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The undulator beamline in the BL3 was designed for the surface science

research. In the designed optics simulated by a ray-tracing program, the beamline

delivers an undulator radiation to the experimental stations in the range of VUV

(vacuum ultraviolet) and SX (soft X-rays) corresponding to a photon energy of

40 - 1040 eV, and the photon beam size at the sample position is in the order

of micrometer with an intensity of about 2000 times, higher than that obtained

from the bending magnet. In the mechanical design of the beamline under limited

funding, most of the mechanical components were reused from the obsolete bending

magnet beamline in the BL4, and vacuum components were fabricated in the

in-house machining facility. The control softwares of the undulator and grating

were also developed using a graphical programming software called LabView. To

make the most uses of the U60 undulator radiation, the beamline was designed

to be divided in two branches for two experimental techniques : angle-resolved

photoemission spectroscopy and photoemission electron microscopy. After the

construction was completed, the performance of the optical beamline based on

the commissioning results was evaluated, and compared with the results from

analytical calculations and ray-tracing simulations.
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CHAPTER I

INTRODUCTION

Synchrotron light/radiation is an electromagnetic wave emitted from a rel-

ativistic charge particle moving in a curved motion. The first observation of

“man-made” synchrotron light was reported by scientists at the General Elec-

tron Research Laboratory in US in 1947 (Elder et al., 1947). Synchrotron light

is an unwanted phenomenon for the community of high-energy or nuclear physi-

cists since it was considered as an obstructer for accelerating high-energy charged

particles. Not until the middle of 1960s, a small group of solid state physicists

has demonstrated the usefulness of synchrotron radiation from the accelerator for

the high-energy physics research in a parasite mode (Codling, 1997). Thereafter,

the salient properties of synchrotron light such as high brightness, well collimated

and continuously spectra are well accepted by scientists in many different research

areas. The demand for beamtime of synchrotron light has rapidly increased, result-

ing in several new projects around the world to build dedicated synchrotron light

sources, which are known as second generation light sources. Since the beginning of

1980s, many scientists around the world have benefited from the excellent proper-

ties of synchrotron light from the second generation light sources. At present, many

advanced synchrotron research facilities are now operating their third generation

light sources, which utilize insertion devices such as undulators and wigglers to

produce synchrotron light with much higher intensity and brightness. Meanwhile

many advanced facilities are now developing the fourth-generation light sources,

which are know as free-electron lasers covering from infrared to X-ray energy spec-
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trum.

The first Thai synchrotron light source is known as the Siam Photon Source,

installed at the Siam Photon Laboratory of the Synchrotron Light Research Insti-

tute (Public Organization). The light source is a modified source of the original

SORTEC machine, which was previously located in Tsukuba in Japan. The mod-

ifications transform the SORTEC light source designed solely for the lithographic

research to a new light source suitable for general purposes such as imaging, lithog-

raphy, spectroscopy and scattering/diffraction experiments. The storage ring of

the Siam Photon Source has been upgraded from 1.0 to 1.2 GeV to extend high-

energy region of the synchrotron light spectra generated by the bending magnets.

In addition, a superconducting wavelength shifter is planned to be installed in the

storage ring to provide hard X-rays. At present, the brightest synchrotron light of

the Siam Photon Source is generated by a planar undulator (U60) with a period

length of 60 mm and a number of periods of 41. This U60 produces light in VUV

(vacuum ultraviolet) and SX (soft X-rays) regions.

Figure 1.1 shows calculated spectra of synchrotron light generated by the

bending magnets of the storage ring, the U60 planar undulator and from a 6.4-

Tesla superconducting wavelength shifter of the Siam Photon Source. The flux

density of synchrotron light from the U60 undulator is almost 4 orders of magni-

tude higher than that produced from the bending magnet. It is also interesting to

point out that the U60 light spectra cover all K-edge of important light elements

such as C (284.2 eV), N (409.9 eV) and O (543.1 eV), and L-edge of important met-

als starting from light element Na up to 3d transition metal Ni (Williams, 2001).

The U60 may be considered as the most valuable light. It will be used for as many

as possible research areas and various measurement techniques. At the initial

stage, four different experimental stations are installed for different kinds of mea-
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Figure 1.1 Calculated spectra of synchrotron light of the Siam Photon Source:
The spectra are generated from the bending magnet of the storage ring, the U60
planar undulator and the 6.4-Tesla superconducting magnet wavelength shifter.

surement techniques, i.e. angle-resolved photoemission spectroscopy (ARPES),

X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS)

and photoemission electron microscopy (PEEM). To make the most uses of the

U60 light, a beamline to deliver light from the U60 to the experimental station

must be carefully designed and constructed. Thus, the main goal of this thesis

work is to design and construct a synchrotron light beamline to utilize the U60

light for the above mentioned experiments.



CHAPTER II

SYNCHROTRON LIGHT

This chapter provides the background necessary for designing an optical

beamline to deliver light from the light source to the experimental station. It

is crucial to know the characteristics of the light source such as dimensions and

angular distribution of emitting light. These parameters can be obtained once

the characteristics of the electron beam and the magnetic filed are known. Thus,

understanding of the electron beam optics is necessary. Brief mathematic formulas

for the electron beam will be given. For light optics, the optical path function will

be mentioned in details as it is necessary for both analytical considerations and

ray tracing simulations for the design of a beamline.

It is also worth to emphasize the salient properties of synchrotron light,

which can be summarized as the followings:

Continuous spectrum : The spectrum of synchrotron light emitted from a bend-

ing magnet or a wiggler is continuous. The spectral range may cover from the

infrared to X-rays, depending on the electron energy and the magnetic field. Un-

dulator light exhibits a strong interference peak at certain photon energy. However,

the position of the peak can be adjusted by changing the gap of the undulator.

Thus, synchrotron light becomes a tunable light source.

High flux and high brilliance : The flux from emitted radiation is very high

and many order of magnitudes compared with conventional X-ray tubes. This is

due to the facts that the electron beam source has very small beam size and very

low divergence.
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Low emittance and high collimation : Electron beam optics is well-

established technology. In principle, an electron beam can nowadays be controlled

to be as small as nano-meter diameter. The photon beam has a small source size

and low angular divergence. So the photon beam can be focused down to 1 µm.

Polarization : The emitted radiation from the bending magnet has linear po-

larization in the plane of the storage ring. Except above and below this plane,

the bending magnet radiation is elliptically polarized. And it is suited for the

dichroism experiment, e.g. investigating magnetic materials (Winick, 1994).

Pulse time structure : The electrons are stored in the storage ring as a group of

bunches. The bunching is caused by the RF cavity. In the optical beamline, when

an electron bunch passes we can see continuous synchrotron radiation. Since the

electron in the storage ring is filled with some electron bunches, the synchrotron

radiation is emitted from each bunch as pulse (Winick, 1994).

2.1 Synchrotron radiation source

In the design of the beamline optics for the synchrotron radiation source,

the parameters of the electrons in the storage ring must be known, because the

photon beam size and divergence are crucially affected by the position of electron

beam (Winick, 1994). Now, in a coordinate system as shown in figure 2.1, the

electrons are assumed to be located at a point P(x,y) in an x -y plane along the

ideal orbit. The direction of the electron motion s is perpendicular to the two

orthogonal x and y directions. The two derivatives, namely dx/ds and dy/ds are

the divergence of the electron moving around the ideal orbit. The distribution of

the electron density may be approximated to be a Gaussian distribution, which can

be characterized by four standard deviations σx , σx ′ and σy , σy ′ (corresponding to

the beam size and beam divergence in the direction x and y, respectively). Here,
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Figure 2.1 The electron beam coordinate system in the storage ring.

the concept of the electron beam circulating around the storage ring is given only

in a macroscopic view. However, the actual electron beam motion has its own

betatron oscillation in the transverse direction of the ideal orbit. The details of

the electron beam as a phase ellipse gives an average view of the electron beam at

each point. The ellipse shows the electron beam contour where the electron beam

width is a minimum (Duke, 2000). The generalized coordinates u and u′ are used

to represent the phase ellipses for both the x − x′ and y − y′ planes that can be

described by

ε = qu2 + ru′2. (2.1)

By comparing with the general equation for an ellipse with the origin at the center

with major and minor axes or a and b, respectively;

u

a2

2

+
u′

b2

2

= 1 (2.2)

We obtain that the ellipse has the semi-major and semi-minor axes of lengths
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Figure 2.2 Parameter of the phase space ellipse.

2
√

ε/a , 2
√

ε/b and area πε with the condition ab = 1. The area πε is called the

beam emittance. In order to provide a rigid the relation between the phase ellipse

and beam dimension, the equation of the tilted ellipse is needed. The equation of

an ellipse tilted through an angle of φ relative to the u, u′ frame can be described

by (Sands, 1970)

ε = qv2 + rv′2. (2.3)

The equation transformed from the v, v′ frame to the u, u′ frame is given by

v = ucosφ + u′ sin φ

v′ = −u sin φ + u′cosφ (2.4)
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Putting the equation 2.4 into 2.3 leads to the general equation for the following

phase space ellipse;

ε = γu2 + 2αuu′ + βu′2 (2.5)

γ = rcos2φ + q sin2 φ (2.6)

β = r sin2 φ + qcos2φ (2.7)

where

2α = (q − r) sin 2φ

tan 2φ = −2α
β−γ





, (2.8)

and

βγ = 1 + α2. (2.9)

The parameters α, β and γ are called the Twiss parameters. The beam size and

angular distribution of the beam are considered to be the quantities defined as a

root-mean-square value, which are given by

σu =
√

εuβu

σu′ =
√

εu′/βu′





. (2.10)

2.1.1 Bending magnet

In the bending magnet, electrons move in a circular trajectory. The emitted

radiation is intense, with a very narrow angular divergence of about γ−1 around

the trajectory plane. The radius of curvature of the electron trajectory in the
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bending magnet is given by (Peatman, 1997)

ρ[m] =
3.3Ee[GeV ]

B[T ]
, (2.11)

where B is the magnetic field amplitude, and Ee is the energy of electron. The

radiation from the bending magnet has a continuous spectrum distribution with

the critical photon energy εc which in practical unit is

εc[keV ] = 0.665E2
e [GeV ]B[T ]. (2.12)

The spectral angular flux density in a practical unit (photon per second per

milliradian2 per 0.1% bandwidth), is given by

dṄ

dΩ

∣∣∣∣∣
ψ=0

= 1.33× 1013E2
e [GeV ]I[A](

ω

ωc

)2K2
2/3(

ω

2ωc

) (2.13)

The most common method for estimating the vertical opening angle is to

assume that the angular distribution is of a Gaussian shape and symmetric to

ψ = 0. Then the root-mean-square divergence σψ is (Kim, 1995)

σψ = (
2π

3
)
1/2

1

γ
(
ω

ωc

)

∫∞
ω/ωc

K5/3(u) du

K2
2/3(ω/2ωc)

. (2.14)

The total power emitted by the electron beam of current I is given by

P [kW ] = 88.46
E4

e [GeV ]I[A]

ρ[m]
(2.15)

2.1.2 Insertion devices

2.1.2.1 Undulator
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Figure 2.3 Emission of synchrotron radiation from bending magnet. (a) Top view
and (b) side view.

The undulator is an insertion device which consists of the periodic structure

of static dipole magnets (Clarke, 2004). The radiation emitted by electrons at the

various poles in the periodic magnet. The shape of the radiation is like a pencil.

