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A vacuum ultraviolet beamline with a grazing-incidence

constant-deviation-angle monochromator, equipped with a

varied-line-spacing plane grating, has been designed for a

bending-magnet light source. This type of monochromator has

become very popular because of its high resolution, high

throughput, simple scanning mechanism and ®xed exit slit. To

improve the energy resolution for a wide spectral range, Yan

& Yagishita [(1995), KEK Report 95-9. KEK, Tsukuba, Ibaraki

305, Japan] proposed eliminating the defocus aberration at two

speci®c energies in the spectral range, and their monochro-

mator successfully achieved higher energy resolution by using

an undulator light source. The possibility of applying this

method to a bending-magnet beamline was examined and it

was found that high performance can be achieved even using a

bending-magnet light source with wide emittance. Performance

evaluation relating to energy resolution, photon ¯ux and spot

size are reported.
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1. Introduction

Recently, constant-deviation-angle varied-line-spacing plane-

grating (VLSPG) monochromators (Koike et al., 1994;

Amemiya et al., 1996) have become very popular because of

their high resolution, high throughput, simple scanning

mechanism and ®xed exit slit. However, since the VLSPG

monochromator is usually designed to eliminate the defocus

aberration at one energy, high resolution cannot be obtained at

energies other than the optimized one. To decrease the defocus

aberration over a wide spectral range, Yan & Yagishita (1995)

and Hettrick & Underwood (1988) proposed eliminating the

defocus aberration at two speci®c energies in the spectral

range, and their monochromator successfully achieved high

resolution by using an undulator light source. In the case of

using a bending-magnet light source, it was thought to be

dif®cult to achieve both high-energy resolution and high

throughput because of the wide emittance at the source. In this

paper we examine the possibility of applying this method to a

bending-magnet beamline. We show that an energy resolution

of 10ÿ4 and a photon ¯ux of 1011 photons sÿ1 can be achieved

even using a wide-emittance bending-magnet light source.

2. Optical design

Our goal for this beamline design was to gain photon ¯ux as

ef®ciently as possible at an energy resolution of 10ÿ4 over the full

spectral range (20±240 eV) for the study of solid surface chemical

states and electronic properties.

We assumed the optical element layout of the beamline as

shown in Fig. 1. The light source parameters are given in Table 1.

The acceptance angle of the beamline was set to 5 mrad

(horizontal) � 2.5 mrad (vertical) by an aperture located 6 m

from the light source. The ®rst mirror of the beamline, M0, is a

toroidal mirror with a 5� grazing incidence; it de¯ects light

horizontally by 10� and focuses the light on the entrance slit

along the vertical direction. The light is also focused along the

horizontal direction at the midpoint between mirror M1 and the

grating to avoid astigmatism on M1 and the grating. The second

mirror, M1, is a spherical mirror with a 4� grazing incidence, and

light is de¯ected vertically by 8�. It was designed to focus light on

the exit slit with a magni®cation of unity to avoid coma aberra-

tion. M1 also forms a convergent beam for the plane grating.

After M1, the white light is diffracted by the grating and the

selected wavelength is focused on the exit slit. Three inter-

changeable gratings, GA, GB and GC, with groove densities of

300, 600 and 1200 lines mmÿ1, are used to cover ef®ciently the

entire spectral range. The spectral ranges for GA, GB and GC

were set to be 20±60, 40±120 and 80±240 eV, respectively. The

de¯ection angle of the grating is 165�. The monochromated light

is then refocused onto the sample by toroidal mirror M2 with a

magni®cation of unity, the direction of the light returning to

parallel to the horizontal plane by M2, with a 3.5� grazing inci-

dence.

The VLSPG is designed to correct optical aberrations using the

light-path function method (Harada & Kita, 1980). The defocus

aberration is most severe for degrading the energy resolution

because of the ®xed exit slit. The defocus aberration term of the

light-path function of the VLSPG, F20, is expressed as

F20�b2� � cos2 �=r� cos2 �=r0 � b2m�=d0: �1�
The varied-line-spacing parameters are de®ned as

d�w� � d0=�1� 2b2w� 3b3w2 � 4b4w3�; �2�
where � and � are the incidence and diffraction angles, respec-

tively, r is the entrance arm length, r0 is the exit arm length, w is

the coordinate along the grating, d(w) is the line spacing at the

coordinate w, d0 is the line spacing at the grating centre, which

equals d(0), m is the diffraction order, and b2, b3 and b4 are the

varied-line-spacing parameters to correct the defocus aberration,

coma aberration and spherical aberration, respectively.

Usually, b2 is obtained from the equation F20 = 0, because

parameter b2 is optimized at one energy in the spectral range.

