply for the

analyser was modi®ed from 0±320 V with 5 mV step to 0±64 V

with 1 mV step for high-energy-resolution measurement. The

ripple voltage was less than 2 mV at 50 V. In addition, the

commercial software was modi®ed for the new voltage range.

The beam voltage, ®lament current and pass energy of the

electron gun were set to 50.000 V, 2.45 A and 1.400 eV, respec-

tively. The beam current obtained from the monochromator was

about 0.1 pA. The spectra were recorded in channel 8 of a 16-

channel detector using a 0.125 mm-diameter adjustable aperture

S1 with a 1 meV energy step and a recording time of 0.655 s stepÿ1

with 10 sweeps. The pressure was maintained at about 1� 10ÿ7 Pa

during the measurement.

4. Results and discussion

The peak width and the peak pro®le of the transmitted electron

beam recorded as a function of pass energy are shown in Fig. 2.

The energy resolution and the resolving power are summarized

in Table 1. The spectrum at 0.585 eV pass energy was measured

with a 0.5 mm-diameter adjustable aperture S1, as the count rate

was extremely low (about 70 counts sÿ1). The minimum peak

width of the transmitted electron-beam spectra at 50 eV kinetic

energy was 7.3 meV at 0.585 eV pass energy (and a retarding

ratio of 85). The energy resolution and resolving power of the

analyser were calculated as 6.2 meV and 8100, respectively,

assuming the energy width of the monochromated electron beam

to be 3.9 meV. These values are suf®cient for our study. The

experimentally obtained FWHM curve is in good agreement with

the theoretically calculated FWHM curve above 5.85 eV pass

energy. Below 5.85 eV pass energy, the experimentally obtained

peak width was slightly greater than the theoretically calculated

peak width. One reason is that the imperfection of the alignment

and optimization of the lens voltage for the CHA may defocus

the transmitted electron beam at the detector slit. Slight

contamination of the hemispheres of the CHA may also cause

electric ®eld distortion due to changes in the work function of

the hemispheres. Additionally, the energy width of the mono-

chromated electron beam assumed in the calculation may not be

correct for similar reasons, such as contamination of the mono-

chromating analyser of the electron gun or misalignment of the

electron-gun lenses.

Figure 2
Experimentally obtained FWHM (solid line) and theoretically calculated
FWHM (dashed line) of the transmitted electron-beam spectra as a
function of the pass energy. Labels show the values of experimentally
obtained FWHM. Inset A shows the transmitted electron-beam spectra.

Table 1
Experimental results of the energy resolution and resolving power at 50 eV kinetic energy.

Pass energy (eV) Measured peak width (meV) Theoretical peak width (meV) Energy resolution (meV) Resolving power

0.585 7.3 4.1 6.2 8100
1.175 8.2 4.6 7.2 6900
2.950 9.8 7.3 9.0 5600
5.850 13.3 12.8 12.7 3900

11.750 25.1 24.9 24.8 2000
23.500 49.4 49.4 49.2 1000
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From the ray-tracing simulation, the magni®cation of the lens

was found to be 1.5, which can be ignored with a 0.125 mm-

diameter adjustable aperture S1. The reduction rate of transmis-

sion for the modi®ed analyser is estimated to be about 25% of that

of the original analyser at the same pass energy, corresponding to

the decrease in transmission from changing the size of the detector

slit. On the other hand, the original analyser must be operated at

17% lower pass energy than that of the modi®ed analyser to

achieve the same energy resolution. The reduction rate of trans-

mission for the original analyser was evaluated as 11% at these

retarding ratios (Tanaka, 1995), therefore the change in trans-

mission for the modi®ed analyser can be estimated as 1.5 times

higher than that of the original analyser.

5. Conclusions

The energy resolution and the resolving power of the commercial

compact CHA at 50 eV kinetic energy were improved to 6.2 meV

and 8100, respectively. Reconsidering the design and operation of

the analyser at a high retarding ratio can improve the energy

resolution considerably without any decrease in the transmission

rate by optimization of the slit size and lens voltages using a ray-

tracing simulation.
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