The nth harmonic wavelength (λn) of the undulator radiation on its axis can be

obtained from the following equation; (Attwood et al., 1993)

λn

[
0

A

]
=

λu

2nγ2

[
1 +

K2

2
+ γ2θ2

]
=

1.3056 λu [mm]

nE2 [GeV ]

[
1 +

K2

2
+ γ2θ2

]
, (2.16)

where γ is the ratio of the electron energy to the electron rest mass, θ is the

observation angle with respect to the unperturbed orbit and K is the magnetic
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field strength parameter, which is defined as (Attwood et al., 1993)

K =
eB0λu

2πm0c
= 0.09337λu [mm] B0 [T ] , (2.17)

where B0 is the peak magnetic field, and corresponding photon energy, εn is ex-

pressed by

εn [keV ] = 9.498
n E2 [GeV ]

λu [mm]
[
1 + K2

2
+ γ2θ2

] . (2.18)

The effective sizes (σx, σz) and divergences (σ′x, σ
′
z) of the electron beam

in the horizontal and the vertical directions and the diffraction limited (σr, σ
′
r)

are used to calculate the effective sizes (
∑

x,
∑

z) and divergences (
∑′

x,
∑′

z) of

the photon beam in the central cone. The effective sizes and divergences can be

obtained from the following equation; (Shin, 1993)

Σx =
√

σ2
x + σ2

r, Σz =
√

σ2
z + σ2

r

Σ′
x =

√
σ′2x + σ′2r, Σ′

z =
√

σ′2z + σ′2r (2.19)

where

σx =
√

εxβx

σ′x =
√

εx

βx

σz =
√

εzβz

σ′z =
√

εz

βz

σr = 1
2
√

2π

√
λL

σ′r =
√

λ
2L





. (2.20)

The peak angular flux density of the nth harmonics in practical unit of
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photon per second per milliradian2 per 0.1% bandwidth is given by (Kim, 1995)

dṄ

dΩ

∣∣∣∣∣
θ=0

= 1.74× 1014N2E2
e [GeV ]I[A]Fn(K), n = 1, 3, 5, ... (2.21)

where

Fn(K) =
n2K2

(1 + K2
/2)

[
J(n+1)/2(

nK2

4(1 + K2
/2)

)− J(n−1)/2(
nK2

4(1 + K2
/2)

)

]2

. (2.22)

The total power of the undulator radiation in practical unit is given by

P [kW ] = 0.63E2
e [GeV ]B2

0 [T ]I[A]L[m]. (2.23)

The thermal power of the undulator radiation from the high energy storage ring

may be as strong as about 10 kilowatts per solid angle. To prevent the heat load

problem on the inner wall of vacuum tubes and valves along the beamline, water-

cooled mask was installed at the front-end of the beamline. Normally, most of

the flux from the undulator radiation is concentrated in the central cone, so heat

load effect on the optical elements is limited in the central cone of the undulator

radiation.

2.1.2.2 Wavelength shifter and multipole Wiggler

The wavelength shifter (WLS) is an insertion device. It has a strong mag-

netic field more than that in the storage ring bending magnet (Clarke, 2004),

and so the critical photon energy is increased up to a specific requirement of the

beamline.

The multipole wiggler (MPW) is like several identical wavelength shifters

aligned one after another in a straight section of a storage ring. Furthermore, if

the magnetic field, which only deflects in the horizontal plane, is sinusoidal, with
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period length λw , then

By(s) = −B0 sin(
2πs

λw

), (2.24)

where B0 is the peak magnetic field.

The magnetic field strength parameter is defined same as equation 2.17,

and the critical photon energy is given by (Sands, 1970)

εc[keV ] = 0.655E2
e [GeV ]B0[T ]. (2.25)

2.1.3 The Siam photon source

The Siam photon Source (SPS) is the first synchrotron radiation source in

Thailand. The layout of storage ring of the SPS which is operated at an electron

beam energy of 1.2 GeV, is shown in Figure 2.4.

2.2 Optical path

In the VUV and SX regions, the conventional refraction type of the optical

elements such as lenses used for focusing visible light cannot be used because of

a very high absorption coefficient for all materials in these photon energy regions.

Thus, the grazing incident reflection type of the optical elements is used. When

the grazing angles are used to reflect the beam by mirrors of various shapes,

the resolving powers critically depend on the mirror surface quality leading to

the aberrations from a perfect image. The aberrations result from differences in

the possible optical paths from one point to another through some geometrical

surfaces.

In 1657, P. de Fermat provided the principle of least time to explain the
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Figure 2.4 The layout of the storage ring of SPS.

phenomena of refraction and reflection. The Fermat’s principle states that a light

ray from point A to point B and its optical path length are stationary. In Figure

2.5, the image at point B is formed by light rays from the point A impinging on

an optical surface P( ξ,ω,l). The optical path function F, can be expressed as

F = AP + PB. (2.26)

All paths through the mirror surface P( ξ,ω,l), which lead to a focus, must be fulfill
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Table 2.1 Summary of SPS storage ring’s main parameters.

Parameters Data

Operating electron beam energy 1.2 GeV
Circumference 81.3 m
Length of straight section 5.2 m × 4
Lattice Double CityplaceBend Achromat

(DBA)
Lattice symmetry Four fold
Electron beam current 150 mA
RF frequency 118.080 MHz
Harmonic number 32
Natural chromaticity (ξx, ξy) -8.56032, -6.64667
Betatron tune (νx, νy) 4.75580, 2.83703
Natural emittance 95.81 nm·rad
Momentum compaction factor 0.01828
Number of bending magnet 8
Bending magnet field 1.44 T
Bending radius 2.78 m
Critical energy from bending magnet 1.379 keV
Total power from bending magnet 6.599 kW

the following relations (Peatman, 1997).

∂F

∂ω
= 0 (meridionalfocus) (2.27)

∂F

∂`
= 0 (sagitalfocus) (2.28)

The general form of the surface of an optical element can be expressed by

the following equation

ξ =
∞∑
i=0

∞∑
j=0

aijω
ilj, a00 = a10 = 0, j = even. (2.29)

The aij coefficients for different surfaces are given in Table 2.1. In the polar
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Figure 2.5 Rays from the source A incident on a surface P (ξ, ω, l) and form an
image at B.

coordinate, the distance of AP and PB can be expressed as

AP =
√

(ξ − rcosα)2 + (w − r sin α)2 + (l − z)2 (2.30)

PB =
√

(ξ − r′cosα)2 + (w − r′ sin α)2 + (l − z′)2. (2.31)

Substituting equations (2.29), (2.30) and (2.31) into equation (2.26), the light path

function is then expressed into a power series of w and l as the following

F = F000 + wF100 +
1

2
w2F200 +

1

2
l2F020 +

1

2
w3F300 +

1

2
wl2F120 +

1

8
w4F400

+
1

4
w2l2F220 +

1

8
l4F040 + lF011 + wlF111 +

1

2
wF102 +

1

4
w2F202 +

1

2
w2lF211 + ...,

(2.32)
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where the important F ijk terms are given below.

F000 = r + r′

F100 = Nkλ− (sin α + sin β)

F200 =

(
cos2α

r

)
+

(
cos2β

r′

)
− 2a20(cosα + cosβ)

F020 =
1

r
+

1

r′
− 2a02(cosα + cosβ)

F300 =

[
T (r, α)

r

]
sin α +

[
T (r′, β)

r′

]
sin β − 2a30(cosα + cosβ)

F120 =

[
S(r, α)

r

]
sin α +

[
S(r′, β)

r′

]
sin β − 2a12(cosα + cosβ)

F400 =
4T (r, α)

r2
sin2α− T 2(r, α)

r
+

4T (r′, β)

r′2
sin2β − T 2(r′, β)

r′

− 8a30

[
1

r
(sin αcosα) +

1

r′
(sin βcosβ)

]
− 8a40(cosα + cosβ) + 4a2

20

[
1

r
+

1

r′

]

(2.33)

F100 = Nkλ− (sin α + sin β) (gratingequation) (2.34)

F200 =

(
cos2α

r

)
+

(
cos2β

r′

)
− 2a20(cosα + cosβ) (meridionalfocus) (2.35)

F020 =
1

r
+

1

r′
− 2a02(cosα + cosβ) (sagittalfocus) (2.36)

F300 =

[
T (r, α)

r

]
sin α +

[
T (r′, β)

r′

]
sin β − 2a30(cosα + cosβ) (primarycoma)

(2.37)

F120 =

[
S(r, α)

r

]
sin α +

[
S(r′, β)

r′

]
sin β − 2a12(cosα + cosβ) (astigmaticcoma)

(2.38)

F400 =
4T (r, α)

r2
sin2α− T 2(r, α)

r
+

4T (r′, β)

r′2
sin2β − T 2(r′, β)

r′

− 8a30

[
1

r
(sin αcosα) +

1

r′
(sin βcosβ)

]
− 8a40(cosα + cosβ) + 4a2

20

[
1

r
+

1

r′

]

(sphericalaberration) (2.39)
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F220 =
2S(r, α)

r2
sin2α +

2S(r′, β)

r′2
sin2β − T (r, α)S(r, α)

r
− T (r′, β)S(r′, β)

r′

+ 4a20a02

[
1

r
+

1

r′

]

− 4a22(cosα + cosβ)− 4a12

[
1

r
(sin αcosα) +

1

r′
(sin βcosβ)

]
(2.40)

F040 = 4a2
02

[
1

r
+

1

r′

]
− 8a04(cosα + cosβ) (2.41)

F011 = −
(

z

r
+

z′

r′

)
(2.42)

F111 = −
(

z sin α

r
+

z′ sin β

r′

)
(2.43)

F102 =
z2 sin α

r2
+

z′2 sin β

r′2
(2.44)

F202 =
(z

r

)2
[
2 sin2 α

r
− T (r, α)

]
+

(
z′

r′

)2 [
2 sin2 β

r′
− T (r′, β)

]
(2.45)

F211 =
z

r2

[
T (r, α)− 2 sin2 α

r

]
+

z′

r′2

[
T (r′, β)− 2 sin2 β

r′

]
(2.46)

...

where T (r, α) = ( cos2α
r

− 2a20cosα) and S(r, α) = (1
r
− 2a02cosα) and in the

same way for T (r′, β) and S(r′, β). N is a groove density of the grating in an unit

of lines per millimeter, and k is diffraction order, which is an integer.

Table 2.2 The coefficients of aij for toroid, paraboloid and ellipsoid surfaces.

aij Toroid Paraboloid Ellipsoid

a02
1
2ρ

1
4r′cosθ

1
4fcosθ

a04
1

8ρ3
sin2 θ

64r′3cos3θ
b2

64f3cos3θ

[
sin2 θ

b2
+ 1

a2

]

a12 0 − tan θ
8r′2

tan θ
8f2cosθ

(
e2 − sin2 θ

)1/2

a20
1

2R
cosθ
4r′

cosθ
4f

a22
1

4R2ρ
3 sin2 θ

32r′3cosθ
sin2 θ

16f3cos3θ

[
3
2
cos2θ − b2

a2

(
1− cos2θ

2

)]

a30 0 − sin θcosθ
8r′2

sin θ
8f2

(
e2 − sin2 θ

)1/2

Ideally, an optical system is aberration-free when all the F ijk terms vanish,

which is always not the case for VUV and SX optics. This is due to the grazing
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incidence geometry employed. In most beamline optics designs, the first seven

terms are considered to suppress high-order aberrations.

2.3 Optical components

For hard X-ray, crystals are the most efficient dispersers. In the spectral

range of the VUV to soft X-ray, the mechanically ruled reflection gratings have

been used with various degrees of success. And mirrors are possible to use as

focusing elements. The mirror shapes such as spherical, cylindrical, toroidal and

etc are available.

2.3.1 Mirrors and reflective coating

The most important property of the mirror is reflectivity. The reflectivity

of the mirror depends on the grazing angle and coating materials. Thus, the

reflectivity can be increased when the grazing angle decreasws. In addition, the

material must be suitable for ultra-high vacuum.