However, because defocus aberration remains at the low-energy

Figure 1
Optical layout of the beamline (side view).
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edge and the high-energy edge of the spectral range, these large

defocus aberrations degrade the energy resolution in this spectral

range. To decrease the defocus aberration over the full spectral

range, Yan & Yagishita (1995) proposed a design method in

which the defocus aberration vanishes at two speci®c energies in

the spectral range. In this method, two wavelengths, �1 and �2,

are selected and the simultaneous equations of F20(�1, b2, r0) = 0

and F20(�2, b2, r0) = 0 are solved. Then the varied-line-spacing

parameter, b2, and the exit arm length, r0, were obtained. By

diminishing the defocus aberration at two wavelengths, we

decreased the defocus aberration over the full spectral range.

3. Performance evaluation

The total energy resolution can be expressed as the vector sum of

the main individual contributions: slit width, optical aberrations,

and ®gure slope error of the grating and M1. We shall describe

the slit width for an energy resolution of 10ÿ4. Then we shall

discuss each contribution to the total energy resolution.

To keep the energy resolution de®ned by the slits constant, we

calculate the corresponding slit width to give a resolution of 10ÿ4

(Shigemasa et al., 1995). Fig. 2 shows the energy dependence of

the entrance slit width and exit slit width to obtain an energy

resolution of 10ÿ4 for the contribution of the slit width.

Fig. 3 shows the resolving power obtainable with this con®g-

uration using varied-line-spacing plane gratings. The widths of

the entrance slit and the exit slit are de®ned to keep the slit

contribution for the resolution as 10ÿ4. Defocus aberration is

negligible near the optimized energies, 22 eV and 52.5 eV. The

contribution of ®gure slope error for total energy resolution is

larger at higher photon energy. By considering these degradation

parameters, the total energy resolution is 1.2 � 10ÿ4 at maximum,

indicating that the energy resolution of 10ÿ4 is almost achieved.

The photon ¯ux at the sample position is calculated as the

product of four factors: the geometrical transmission factor, the

re¯ectivity of optical elements, the grating diffraction ef®ciency

and the photon ¯ux at the source. To estimate the ®nal photon

¯ux we calculate each term as follows. First, the geometrical

transmission factor of the optics was calculated by the ratio of the

number of rays at the sample position and the number of rays at

the source, as a result of a ray tracing simulation (Furukawa,

1996). Secondly, the re¯ectivity was calculated [see Centre for

X-ray Optics (1997) and, for optical constants, Lynch & Hunter

(1985)]. For this calculation the coating material of all the optical

elements was Au, except for GC which was coated with Ni

because it has a higher re¯ectivity in the region above 180 eV.

Furthermore, s polarization was assumed for all optical elements,

except for M0 for which p polarization was assumed. Surface

roughnesses of 5 AÊ for mirrors and 10 AÊ for gratings were also

assumed. The total re¯ectivity is calculated by the products of all

mirrors and each grating. Thirdly, the grating diffraction ef®-

ciency was calculated using the formula for a laminar-type grating

(Frank et al., 1975). Fourthly, the photon ¯ux at the source was

calculated using the formula derived by Yamamoto (1996). A

photon ¯ux of about 1013 photons sÿ1 in a 0.01% bandwidth was

obtained at the light source. From these values the photon ¯ux at

the sample position was obtained as shown in Fig. 4; it ranges

from 1010 to 1011 photons sÿ1 (0.01% bandwidth)ÿ1.

Table 1
Parameters for the bending-magnet light source.

Parameter Value

Nominal electron energy 2.5 GeV
Stored current 300 mA
Horizontal source size 0.366 mm
Vertical source size 0.052 mm
Horizontal source divergence 0.073 mrad
Vertical source divergence 0.011 mrad
Bending radius 8.66 m

Figure 2
Energy dependence of the entrance and exit slit width for an energy
resolution of 10ÿ4 by the slit contribution.

Figure 3
Total energy resolution considering the vector sum of the defocus
aberrations, coma aberrations, ®gure slope error of the spherical mirror
(FSEM1), ®gure slope error of the plane grating (FSEG), and entrance-
and exit-slit contributions.

Figure 4
Photon ¯ux at the sample versus energy.
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The spot diagram at the sample position was obtained by ray-

tracing simulation for 20 eV, where the spot is the broadest,

because the exit slit is widest at 20 eV. The FWHM of the pro®le

is 48 mm for the vertical direction and 180 mm for the horizontal

direction.

4. Conclusions

A beamline optical system is described that can provide high ¯ux,

high resolution and a wide energy range. The results of analytical

calculation and ray-tracing simulation show that a resolving

power of 10ÿ4 can be achieved for the full spectral range 20±

240 eV. The estimated output photon ¯ux ranges from 1010 to

1011 photons sÿ1 with a resolving power of 10ÿ4. Furthermore, the

beam size at the sample position is smaller than 0.2 mm (hori-

zontal) � 0.05 mm (vertical). We have con®rmed that the

performance is suf®ciently high to perform photoelectron spec-

troscopy with high resolving power by using Yan's design method

(Yan & Yagishita, 1995), even if a bending-magnet light source

with wide emittance is used.
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