At an angle of incidence, the reflectivity of the optical element with a neg-

ligible surface roughness can be described by Fresnel’s eqation. For an absorbing

medium with the electric field vector of the light perpendicular (Rs) and parallel

(Rp) to the plane of incidence, the complex reflection coefficient are respectively

given below

Rs =
[(a− cosθ)2 + b2]

[(a + cosθ)2 + b2]
(2.47)

Rp =
Rs[(a− sin θ tan θ)2 + b2]

[(a + sin θ tan θ)2 + b2]
, (2.48)
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where θ is the incidence angle with respect to the normal line of surface,

a =

√
1
2
{[(n2−k2−sin2θ )2 + 4n2k2]

1/2 + (n2−k2−sin2θ )} (2.49)

b =

√
1
2
{[(n2−k2−sin2θ )2 + 4n2k2]

1/2 − (n2−k2−sin2θ )} (2.50)

where n and k are the real and imaginary parts of the complex index of refraction.

2.3.2 Focusing properties of single mirror

For the beamline design, the mirror configurations are the most important

factor. The relation of the source distance (r), the image distance (r′) and the

incidence angle (θ) for a toroid (sphere), parabola and ellipse are given below.

2.3.2.1 Toroid : For the special case of a sphere, ρ = R.

A toroidal mirror is commonly used in the beamlines, because the number

of optical elements in a beamline can be reduced and commercially available. Form

equations 2.35 and 2.36, all paths through the mirror surface P( ξ,ω,l), which lead

to a focus, must be fulfilled the following relations ∂F
∂ω

= ∂F
∂l

= 0, which lead to

1

R
=

(
1

r
+

1

r′

)
cosθ

2
(2.51)

1

ρ
=

(
1

r
+

1

r′

)
1

2cosθ
. (2.52)

2.3.2.2 Parabola

A parabolic mirror is a specially shaped object, which functions due to the
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Figure 2.6 The calculated reflectivity for nickel and gold with the grazing angles
as a function of photon energies (a) P-polarized and (b) S-polarized.

geometric properties of the paraboloidal. When the incidence angle to the inner

surface of the collector equals the angle of reflection, then the parallel waves of

the light coming in to a parabolic mirror are focused at point F. The location of



22

the pole of the mirror surface P( ξ,ω,l), is given by

X0 = a tan2 θ

Y0 = 2a tan θ





, (2.53)

where

a = r′cos2θ, (2.54)

and the equation for a paraboloid is

y2 + z2 = 4a · x. (2.55)

2.3.2.3 Ellipse

Ellipsoidal mirrors have two connection foci. Light from one focal point

is passed through the other after reflection. Ellipsoidal mirrors collect a much

higher fraction of the total emitted light than a spherical mirror. Thus, they are

also efficient over a much broader spectral range and they exhibit no chromatic

aberration. In contrast, surfaces are difficult to manufacture, making them less

than perfect and more expensive. The location of the pole of the mirror surface

P( ξ,ω,l), is given by

X0 = a
(
1− Y 2

0

b2

)1/2

Y0 = r·r′ sin 2θ
2d





, (2.56)



23

where

a = 1
2
(r + r′)

b = (a2 − d2)
1/2

d = 1
2
(r2 + r′22r · r′cos2θ)

1/2





, (2.57)

and the equation for a ellipse is

x2

a2
+

y2

b2
+

z2

c2
= 1. (2.58)

2.3.3 Kirkpatrick - Baez systems

A Kirkpatrick – Baez system is a combination of two mirrors, which inde-

pendently focus the object in two orthogonal planes. At the same time, they form

a stigmatic focus in a common focal plane. Figure 2.8 shows the arrangement of

the KB system. For our purpose we use two cylindrical mirrors in the configuration

but curvature of vertical focusing mirror can also be adjustable.

To achieve a focused beam, it is necessary to satisfy the focus equations at

the center of the first and second mirrors, given by

1
r1

+ 1
r′1

= 2
R1cosθ1

1
r2

+ 1
r′2

= 2
R2cosθ2





, (2.59)

where r1, r′1, r2 and r
′
2 are described in figure 2.8, R1 and R2 are the mirror

curvatures and θ1 and θ2 are the angles of incidence for the first and second mirrors

respectively.
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Figure 2.7 The conventional definitions of the mirror configurations (a) toriod
(b) paraboloid and (c) ellipsoid.

2.3.4 Varied lines space plane grating (VLSPG)

Light of wavelength λ incidents on a surface of the grating at an angle α and

is diffracted by a grating groove spacing of d along an angle of β. These angles are

measured from the grating normal, which represents the dashed line perpendicular
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Figure 2.8 The Kirkpatrick-Baez optical system.

to the surface of grating at its center in Figure 2.9. The sign convention for these

angles depends on whether the light is diffracted on the same side or the opposite

side of the grating as the incident light. The order of diffraction k is negative

order when the angle β is bigger than the zero order light. These relationship are

expressed by the grating equation

2cosθ sin φ = sin α + sin β = Nkλ

θ = α−β
2

φ = α+β
2





(2.60)

where N = 1/d is the groove density in a practical unit of lines per millimeter, and

φ is the included angle of the grating.

For a plane grating, the major terms of the optical aberrations and the

resolution, ∆λ/λ or ∆E/E which are called defocus, coma, astigmatic and spher-

ical aberrations, respectively. The contribution of different types of the optical
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Figure 2.9 A diffraction grating showing the diffraction orders.

aberrations to the resolution, which are given by

∆λ

λ

∣∣∣∣
Defocus

=
ω

N(ω)kλ

(
cos2α

r
+

cos2β

r′
+ N0kλa1

)
(2.61)

∆λ

λ

∣∣∣∣
Coma

=
3ω2

2N(ω)kλ

(
sin αcos2α

r2
+

sin βcos2β

r′2
+

2

3
N0kλa2

)
(2.62)

∆λ

λ

∣∣∣∣
Astigmatic

=
l2

2N(ω)kλ

(
sin α

r2
+

sin β

r′2

)
(2.63)

∆λ

λ

∣∣∣∣
Spherical

=
ω3

2N(ω)kλ

{
cos2α

r3
(4 sin2 α− cos2α)

+
cos2β

r′3
(4 sin2 β − cos2β) + 2N0kλa3

}
(2.64)

,and

N(ω) = N0(1 + a1ω + a2ω
2 + a3ω

3 + . . .), (2.65)
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where N(ω) is the groove density in the general case. For a constant lines grating,

a1 = a2 = a3 = 0 then N(ω) = N0.

It is clear that these resolutions cannot be zero for all wavelengths. However,

it is possible to minimize these resolutions by making the different types of optical

aberrations vanishing at certain photon energy.

The spacing parameters a1 and the exit arm length r2 of VLSPG can be

calculated by taking two values of photon energy (E1, E2) chosen to make the

defocus term vanishing.

a1 =
−1

N0kλ1

(
cos2α1

r1

+
cos2β1

r2

)
(2.66)

r2 = r1
λ2cos2β1 − λ1cos2β2

λ1cos2α2 − λ2cos2α1

(2.67)

The spacing parameters a2 and a3 can be calculated by the coma and spher-

ical terms vanishing at photon energies E3 and E4 respectively

a2 =
−3

2N0kλ

(
sin αcos2α

r2
1

+
sin βcos2β

r2
2

)
(2.68)

a3 =
−1

2N0kλ

{
cos2α

r3
1

(
4 sin2 α− cos2α

)
+

cos2β

r3
2

(
4 sin2 β − cos2β

)}
. (2.69)

Furthermore, the tangent error of the grating σte and the slit width of both en-

trance and exit slits are also important factor that limits the resolution of the
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monochromator section. The resolution defined by tangent error is given by

∆λ

λ

∣∣∣∣
Tangent error

=
2 · 2.35σtecosβ

N0kλ
, (2.70)

where σte is the root-mean-square (rms) tangent error of the grating.

The slit limited resolution can be directly derived from the grating equation. The

resolution of the slit limited are given by

∆λ

λ

∣∣∣∣
Entrance

=
1

N0kλ

∆s1

r
cosα (2.71)

∆λ

λ

∣∣∣∣
Exit

=
1

N0kλ

∆s2

r′
cosβ, (2.72)

where ∆s1 and ∆s2 are the slit widths of the entrance and exit slits, respectively.

2.4 Synchrotron radiation based measurement techniques

The continuous spectrum of synchrotron radiations can be used to reveal

information of materials with atomic size up to biological cells, therefore pro-

viding possibility to explore many different kinds of material systems in many

research areas such as physics, chemistry, materials science, crystallography, biol-

ogy, medicine, geosciences, archeology and art history.

Energy, momentum, position and time are the parameters corresponding

to three measurement techniques as spectroscopy, scattering or diffraction and

microscopy.

(1)Spectroscopy techniques are used to study for the identification of sam-

ples that are emitted or absorbed by them and normally use to analyze chemical

bonding.
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- Low photon energy spectroscopy techniques such as photo emission spec-

troscopy (PES), angle-resolved photo emission spectroscopy (ARPES) and infrared

spectroscopy (IR). Infrared and far-infrared (photon energy below 1 eV) are suited

to investigate vibration and excitation mode. The VUV photon energy is in the

range of 10 – 100 eV that is matched to study surface sciences thereby investigating

electron – electron correlation in solids.

In 1998, E. Kukk and co-workers studied two dimension mapping of elec-

tron emission following Cl 2p excitation in the HCl molecule by ARPES. They

were able to record two dimensional picture of electron emission from a diatomic

molecule, hydrogen chloride, over a comprehensive energy range. The locations

and intensities of emission lines identify processes such as excitation to unoccu-

pied molecular orbitals, excitation to Rydberg orbitals, and ionization into the

continuum. Diagonal lines indicate the absorption of X-rays by electrons in va-

lence molecular orbitals rather than deep inside the chlorine atom (Kukk et al.,

1998).

In 2004, D. Talbayev and co-workers studied spin interaction in magnetic

oxides by FTIR. The parent compound for many of the Colossal MagnetoResis-

tance (CMR) is lanthanum manganese oxide (LaMnO3). These CMR materials

have been instrumental in enabling recent advances in magnetic storage devices.

This study explain how the spins are “canted” relative to the crystal structure,

and provide values for the interaction strength between different spins in the ma-

terial (Talbayev and Zhou, 2004).

- X-ray spectroscopy techniques such as X-ray Photoemission Spectroscopy

(XPS), X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic Circular

Dichroism (XMCD). XPS is used to measure chemical state, electronic state and

the elemental composition. XAS is used to determine the local geometric ,elec-
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tronic structure, element-, oxidation-state-, and symmetry-specific.

In 2004, P. Wernet et al., studied the structure of water by XAS. For

20 years, it has been commonly accepted that liquid water also forms a semi-

tetrahedral structure. This study probed how chemical bonding perturbs the local

valence electronic structure. From the data obtained, they concluded that liquid

water consists mainly of structures with two strong hydrogen bonds, in contrast

to the four bonds found in the tetrahedral structure of ice (Wernet et al., 2004).

(2)Scattering or diffraction techniques are used to produce the scattering

or diffraction patterns when X-rays are scattered from the samples.

- X-ray diffraction technique such as protein crystallography (PX) is the

most powerful technique for determining a three-dimensional picture of the density

of electrons.

In 2000, P. Cramer et al., studied enzyme structure helps unravel mysteries

of DNA by PX. Before a cell can begin to differentiate, the genetic information

within the cell’s DNA must be copied onto complementary strands of RNA. RNA

polymerase II (pol II) is an enzyme that, by itself, can unwind the DNA dou-

ble helix, synthesize RNA, and proofed the result. When combined with other

molecules that regulate and control the transcription process, pol II is the key to

successful interpretation of an organism’s genetic code. However, the size, com-

plexity, scarcity, and fragility of pol II complexes have made analysis of these

macromolecules by PX a formidable challenge (Cramer et al., 2000).

In 2004, Y. Jiang et al., studied a membrane protein structure that causes of

all communication between a cell and its environment that is mediated by them.

They are critical in a variety of biological functions, including photosynthesis,

vision, neural transmission, pathogenesis, and drug resistance. Membrane proteins

control the electrochemical potentials that generate nerve impulses, transducer the
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signaling functions of hormones, and even generate adenosine triphosphate (ATP)

– the cell’s source of energy. Work on the votage-dependent potassium channel,

awarded the 2003 Nobel prize for chemistry (Jiang et al., 2003).

- X-ray scattering techniques such as small angle X-ray scattering (SAXS),

wide angle X-ray scattering (WAXS) and grazing incidence small angle X-ray scat-

tering (GISAXS). These techniques are used for investigations of the nanoscale

structures. The results are informed of shapes, averaged particle sizes and distri-

butions.

In 2003, H. Sinn et al., studied transport properties of molten aluminum

oxide using high-resolution inelastic X-ray scattering. The transport properties

of high-temperature oxide melts are of considerable interest for a variety of ap-

plications, including modeling the Earth’s mantle, optimizing aluminum produc-

tion, confining nuclear waste, and investigating the use of aluminum in aerospace

propulsion (Sinn et al., 2003).

(3)Microscopy techniques are used to view the interior structure of samples

that cannot be seen by normal eyes.

- X-ray microscopy techniques such as photo emission electron microscopy

(PEEM), scanning transmission X-ray microscopy (STXM). These techniques are

matched to the imaging of the biological cells and surface sciences.

In 2004, C.A. Larabell et al., studied CAT scan of single cell using TXM.

X-ray tomography is the first high-throughput imaging technology that generates

images of whole, hydrated cells at better than 60 nm resolution (Larabell and

Le Gros, 2004).

- Infrared microscopy techniques such as Raman microscopy. This technique

is used to characterizec vibrational frequencies as specific to symmetry of molecules

and chemical bonds.
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In 2002, L.M. Miller et al., studied misfolded protein structure in

alzheimer’s disease using infrared microscope. Alzheimer’s disease is character-

ized by the death of nerve cells in particular regions of the brain. The brain

shrinks as gaps develop in the temporal lobe and hippocampus, which are re-

sponsible for storing and retrieving new information. Infrared imaging is used to

determine their structures within brain tissue. At the same time, it is also used

to study the health of the nerve cells surrounding the plaques and tangles in the

brain tissue (Miller et al., 2002).

Furthermore, the BL3 beamline is designed for the surface science experi-

ments. The most widely used techniques to study chemical properties of surface on

solid materials are photoemission spectroscopy (PES) and photoemission electron

microscopy (PEEM).

2.4.1 Angle-Resolved Photoemission Spectroscopy

(ARPES)

PES is one of the most widely used techniques to study chemical, elec-

tronic, and structure properties of the solid materials. The technique is a modern

application of the photoelectric effect originally observed by H. Hertz and later

explained in 1905 by Albert Einstein. When the photon beam is on a sample, an

electron can absorb the energy of the photon and then escape from the material

with maximum kinetic energy, which is given by the following equation

Ekin = hv − Eb − φsample (2.73)

where hv is the monochromatic photon energy, Eb is the binding energy of the

electron and φsample is the sample work function. But the measured value is the
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kinetic energy of the electron inside the analyzer (Ek
analyzer), as illustrated in figure

2.10. If the work function of the analysis is φanalyzer, the kinetic energy of the

electron in the analyzer is given by

Ek
analyzer = hv − Eb − φanalyzer (2.74)

ARPES is a technique which directly measures electronic structure of solid

surfaces and of bulk solids. By measuring the kinetic energy and angular distribu-

tion of the photoelectrons that emitted from a sample illuminated with sufficiently-

high-energy photons, the electronic states as a function of both the energy and

momentum inside a material can be revealed. The spectrum of the photoelectrons

as a function of energy is called energy distribution curve (EDC), representing

the density of electronic ground states (DOS). Furthermore, the photoelectron

Figure 2.10 Schematic diagram of the sample-analyzer work function in a pho-
toemission system.

mean free path moving in solid materials is fairly short. Because the escaping

depth depends on the kinetic energy of the photoelectron, this means that the

photoemission technique can be very surface sensitive.
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Figure 2.11 Universal curve of electron mean free path (Briggs and Seah, 1990).

2.4.2 X-ray photoelectron spectroscopy (XPS)

“X-ray” in the term XPS refers energy range of incident photons. In con-

ventional UPS (UV Photoelectron Spectroscopy), helium discharge lamb is usually

used as a light source which emits He I and He II radiation of energy 21.2 eV and

42.4 eV, respectively. The atoms absorbing the UV photons are ionized and then

emit electrons from valence levels. Similarly in conventional XPS, X-ray tube is

usually used as a source. The most commonly used X-ray sources are Al and Mg

anode tubes emitting Al Kα and Mg Kα characteristic radiation at 1487 eV and

1254 eV, respectively. However, in contrast, the atoms absorbing the X-ray pho-

tons are ionized and then emit electrons from core levels. The binding energies of

photoelectrons can be written as the following equation:

Ebinding = Ephoton − Ekinetic − Φ (2.75)

where Ebinding is the binding energy of the electron, Ephoton is the incident-photon

energy, Ekinetic is the kinetic energy of the emitted electron measured by the in-
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strument and Φ is the work function of the spectrometer.

Figure 2.12 The layout of the end station of ARPES with in situ system.

The BL3.2a beamline is designed for PES using synchrotron light in the

energy range between UV and X-ray while UV discharge lamp can also be used an

additional light source. The PES system consists of two main chambers: 1) analy-

sis and 2) preparation chambers. The system is connected to the molecular beam

epitaxy system (MBE) and surface-magneto-optic-Kerr-effect system (SMOKE)

with a load lock chamber and a R2P2 radial transporter, as shown in figure 2.12.

In addition, a separated X-ray photo spectroscopy (XPS) is located in front of the

PES which is used mainly for chemical analysis.

The load lock chamber is used to load samples. The load lock chamber is

equipped with a turbo-molecular pump (TMP) and a scroll pump. The pressure

in the load lock chamber is about 10−7 Torr. Samples can then be moved to the

R2P2 radial transporter by a magnetic coupling linear transfer and moved again
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by a BD2DD sample transporter to the analysis chamber. A grabbler can be used

to hold samples from the BD2DD sample transporter and to insert the samples

into the sample holder on the manipulator of the analysis chamber.

The sample preparation chamber is mounted on the top of analysis cham-

ber, as shown in figure 2.13. The vacuum between the preparation and analysis

chamber can be separated by the UHV gate valve in the middle. The long ma-

nipulator is mounted on top of the preparation chamber. The sample preparation

chamber has a 3 kV ion gun, a mini electron beam heater and an ion sputtering

gun. The base pressures of the preparation and analysis chamber after baking are

approximately 2×10−10 and 1×10−10 Torr, respectively.

The analysis chamber is equipped with a LEED, an ARUP10 energy ana-

lyzer and an ALPHA 110 hemispherical analyzer (Thermal VG Scientific), a UV

discharged lamp and a 5 kV electron gun. The LEED is used for determining

surface crystal structures of samples. The chamber is also equipped with a surface

sensitive AES.

2.4.2.1 Electron Energy analyzer

An electron spectrometer or an electrostatic electron analyzer has been

developed for measuring electron energy spectra of the surface analysis techniques.

It is constructed for operating in UHV. In the case of the electrostatic electron

analyzer, there are some different configurations, for measuring photoelectron; a

concentric hemispherical analyzer (CHA) has been proven to be the most suitable.

The best energy resolution of an electrostatic electron analyzer has been developed

in the range of sub meV (Liu et al., 2008)

The concentric hemispherical analyzer (CHA) consists of a retarded grid,

a hemispherical deflector with entrance and exit slits, electrostatic lens and elec-

tron detector as a channeltron or a microchannel plate electron detector. The
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Figure 2.13 Diagram of the PES system at Beamline 3.2a.
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Figure 2.14 A cross section of the conventional concentric hemispherical analyzer
(CHA).

hemispherical deflector consists of two concentric hemispherical electrodes with

the inner and outer hemisphere of curvature R1 and R2, respectively. The inner

and outer hemisphere are applied with the voltages V1 and V2 while V1 is higher

than V2. In the case of CLAM2 analyzer, the voltages are applied for the inner

and outer spherical sectors are the same in magnitude but opposite in polarity, i.e.

V1= -V2.

The voltage V(r) between the two hemispheres at radius r can be obtained

by solving the spherical coordinates of the Laplace’s equation(Kenneth, 1998).
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The voltage is given by

V [r] = V [Rave] + 2kR(
Rave

r
− 1) ·∆V

kR =
R1R2

R2
2 −R2

1

V [Rave] = kR ·∆V (2.76)

where kR is the analyzer constant, Rave is the average radius, ∆V is the voltage

difference between the inner and outer hemispheres and V [Rave] is the voltage

along the center between the inner and outer hemisphere surfaces.

When the photoelectrons with specified kinetic energy in the range of so-

called pass energy (Ep) are focused by electrostatic lens and passed through the

analyzer at the center of entrance slit with the normal angle, the photoelectrons

will travel along the region between the inner and outer hemisphere surfaces and

will pass through the exit slit. If the photoelectrons have kinetic energy out of

range of Ep, they will get deviated to either the outer or inner spherical sector.

The pass energy (Ep) can be written as

Ep = e · kR ·∆V (2.77)

where e is the charge of the electron.

Figure 2.15 shows the energies of photoelectrons when emitting from the

conducting sample, accelerating and decelerating before passing through the en-

trance slit with retarded grid voltage, VR. The photoelectrons with the kinetic

energy as written in equation 2.78 can pass through the exit slit.

EF
k = e · VR + Ep + WA (2.78)
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Figure 2.15 The diagram shows energy levels at the conducting sample and the
electron analyzer in a PES measurement.

where WA is the work function of analyzer.

Normally, the energy analyzer has two mode can be operated. The con-

stant analyzer energy (CAE) mode is used for UPS, XPS and PES which utilize

synchrotron radiation. In this mode, the passing energy (Ep) is fixed and the en-

ergy spectra are obtained by varying retarded voltage (VR). The energy resolution

(∆E) (Damascelli, 2004) is given by

∆E = Ep(
d

2Rave

+
α2

4
) (2.79)

where d is slit width and α is the acceptance angle of the electron beam. The

pass energy of the CAE mode of the CLAM2 spectrometer can be selected from

the values of 0.1, 0.25, 0.5, 1, 2.5, 5 and 10 eV.

And the constant retard ratio (CRR) mode is used to measure the pho-

toelectron for AES. In this mode, the pass energy (Ep) is varied relative to the

retarded voltage (VR) and the ratio between the passing energy and retarded
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voltageis kept constant. The CRR constant is given by

CRR =
Ek

EP

=
VR

EP

+ 1 (2.80)

This CCR constant of the CLAM2 spectrometer can be selected from the

values of 1, 2, 4, 10, 20, 40 and 100.

The CLAM2 electrostatic electron energy analyzer is used in this work. It

is installed in the XPS chamber.

2.4.3 Photoemission Electron Microscopy (PEEM)

PEEM using UV lamp has been developed since the early 1930s to study

thin film and surface properties of various materials. However, PEEM results were

not impressive. This was due to a lack of spectroscopy capability. Not until the

year 1994, B.Tonner et al combined the synchrotron radiation spectroscopy with

the full-field imaging of PEEM, which was later called X-PEEM. In X-PEEM,

X-rays impinging on sample cause the emission of photoelectrons and secondary

electrons. These electrons are accelerated by high voltage and focused to produce

a magnified intermediate image by an objective lens. Then the series of the pro-

jection lenses are used to magnify the intermediate image further and form a final

image on a CCD camera, as shown in figure 2.16.

2.4.3.1 Contrast mechanism

Different contrast mechanisms in X-PEEM are shown in figure 2.17. In

mode of magnetic contrast, the orientation of magnetic moments are probed by

magnetic linear and circular dichroism effects. Topographical contrast is obtained

from the distortion of the extraction field at surface topographical features. Ele-

mental contrast is obtained by tuning the X-ray energy to characteristic absorption
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Figure 2.16 chematic diagram of X-PEEM.

edges.

Magnetic contrast

The circularly polarized X-rays are used to probe the angle (θ) between the
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Figure 2.17 Contrast mechanism of X-PEEM.

magnetization direction (M ) and the photon spin (σ). This technique is called X-

ray magnetic circular dichroism (XMCD) which is used for studying the magnetic

moment of ferromagnetic materials. The XMCD intensity can be written as:

IXMCD ∼ |M | cosθ(M, σ) (2.81)

The magnetic contrast image depends on the angle (θ). The maximum

intensity can observed when the direction of the photon spin and the magnetization

are parallel or anti-parallel.

Another type of dichroism is the X-ray magnetic linear dichroism (XMLD)

which is used for studying the antiferromagnetic materials. The XMLD is used

for probing the angle (θ) between the antiferromagnetic axis (A) and the vector

of electric field (E ). The XMLD intensity can be written as:

IXMLD ∼
∣∣M2

∣∣ [
3cos2θ(A,E)− 1

]
(2.82)

The maximum intensity can observed when the vector of electric field (E )

and the antiferromagnetic axis (A) are parallel or perpendicular.
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Topographic contrast

Topographic contrast is a combination of primary and secondary contrast

mechanisms. The primary contrast is caused by simple shading effects when the

incident angle of radiation with respect to the surface normal is large. The to-

pographic features can be “brightness-side” and “shadow-side” when the incident

photon fluxs are high and low respectively. The secondary contrast is caused by

deviations in electric field where the surface is rough. The deviations in electric

field are called micro-fields and depending on the shape of the topographic fea-

tures. The electric field lines are either spreaded out or concentrated when the

observed electron intensity is low or high, respectively.

Work function contrast

When the incident photon energy is chosen to be close to the work function

of the sample, such as UV light, the intensity of photoelectrons can vary largely,

depending on the small differences in work function. Thus the variation of the

work function on the surface of the sample results in the variation of the intensity

of photoelectron yield.

Elemental contrast

In X-PEEM, elemental contrast is gained by tuning the X-ray energy close

to the characteristic absorption edges of elements. Since the transitions satisfy

the selection rule, at the absorption edges, X-ray absorption is increased because

of strong resonance due to the transitions from the occupied states to unoccupied

states. Furthermore, the intensity in the magnified image is proportional to the

number of secondary electrons.
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2.4.4 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy involves the excitation of core electrons to

a continuum state. The absorption edge occurs only at certain energies of each

element. The X-ray absorption spectrum can be separated into two regions: near

edge and extended regions which are called X-ray absorption near-edge structure

(XANES) and extended X-ray absorption fine structure (EXAFS), respectively.

Information from analyzing spectra can be the chemical environment of the ele-

ment (chemical shift), spin state, distance to the nearest neighbor and so on. In

the conventional XAS, operation modes can be transmission, fluorescence yield

and total electron yield.

Transmission mode

In this mode, the intensity of incident X-ray (I0) and the intensity of trans-

mitted X-ray (I ) are measured by using ionization chambers. The absorption

coefficient (µ) can be written as.

µ =
1

ρd
ln(

I0

I
) (2.83)

where ρ is the mass density and d is the sample thickness. The experimental setup

for the transmission mode is relatively simple. However, there are disadvantages

that the sample must be thin enough to allow incident X-ray to be transmitted,

low surface sensitive and very homogenous.

Fluorescence yield mode

Absorption of X-ray make electrons in atoms get to excited states. To

return to the ground state, the atoms give out Auger electrons or fluorescent light

through the non-radiation or radiation decay channel respectively. In radiation

decay channel, the intensity of fluorescence is proportional to the number of core
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hole created by the absorption process. Fluorescence has large penetration depth

and hence XAS in the fluorescence yield mode is a bulk sensitive technique (surface

sensitive may be obtain by a complicated grazing incident setup). In this mode,

the advantage is that there is no limitation on the sample thickness. However,

elements with core level(s) below 2 keV may be difficult to be measured due to

low fluorescence yield. Also, it is very sensitive for a very dilute sample. However,

it has some difficulties for dense samples due to the self absorption effect.

Total electron yield mode

In this mode, the X-rays absorbed produce photoelectrons by excitation

of core electrons to a continuum state. Auger electrons are also produced in the

non-radiated channel. The photoelectron and Auger electrons inelastically scatter

with other electrons in the sample causing secondary electrons which dominate

the total electron yield (TEY) intensity which is written by

Ie = I0µd (2.84)

where Ie is the total electron yield, I0 is the incident intensity, µ is the absorption

coefficient and d is the electron escaping depth. The tuneability of synchrotron

light enhances the performance of X-PEEM, allowing XAS measurement to be

possible. The XAS with X-PEEM collects and images secondary electrons that

emit from a sample surface under photon irradiation, and then uses magnetic lenses

column to magnify the field of view defined by the objective lens. By varying the

photon energy, nano/micro X-ray absorption spectra can be extracted from a

sequence of images. The advantage of the total electron yield mode is the ability

to select probed depth. This mode provides both surface and bulk sensitivity.

The BL3 beamline is expected to deliver photons with energy between 40
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Figure 2.18 The total electron yield mode of recording in XAS.

and 1040 eV. This photon energy range covers all K-edge of important elements in

organic specimens (C, O, N), and L-edge of element from nitrogen atom through

nickel atom. This energy range allows us to look into many interesting processes,

e.g. chemical dynamics, polymers and catalysis.

BL3 has photons with energy in the range of 40–1040 eV. Thus XPS us-

ing synchrotron light can also be performed at BL3. Information from measured

spectra can be about contamination, composition of a material, chemical state,

the density of electronic states and etc. A combination of X-PEEM and imag-

ing energy analyzer allows us to get images at a specified electron energy, called

“imaging XPS.”

2.5 Beamline

Generally, a synchrotron-radiation beamline consists of four functional sec-

tions. The first section provides the synchrotron radiation source as bending or

insertion device. The second section, which immediately connects to the port of

bending magnet but is still inside a concrete shielding wall, is called the front-

end. The main front-end components include of masks, a heat absorber (ABS), a

bremsstrahlung shutter (BS), a photon beam position monitor (BPM) and vacuum

gate valves.
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Figure 2.19 The layout of the PEEM end station at Beamline 3.2b.

Mask is the first front-end component to interact with the synchrotron

beam. This component allows a part of the synchrotron beam to go through down-

stream components and also protects the downstream components from thermal

damage.

A heat absorber is a water-cooled photon shutter. Its function is to adjust

the transmission of the synchrotron beam.

A bremsstrahlung shutter is used for providing radiation shielding. In the

case of BL3, the heat absorber and the bremsstrahlung shutter are in one unit. This

component completely intercepts the synchrotron beam via a fast-acting mecha-

nism in order to isolate the downstream components and also acts as a safety device

to protect the safety shutter from the direct synchrotron beam impingement. That

is, this component must be first closed and last opened.

Beam position monitor is a tungsten wire system, in vertical and horizontal

position. It is placed in the fringes of the synchrotron beam to detect the position of

the synchrotron beam. When the tungsten wire is swept by the synchrotron beam,

the photoelectrons are generated. This causes a microampere level photocurrent
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that can be measured.

Vacuum gate valves are used for vacuum isolation of different sections in

the front-end.

The design of the front-ends must also satisfy the beamline requirements.

It means that the front-end are configured to meet the following requirements:

1. Ensure personal safety.

2. Maintain the storage ring vacuum integrity.

3. Collimate the photon beam. And the photon beam cannot hit unprotected

vacuum parts which do not have a cooling unit

4. Withstand the full power of the photon beam and bremsstrahlung during

beam injection in the case of vacuum failure.

The third section has the first optical element as the pre-focusing mirror,

which contains optical elements to monochromatize the photon beam. The fourth

section is the experiment stations where actual scientific measurements are per-

formed.

2.5.1 Photon-energy scanning mechanism

To change the incidence and diffraction angles of the grating, it can be

done by rotating the grating until that the desired photon energy is obtained. The

grating can be rotated by a sine-bar. This sine-bar is driven by a DC stepping

motor which is controlled by an in-house Labview program. A linear encoder is

necessary to guarantee the reproducibility of the linear movement of the photon

energy scanning mechanism. The ND281B Heidenhain linear encoder scale is used

for high accuracy linear motion with the resolution of 0.01 micrometer. The three
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VLSPGs are installed on the rotation plate. The grating rotation diagram is shown

in figure 2.20.

Figure 2.20 The sine-bar for the grating rotation of the BL3 beamline.

(The grating equation for a constant included angle monochromator is given

by)

2 sin φcosθ = Nkλ (2.85)

where θ = α−β
2

is the deviation angle and φ = α+β
2

is the rotation angle. These

values relate to the normal axis of the surface of the grating or the included angle,

for the BL3 beamline. The VLSPG monochromator is operated in the constant

included angle geometry with an included angle of 167.5◦ and 172.5◦ for the low

and high photon energy ranges, respectively. In the case of zero order light, θ is

the incidence and reflection angles: 83.75◦ and 86.25◦ for the low and high photon
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energy ranges, respectively.

The grating rotation is moved by a linear motion as shown in figure 2.27,

the relationship between the linear displacement (R) and the rotating angle (φ) is

written by

R = L sin φ (2.86)

where L is the length of the sine-bar. The relationship between the linear displace-

ment and the photon wavelength can be solved by substituting equation 2.86 into

equation 2.85 as the following:

λ = (
2cosθ

LNk
) ·R (2.87)

Thus, the relationship between the linear displacement and the photon energy can

be written as:

E[eV ] = (
hcLNk

2cosθ
) · 1

R[mm]
(2.88)

where h is the plank’s constant, c is the speed of the light and k is the diffraction

order.

2.5.2 Photodiode detector

The photodiode, which is developed by International Radiation Detectors

Inc (IRD), has been used at the BL3 beamline. The photodiode is a silicon p-n

junction but it is unlike common p-n junction diodes. The AXUV series pho-

todiodes do not have a doped dead-region in the front and have zero surface

recombination resulting in near theoretical quantum efficiencies (R. Korde, 1987).



52

Figure 2.21 The picture of the grating chamber. The grating is rotated by a
sine-bar which is driven by a DC stepping motor. The linear encoder is installed
outside the chamber.

These series photodiodes can be operated in air, in gas ambient like helium, argon,

nitrogen, and under vacuum below than 10−10 Torr. The operation temperature

is in the range of -200◦C to 70◦C and it can be baked up to 200◦C in the vacuum.

To avoid the contribution of the photoemission current to the photogenerated cur-

rent, the signal is connected the p-region and n-region as anode and cathode or

ground of the diode, respectively. The model AXUV100Al2 ,which has the spec-

ifications of 40 nanometer filter thickness and the band pass 17 - 80 in the range

of nanometers, is used at the BL3 beamline.

2.5.2.1 Quantum efficiency

The electron-hole pairs (the carrier) are created when the silicon photodiode

is exposed by photons with energy higher than 1.12 eV or the wavelength less than

1100 nm. These carriers are separated by the p-n junction electric field. And a
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current proportional to the quantity of the electron-hole pairs are created to flow

through an external circuit. The photon energy in the range of VUV, with the

wavelength shorter than 350 nm (R. Korde, 1987), will create more than one

electron-hole pair.

The AXUV photodiode has no surface dead region. This means that no

carrier recombination can occur in the n-type doped region and at the silicon

dioxide interface. The AXUV photodiode also has a very thin, radiation-hard,

silicon dioxide passive junction, protective entrance window. This word is so long.

Please break it into shorter sentences. Figure 2.22 shows the quantum efficiency

spectrum of AXUV100Al2 model.

The photocurrent can be written as

I =
d(ne)

dt
= e

dn

dt
(2.89)

And the quantum efficiency (QE ) can be written as:

QE =
dn/dt

F lux[phs/s]
(2.90)

Substituting dn
dt

in the equation 2.89 to the equation 2.90, the photon flux in the

unit of photons per second can be written as a function of the photo current in

the unit of ampere from the photodiode as the following:

Flux[phs/s] =
I[Amp]

e ·QE
. (2.91)

Where e is a charge of the electron and I is the photo current.
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Figure 2.22 The quantum efficiency of the AXUV100Al2 photodiode correspond-
ing to the photon energy.



CHAPTER III

DESIGN CONSIDERATIONS

This chapter will be explained the conditions of beamline design of the BL3

beamline. The typical requirements for designing beamline are available photon

energy range, beam sizes, flux, resolution or resolving power. The BL3 beamline

design consideration should satisfy the following requirements

1. Length of the beamline is limited by the wall of the experimental hall as

show in figure 3.1. The new wall of the experimental hall that close to the

BL3 is longer than the old wall about 12 meters. That means the length of

the BL3 beamline can be designed longer than the BL4 beamline which is

possible to design the micro- beam. The source of the BL3 beamline is an

undulator which has a small photon source size that can be de-magnified as

a micro-beam corresponding to a field of view of the PEEM image.

2. The source of the BL3 is a planar Hallback type undulator (U60), which has

41 periods and a period length of 60 mm as shown in figure 3.2, placed in the

1st straight section of the SPS storage ring. The minimum photon energy of

4̃0eV is limited by the minimum undulator gap of 26.5 mm, corresponding

to an effective deflection parameter K of 3.0631 and the peak magnetic field

of 0.5467 Tesla. The electron beam size and the emittance at the middle of

U60 are the followings: σx= 1.218 mm, σy = 0.05 mm, εx= 95.51 nm·rad

and εy= 0.3015 nm·rad. Main parameters of the undulator are shown in

table 3.1. The undulator has been designed for the energy range of 1st to 7th

harmonics. The storage ring is planned to operate at a current 150 mA.
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Figure 3.1 The experimental hall layout (shade area is the new extension area).

Figure 3.2 U60, the first undulator to be installed at the Siam Photon Laboratory.

3. Photon source sizes and divergences of the undulator source are mainly lim-

ited by the sizes and divergences of the electron beam circulating in the

storage ring. The photon source size and divergence for the photon energy
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Table 3.1 Parameters for the Undulator (U60) of the SPS.

Parameters Data
Configuration Pure Permanent Magnet

(PPM) symmetric
Magnet material VACODUM

Period length (λu) 60 mm
Minimum & maximum gap 26 & ≥200 mm

Operated minimum & maximum gap 26.5 & 100 mm
Total length of magnetic assemblies (L) 2510 mm

Number of full size poles 81
Number of periods (N) 41
Peak magnetic field (B0) 0.54674 T

Peak magnetic field strength (K) 3.06306
Minimum photon energy ∼40 eV

(Gap 26.5 mm, Electron beam 1.2 GeV)

40 eV are shown in figure 3.3 and 3.4, respectively. The situation is even

worst when 1) a large source size or/and 2) high demagnification is/are the

condition(s). This is the case for the optical system of the BL3 PEEM-

branchline at the Siam Photon Laboratory. The horizontal source size of the

BL3 is very large, ˜2.8 mm FWHM as shown in figure 3.3. The beam size

on the sample for PEEM is required to be less than or equal to the maxi-

mum field-of-view of PEEM, <150 micron. Thus, a large demagnification is

required to make a small beam spot on the sample. The horizontal photon

source size is also constant in the energy range of interest, except for the

vertical photon source size and both direction of divergences as shown in

figure 3.5 and 3.6, respectively.

Table 3.2 Parameters for the photon source size and divergences of the undulator
of the SPS.

Parameters Data
RMS photon source size (H×V) [µm] 1219 × 45 - 33

RMS photon source divergence (H×V) [mrad] 113 - 83 × 80 - 23
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Figure 3.3 Image of the photon source size of 60 mm period undulator for photon
energy 40 eV.

Figure 3.4 Image of the photon source divergence of 60 mm period undulator for
photon energy 40 eV.

4. The photon flux of the U60 undulator shows in the first till a seventh har-

monics at the SPS. The U60 undulator light covers an energy range of 40–207
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Figure 3.5 The vertical photon source size in the energy range of interest.

eV in the first harmonics corresponding to the undulator gap of 26.5 to 100

millimeters. But the beamline is designed to deliver a photon energy of the

first harmonic of the U60 undulator in the range of 40 to 160 eV. Moreover,

the third till the seventh harmonics, the undulator light covers up to 1.2 keV

of X-ray energy. The U60 undulator flux simulation with an opening angle

of 0.2 mrad and 1 mrad in the vertical and horizontal directions, respectively

shows the maximum photon flux is 1014 photons/second/0.1% band width,

as shown in Figure 3.7.

So, flux at a sample position should be higher than 109 photons per second

for all energies range.

5. The resolving power of the all gratings is designed at 10000.

6. The vertical beam focused by the pre-focusing mirror will be focused at the

entrance slit and the focused image is a virtual source of the monochromator

section. Then this virtual source is used for mirrors in the monochromator
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Figure 3.6 The divergences of the photon source in the energy range of interest.

section and focused at the exit slit. Furthermore, the advantage of this

design will be used to check the location of the vertical focused at the slits.

7. The power delivered by the undulator depends on the peak photon energy

of the undulator, as shown in figure 3.8. And this is chosen by changing

the undulator gap that thus the magnetic field strength parameter (K ). At

minimum gap of the undulator at 26.5 mm, the maximum total power is

67 W when the electron current in the storage ring is 100 mA. The power

distribution is a Gaussian approximation, with a maximum power density of

50 W/mrad2, as shown in Figure 3.9.

Thus, part of radiation power is absorbed by the front-end slits. The opening
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Figure 3.7 Shows the calculated photon flux of 60 mm period undulator. Current
in SPS storage ring is assumed to be 100 mA.

Figure 3.8 The power delivered by the undulator in function of the peak energy.
Current in the storage ring is 100 mA.

angle aperture of the front-end slits is ± 0.1 mrad and ± 0.5 mrad in the

vertical and horizontal directions, respectively corresponding to the front-
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Figure 3.9 Angular power density delivered by the U60 undulator with current
in the storage ring 100 mA.

Figure 3.10 Angular power density delivered by the U60 undulator with current
in the storage ring 100 mA.

end slit width of 1.4 mm and 11 mm at 6 meters from the undulator source

position. This limited opening angle reduces to 24 W the maximum power

incoming to the beamline optics, the front-end slits absorbing 43 W with a
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Figure 3.11 Angular power density delivered by the U60 undulator with current
in the storage ring 100 mA.

current of 100 mA in the storage ring.

8. The base pressure of the BL3 beamline should be lower than 5×10−10 Torr

or in the range of the UHV are required:

• PEEM and PES are the surface techniques.

• To protect contamination of the optical surfaces.

• To be consistent with the storage ring vacuum.

9. Existing mechanical parts from BL4 will be used as many as possible. So

the size of the new mirrors should be fitted to the old mirror holders. Fur-

thermore, the cost of the beamline will be reduced.



CHAPTER IV

OPTICAL DESIGN AND RESULTS

This chapter explains the optical design of BL3, the first undulator beam-

line at the Siam Photon Laboratory, and the simulation software used for ray

tracing. The beamline is designed to deliver photons generated by a planar Hall-

back type undulator (U60) to the end station for PEEM and ARPES experiments

in time-sharing mode. The undulator has 41 periods and a period length of 60

mm, placing in the 1st straight section of the SPS storage ring. The optics is

designed considering characteristics of the undulator source such as the source

size, divergence, flux and power. The focal length of pre-focusing mirror which

is the most important element of the beamline optics is simulated by ray-tracing

method using SHADOW VUI. The simulation shows that the focal length agrees

well with calculations in the vertical direction, but differs significantly in the hor-

izontal direction. The effects on the horizontal beam size from the specification of

the undulator source as well as the figure of the pre-focusing mirror are provided in

this chapter. Next, the varied-line-space plane grating (VLSPG) with aberration

correction is explained. Finally, post-focusing mirror optimization for PEEM and

ARPES experiments is discussed.

4.1 Optical layout

The BL3 optical layout is consisted of a pre-focusing system, a monochro-

mator system and two post-focusing systems, as illustrated in figure 4.1. The

design employs a varied-line-spacing plane-grating monochromator which covers
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photon energy between 40-160 eV, and 220-1040 eV. The monochromator has

two branchlines (post-focusing systems) downstream for PEEM and PES experi-

mental stations, operating in a time-sharing mode. The post-focusing system for

PEEM branchline employs two cylindrical mirrors (M2V and M2H) arranging in

the K-B configuration to suppress optical aberrations. Due to the space limitation

of the experimental hall and cost considerations, a toroidal mirror is used as a

pre-focusing mirror (M0).

Table 4.1 Summary of the BL3 optical elements descriptions.

Optical element Distance from Description
source (mm)

M0 (Toriodal mirror) 8940 Pre-focusing mirror
Entrance slit (S1) 13410 Optimize beamline resolution

M1/1 (Spherical mirror) 17910 Use for high photon energy
(172.5 deviation angle)

M1/2 (Spherical mirror) 18576.12 Use for low photon energy
(167.5 deviation angle)

VLSPGs 1897.22 Select the energy
G1 : Eph 40–160 eV
G2 : Eph 220–520 eV
G3 : Eph 440–1040 eV

Exit slit (S2) 22410 Optimize beamline resolution
M2Cy (Cylindrical mirror) 23510 Deflect beam to

ARPES branch
M2T (Toriodal mirror) 29560 Post-focusing mirror

for ARPES branch.
M2V (Cylindrical mirror) 25645 Post-focusing mirrors for

PEEM branch arranging in
M2H (Cylindrical mirror) 26145 the KB configuration
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4.2 Pre-focusing mirror

Reflection optical elements with grazing incidence, as illustrated in figure

4.4, are normally employed in VUV (vacuum ultraviolet) region. Consequently,

focusing properties of mirrors in VUV light are severely effected by optical aber-

rations due to the grazing incident geometry. The situation is even worst when

either 1) a large source size or 2) high demagnification is used. This is the case

for the optical system of the BL3 PEEM branchline. The horizontal source size

of the BL3 is very large: ∼ 2.8 mm FWHM. The beam size on the sample for

PEEM is required to be equal to the maximum field-of-view of PEEM of about

500 microns. Thus, a large demagnification is required to make the beam spot

small on the sample.

Figure 4.4 Reflection mirror with grazing incident geometry.

4.2.1 Meridional focusing of pre-focusing mirror (M0)

M0 deflects the photon beam 6◦ horizontally. The meridional focusing of

M0 deviates from the calculation. In BL3, a U60 undulator is an extended source

with 41 periods and a period length of 60 mm. The horizontal FWHM of the beam
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is ∼ 2.8 mm. Thus, the radius of curvature for the required focusing position must

be obtained only from ray tracing simulations.

Initially, the meridional focusing of the pre-focusing mirror (M0) is designed

for the collimated beam. From equation 1.36, the radius of curvature of M0 is

341,639 mm when the source distance is 8,940 mm, the image distance is infinity

and the incidence angle is 87◦. The ray tracing result shows that the beam is not

collimated as shown in figure 4.5.

Figure 4.5 The focusing property of M0. The sagittal focusing of M0 is agreed
with the calculation (circle) but the meridional focusing of M0 is shown the diver-
gence beam (square).

The sagittal focusing agrees with the calculation and the ray tracing result,

and the beam has the focal point at the position that is expected. In contrast, the

meridional focusing deviates from the calculation result, and the beam has a focal

point that is not the collimated beam. This is the effect due to the large source

size and the high demagnification.
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Then, the relationship between the focal point and the radius of curvature

of M0 is calculated by the ray tracing simulation as illustrated in figure 4.6. This

relationship is used to optimize the horizontal beam size of the beamline.

Figure 4.6 The relation between the focal point and the radius of curvature of
M0.

The relationship between focal point and the radius of curvature of M0

from the ray tracing simulation is linearly fitted. From the fitting, the equation of

the line is given by

Y = −14376.053 + 38.403 ·X (4.1)

where X is the focal point of M0, and Y is the radius of curvature of M0.

The total optical length of the PEEM branchline is 27,645 mm. The design

considers the source distance of M0 and the image distance of M2H. The source

distance of M0 is limited by three front-end chambers. The U60 undulator is

placed in the straight section where the length from the center of U60 to the port

of bending magnet number 3 is about 5000 mm. The image distance of the M2H
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is limited by the working space of the PEEM branchline.

From the diagram shown in figure 4.3, the horizontal demagnification of the

beamline which optimizes the radius of curvature of the pre-focusing mirror (M0)

can be written by

DMH =
r′1h

r1h

× r′2h

r2h

. (4.2)

The equation 4.2 is used to calculate the image distance (r′1h) or the focal

point of M0. The equation 4.1 to calculate the radius of curvature of M0 are shown

in table 4.1.

Table 4.2 Summary of the Radius of curvature of M0 depend on the demagnifi-
cation.

Demagnification Focal point (mm) Radius of curvature of M0
8 7345.4 267709

8.5 7091.4 257955
9 6854.4 248853

9.5 6632.7 240340
10 6424.9 232360
11 6046.1 217812
12 5709.5 204886
15 4892.3 173503
20 3950.0 137316

The proper radius of curvature of M0 can be obtained from ray tracing sim-

ulations. The demagnification in the horizontal direction is optimized considering

the beam size on the sample for PEEM required to be less than or equal to the

maximum field-of-view of PEEM of 500 microns. Various images of the horizontal

demagnifications at the sample position are optimized by simulation, as shown in

illustrated 4.7.

The optimum horizontal demagnification of BL3 was found to be about

10. Furthermore, the images at the focal point of M0 from the calculation using

equation of 2.35 and from the simulation are shown for comparison in figure 4.8
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Figure 4.7 The images of the photon energy 40 eV at sample position which are
optimized by simulation, a) demagnification is 10, b) demagnification is 15 and c)
demagnification is 20.
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and 4.9, respectively.

Figure 4.8 Image of the photon energy 40 eV of the expected focusing position
of M0 using the calculated radius of 142858 mm with demagnification 10.

Figure 4.9 Image of the photon enrgy 40 eV of the expected focusing position of
M0 using the optimized radius of 232360 mm from simulations with demagnifica-
tion 10.

The images at the sample position from the calculation and the simulation

are shown in figure 4.10 and 4.11, respectively, for a comparison.
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Figure 4.10 Image at sample position using the calculated radius of 142858 mm
with demagnification 10 for photon energy 40 eV.

Figure 4.11 Image at sample position using the optimized radius of 245299.4 mm
from simulations with demagnification 10 for photon energy 40 eV.

4.2.2 Sagittal focusing of pre-focusing mirror (M0)

The pre-focusing system employs a water-cooled toroidal mirror, M0, to

deflect the light beam 6◦ horizontally and sagittally focusing the beam onto the

entrance slit, S1, of the monochromator. Due to a small vertical beam size, the

focusing properties in this direction do not deviate from calculations. A demag-
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nification of 2 is chosen for M0 for flux optimization. M0 is 8,940 mm from the

source and S1 is 4,470 mm from M0, as illustrated in figure 4.12.

From equation 2.36, the radius of curvature of M0 is 311.9 mm when the

source distance is 8,940 mm, the image distance is 4,470 mm and the incidence

angle is 87◦.

Figure 4.12 The image of the pre-focusing mirror (M0) of the sagittal focus the
beam onto the entrance slit (S1) for photon energy 40 eV.

Deriving from figure 3.3, the vertical FWHM of the beam source is 0.11238

mm and from figure 4.12, the vertical FWHM of the focused beam is 0.05588 mm.

The simulation result of the sagittal focusing of pre-focusing mirror (M0) agrees

with the calculation corresponding to the demagnification of 2.

The footprint of the pre-focusing mirror M0 is illustrated in figure 4.13.

This explains the dimension and optical active area of the M0 mirror. Further

specifications of the pre-focusing mirror M0 are given in table 4.3.
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Figure 4.13 The footprint of the pre-focusing mirror (M0) for photon energy
40 eV and opening angle 0.2×1 mrad2 in vertical and horizontal, respectively.
The shade rectangular and the transparent rectangular are represented the optical
active area and the dimension of M0, respectively.

Table 4.3 Summary of the specifications of M0.

Features/Properties Specifications
Material Si

Dimensions Length = 330 mm
Width = 55 mm

Thickness = 40 mm
Optical active area 300 x 40 mm2

Coating 50 nm Au
Geometry Radius tangential R = 232360 mm +/- 2%

Radius sagittal R = 311.9 mm +/- 5%
Slope Error Tangential: ≤ 1 arcsec rms

Sagittal: ≤ 2 arcsec rms
Surface Roughness ≤ 0.5 nm rms

4.3 Monochromators

Varied line-spacing plane grating (VLSPG) monochromator is adopted be-

cause of the ease to obtain high resolving power by choosing proper line-space-
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variation coefficients of a grating and the simplicity of its energy scanning mech-

anism. The VLSPG monochromator is employed in the BL3 beamline operating

in the constant-included-angle geometry with included angles of 167.5 and 172.5◦

for the low and high photon energy ranges, respectively as shown in figure 4.14.

The optics of the VLSPG monochromator consists of the entrance slit (S1), the

exit slit (S2) and two exchangeable spherical focusing mirrors (M1/1 and M1/2)

with constant included angles, and three exchangeable VLSPG gratings necessary

to cover two photon energy ranges of 40–160 eV and 220–1040 eV. For the low

photon energy range, a grating with groove density N0 (the density at the middle

of the grating) of 600 lines/mm is used. Two gratings with N0 of 1200 and 2400

lines/mm are used for the high photon energy range. Because the monochromator

is optimized for 220–1040 eV, the demagnification of the focusing spherical mirror

M1/1 is chosen to be 1.0 to minimize the optical aberrations. Switching to 40–160

eV range is made by moving M1/1 upward, allowing the beam to travel to the

second focusing spherical mirror, M1/2. The entrance slit is illuminated by the

reflected light from the pre-focusing mirror (M0), which can be treated as a source

for the monochromators section. An X-Y aperture (Ap) inserted between the en-

trance slit (S1) and the two exchangeable focusing spherical mirrors (M1/1 and

M1/2) are used to reduce coma and aberrations to obtain the highest resolution.

The total lengths of the monochromator are 9,014 and 9,012 mm for the 167.5◦

and 172.5◦ included-angle configurations, respectively. The VLSPG gratings are

selected by linear translation mechanism, and the photon energy scanning is made

by grating rotation. The orders of diffraction are chosen the first positive (inside

order) to give the maximum dispersion. As illustrated in figure 4.15, the light

source of the grating is a virtual light located at the back side of the grating. A

convergent synchrotron beam hits the VLSPG grating. The convergent beam is
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reflected from the upstream two exchangeable focusing spherical mirrors (M1/1

and M1/2). The incidence angles as well as the diffraction angle at point 1 and

point 2 are not significantly different. This makes photons with a broad energy

bandwidth pass through the exit slit (S2). To solve this problem, the equation

2.34 is used to minimize the F100 term, and the groove density of the grating must

be varied along the ω direction (the same direction as the beam) perpendicular to

the groove line. This is a feature of VLSPG grating that the line spacing is varied

to compensate the differences of the incidence angle and the diffraction angle at

both ends of the grating.

Figure 4.14 The diagram of the BL3 monochromator section that consist of en-
trance slit (S1), X-Y aperture, two exchangeable focusing spherical mirrors (M1/1
and M1/2), VLSPG gratings and exit slit (S2).

The line-space variation coefficients are defined by a groove density func-

tion of N(ω) = N0(1 + a1ω + a2ω
2 + a3ω

3 + . . .). The coefficient a1, a2 and a3 and

the exit arm length (r2) of the grating are determined by minimizing the aber-

rations with procedures given elsewhere (Songsiriritthigul et al., 2001). For the

monochrmator of BL3, the photon energies of E1, E2, are chosen to satisfy the
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Figure 4.15 The convergent synchrotron beam hit on VLSPG. It should be noted
that the differences of incidence angles and diffraction angles at point 1 and 2 are
small different.

condition F200(E1) = F200(E2) = 0 for the coefficient a1 and the exit arm length

(r2). And the photon energies of E3 and E4 are chosen to satisfy the condition

F300(E3) = 0 and F400(E4) = 0 for the coefficient a2 and a3, respectively. The val-

ues of E1, E2, E3 and E4 are given in table 4.4. The exit arm length (r2), the coef-

ficient of a1, a2 and a3 for all VLSPG gratings are 3,447.97 m, -5.781×10−4mm−1,

2.500×10−7mm−2 and 9.591×10−11mm−3, respectively. It should be noted that

the advantage of the VLSPG monochromator is that scanning of photon energy

can be done simply by a grating rotation. The monochromatic light is focused

virtually to the position of the exit slit S2, so that no movement of the exit slit

along the optical axis during energy scans is necessary. There is no need to move
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the exit slit after switching the energy range as well.

Table 4.4 The optimized values of E1, E2, E3 and E4 that used for determining
the coefficient of line spacing and the exit arm length of the BL3’s VLSPG gratings.

Grating E1 (eV) E2 (eV) E3 (eV) E4 (eV)
number

VLSPG1 51.6129 129.032 65.1613 113.548
VLSPG2 250 450 85 410
VLSPG3 500 900 570 820

The footprint of the M1/1 mirror of the BL3 beamline is illustrated in

figure 4.16 which explains the dimension and the optically active area of the M1/1

mirror. Furthermore, the specifications of the M1/1 mirror of the BL3 beamline

are given by table 4.5.

The footprint of BL3 M1/2 mirror is illustrated in figure 4.17 which explains

the dimension and the optically active area of the M1/2 mirror. Specifications of

the BL3 M1/2 mirror are given in table 4.6.

Table 4.5 Summary of the specifications of M1/1.

Features/Properties Specifications

Material Si
Length = 140 mm

Dimensions Width = 40 mm
Thickness = 40 mm

Optical active area 120 x 30 mm2
Coating 50 nm Au

Geometry Radius R = 171907 mm +/- 1%
Slope Error Tangential: ≤ 0.2 arcsec rms

Sagittal: ≤ 0.5 arcsec rms
Surface Roughness ≤ 0.5 nm rms

The footprint of the 1st VLSPG grating of the BL3 beamline is illustrated in

figure 4.18 which explains the dimension and optically active area of the VLSPG
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Figure 4.16 The footprint of the M1/1 mirror for photon energy 280 eV and
opening angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade
rectangular and the transparent rectangular are represented the optical active
area and the dimension of M1/1 mirror, respectively.

Table 4.6 Summary of the specifications of M1/2.

Features/Properties Specifications

Material Si
Length = 140 mm

Dimensions Width = 40 mm
Thickness = 40 mm

Optical active area 120 x 40 mm2
Coating 50 nm Au

Geometry Radius R = 63230 mm +/- 1%
Slope Error Tangential: ≤ 0.2 arcsec rms

Sagittal: ≤ 0.5 arcsec rms
Surface Roughness ≤ 0.5 nm rms

grating. Furthermore, the specifications of three VLSPG gratings of the BL3

beamline are given in table 4.7.
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Figure 4.17 The footprint of the M1/2 mirror for photon energy 40 eV and
opening angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade
rectangular and the transparent rectangular are represented the optical active
area and the dimension of M1/2 mirror, respectively.

Resolution (∆E/E) of the VLSPG gratings of BL3 is obtained from the

analytical calculation using the equations as described in Chapter II. The results

are illustrated in figure 4.19 and 4.20 for low and high photon energies, respectively.

In the calculation, the widths of the entrance and exit slits are varied depending

on the photon energy. The contribution to the resolution caused by the slit widths

are fixed at 1×10−4. The relationship between the widths of the entrance and exit

slit and the photon energy at a fixed resolution of 1×10−4 is shown in figure 4.21

and 4.22 for low and high photon energies, respectively.
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Figure 4.18 The footprint of the 1st VLSPG grating for photon energy 40 eV
and opening angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade
rectangular and the transparent rectangular are represented the optical active area
and the dimension of the 1st VLSPG grating, respectively.

4.4 Post-focusing mirrors

The monochromatic beam is dispersed by the grating. It is then focused by

post-focusing mirror to deliver the beam to the end station. Directing the beam

to either end station of BL3 is done by M2Cy mirror. When the M2Cy mirror

is out of the optical axis, the monochromatic beam goes directly to PEEM. On

the other hand, when the M2Cy mirror is in the optical axis, the monochromatic

beam is directed to ARPES. The M2Cy mirror has cylindrical configuration, and

focuses the beam in sagittal direction. The M2Cy has a radius of curvature of 66.7

mm corresponding to a source distance of 1,100 mm, an image distance of 1,512.5

mm and an incidence angle of 87◦.
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Table 4.7 The specifications of the BL3’s VLSPG gratings.

VLSPG1 VLSPG2 VLSPG3

Profile Laminar Laminar Laminar
holography holography holography

Material Single crystal Single crystal Single crystal
silicon silicon silicon

Optical surface Plane Plane Plane
Coating Gold Nickel Gold

Coating thickness 50 50 50
(nm)

Dimension (mm) 140×30×20 140×30×20 140×30×20
length×width
×thickness

Optical active area 130×20 130×20 130×20
(mm)

Groove density 600 1200 2400
at the center
(lines/mm)

Energy range (eV) 40-160 220-520 440-1040
Included angle 167.5◦ 172.5◦ 172.5◦

Micro roughness ≤ 0.5 nm rms ≤ 0.5 nm rms ≤ 0.5 nm rms
Slope error
Tangential ≤ 0.2 arcsec rms ≤ 0.2 arcsec rms ≤ 0.2 arcsec rms
Sagittal ≤ 0.5 arcsec rms ≤ 0.5 arcsec rms ≤ 0.5 arcsec rms

The footprint of the M2Cy mirror of BL3 is illustrated in figure 4.23 which

explaines the dimension and optically active area of the M2Cy mirror.

Furthermore, the specifications of the M2Cy mirror are given in table 4.8.

4.4.1 Toriodal mirror for ARPES

The configuration of the post-focusing mirror of the ARPES branchline is

a toriodal mirror. This type of the mirror allows focusing power in two directions

(sagittal and meridional foci). Therefore, this branchline needs only one mirror to

focus the beam in both axes.

To find demagnification in the vertical axis, the calculation of the post-

focusing optics must include the M2Cy mirror. The demagnification of the post-
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Figure 4.19 The calculation of spherical, coma, defocus, tangent error aberrations
and slit limited by the width of the entrance and the exit slit of the 1st grating of
BL3 beamline.

Table 4.8 Summary of the specifications of M2Cy.

Features/Properties Specifications
Material Zerodus

Length = 270 mm
Dimensions Width = 40 mm

Thickness = 40 mm
Optical active area 250 x 25 mm2

Coating 50 nm Au
Geometry Radius sagittal R = 66.7 mm +/- 2%

Slope Error Tangential: ≤ 1 arcsec rms
Sagittal: ≤ 2 arcsec rms

Surface Roughness ≤ 0.5 nm rms

focusing of the ARPES branchline is equal to 1, which is dependent on the vertical

demagnification of the whole ARPES branchline which is 2, as shown in figure 4.2.

From this, the source distance of the M2T mirror is 4,537.5 mm and the image
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Figure 4.20 The calculation of spherical, coma, defocus, tangent error aberrations
and slit limited by the width of the entrance and the exit slit of the 2nd and 3rd

grating of BL3 beamline.

distance is 3,300 mm with the incidence angle of 87.75◦ to make the beam parallel

to the floor. The corresponding minor radius of curvature is 210.2 mm.

In the horizontal axis, the demagnification is chosen to 4.3, which is depen-

dent on the horizontal demagnification of the whole ARPES branchline which is 6.

The source distance of the M2T is 14,195.1 mm, the image distance is 3300 mm,

and the incidence angle is 87.75◦. The corresponding major radius of curvature is

97327 mm.

The footprint of the M2T mirror of BL3 is illustrated in figure 4.24 which

explains the dimension and the optically active area of the M2T mirror. Further-

more, the specifications of the M2T mirror is given in table 4.9.

The foot print of the M2T mirror of the BL3 beamline is illustrated in
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Figure 4.21 The widths of entrance and exit slit with the photon energy for
grating 1 (low photon energy) that obtain at a fixed resolution of 1 × 10−4.

figure 4.24, it is explained the dimension and optical active area of the M2T

mirror. Furthermore, the specifications of the M2T mirror is given in table 4.9.

Table 4.9 Summary of the specifications of M2T.

Features/Properties Specifications
Material Zerodus

Length = 240 mm
Dimensions Width = 50 mm

Thickness = 40 mm
Optical active area 220 x 35 mm2

Coating 50 nm Au
Geometry Radius tangential R = 97327 mm +/- 2%

Radius sagittal R = 210.2 mm +/- 5%
Slope Error Tangential: ≤ 1 arcsec rms

Sagittal: le 5 arcsec rms
Surface Roughness ≤ 0.5 nm rms
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Figure 4.22 The widths of entrance and exit slit with the photon energy for
grating 2 and 3 (high photon energy) that obtain at a fixed resolution of 1×10−4.

4.4.2 K-B mirrors for PEEM

The PEEM branchline uses KB mirror configuration as the post-focusing

optics. For our purpose we use two cylindrical mirrors in the KB configuration.

The curvature of vertical focusing mirror is adjustable.

In the vertical direction, the M2V mirror is designed for demagnification

of 1.6175, which is dependent on the vertical demagnification of the whole PEEM

branchline which is 3.235. So, the source distance of the M2V mirror is 3,235 mm

and the image distance is 2,000 mm with the incidence angle of 87.75◦ to make the

beam parallel to the floor. The corresponding radius of curvature is 62,961 mm.

In the horizontal direction, the demagnification is chosen to 7.2, which is

dependent on the horizontal demagnification of the whole PEEM branchline which
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Figure 4.23 The footprint of the M2Cy mirror for photon energy 40 eV and
opening angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade
rectangular and the transparent rectangular are represented the optical active
area and the dimension of the M2Cy mirror, respectively.

is 10. The source distance of the M2V is 10,780.1 mm, the image distance is 2,000

mm, and the incidence angle is 87◦. The corresponding major radius of curvature

is 50,320 mm.

The footprint of the M2V and M2H mirrors of BL3 is illustrated in figure

4.25 and 4.26 which explain the dimension and optically active area of the M2V

and M2H mirrors, respectively. Furthermore, the specifications of the M2V and

M2H mirrors are given in table 4.10 and 4.11, respectively.

The foot print of the M2V and M2H mirrors of the BL3 beamline is illus-

trated in figure 4.25 and 4.26, these are explained the dimension and optical active

area of the M2V and M2H mirrors, respectively. Furthermore, the specifications

of the M2V and M2H mirrors are given in table 4.10 and 4.11, respectively.
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Figure 4.24 The footprint of the M2T mirror for photon energy 40 eV and opening
angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade rectangular
and the transparent rectangular are represented the optical active area and the
dimension of the M2T mirror, respectively.

Table 4.10 Summary of the specifications of M2V.

Features/Properties Specifications
Material Zerodus

Length = 300 mm
Dimensions Width = 40 mm

Thickness = 15 mm
Optical active area 250 x 25 mm2

Coating 50 nm Au
Geometry Radius tangential R = 62961 mm +/- 2%

Slope Error Tangential: ≤ 1 arcsec rms
Sagittal: ≤ 1 arcsec rms

Surface Roughness ≤ 0.5 nm rms

4.5 Flux at sample

The photon flux at the sample position is essentially proportional to the

flux delivered by the central cone of the undulator radiation. The reflectivity
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Figure 4.25 The footprint of the M2V mirror for photon energy 40 eV and opening
angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade rectangular
and the transparent rectangular are represented the optical active area and the
dimension of the M2V mirror, respectively.

Table 4.11 Summary of the specifications of M2H.

Features/Properties Specifications
Material Zerodus

Length = 320 mm
Dimensions Width = 40 mm

Thickness = 40 mm
Optical active area 300 x 25 mm2

Coating 50 nm Au
Geometry Radius tangential R = 50320 mm +/- 2%

Slope Error Tangential: ≤ 1 arcsec rms
Sagittal: ≤ 1 arcsec rms

Surface Roughness ≤ 0.5 nm rms

of the mirrors, the efficiency and the reflectivity of the gratings, and the beam

intensity after the entrance and exit slits are taken into account for the flux cal-

culation. The calculated flux of the PEEM branchline at the sample position is
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Figure 4.26 The footprint of the M2H mirror for photon energy 40 eV and opening
angle 0.2×1 mrad2 in vertical and horizontal, respectively. The shade rectangular
and the transparent rectangular are represented the optical active area and the
dimension of the M2H mirror, respectively.

above 2×109photons/s/100 mA, as illustrated in figure 4.27.

4.6 Beam size at sample position

4.6.1 ARPES position

Grating number 1 has the groove density of 600 lines/mm at the middle.

The beam size at the sample position for a photon energy of 40 eV is shown in

figure 4.28.

For grating number 2, the groove density at the middle of the grating is

1200 lines/mm. The beam size at the sample position for a photon energy of 280

eV is shown in figure 4.29.

For grating number 3, the groove density at the middle of the grating is
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Figure 4.27 Calculated flux of the PEEM branchline at sample position assuming
an current in the storage ring 100 mA. The calculated flux includes the reflectivity
of the mirrors, the efficiency of grating, the reflectivity of the grating and the beam
intensity after the entrance and exit slits.

2400 lines/mm. The beam size at the sample position for a photon energy of 600

eV is shown in figure 4.30.

4.6.2 PEEM position

For grating number 1, the groove density at the middle of the grating is

600 lines/mm. The beam size at the sample position for a photon energy of 40 eV

is shown in figure 4.31.

For grating number 2, the groove density at the middle of the grating is

1200 lines/mm. The beam size at the sample position for a photon energy of 280

eV is shown in figure 4.32.

For grating number 3, the groove density at the middle of the grating is

2400 lines/mm. The beam size at the sample position for a photon energy of 600
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Figure 4.28 The beam size at ARPES sample position for the photon energy 40
eV which is used grating number 1 and opening angle of 0.2 mrad2.

Figure 4.29 The beam size at ARPES sample position for the photon energy 280
eV which is used grating number 2 and opening angle of 0.2 mrad2.
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Figure 4.30 The beam size at ARPES sample position for the photon energy 600
eV which is used grating number 3 and opening angle of 0.2 mrad2.

Figure 4.31 The beam size at PEEM sample position for the photon energy 40
eV which is used grating number 1 and opening angle of 0.2 mrad2.
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Figure 4.32 The beam size at PEEM sample position for the photon energy 280
eV which is used grating number 2 and opening angle of 0.2 mrad2.

eV is shown in figure 4.33.

Figure 4.33 The beam size at PEEM sample position for the photon energy 600
eV which is used grating number 3 and opening angle of 0.2 mrad2.
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The ray tracing simulation results show that the beam sizes at the sample

position of ARPES and PEEM agree well with the design.

For ARPES, the designed parameter of the horizontal demagnification is

5.985 for low and high photon energies, and the designed parameters of the vertical

demagnification are 2.695 and 2 for low and high photon energies, respectively. As

shown by the simulation results of 40eV photons, the full width half maximum

of the photon source size is 2.86673 mm and 0.11238 mm for the horizontal and

vertical directions, respectively. And the full width half maxima of photon beam

size are 0.33247 mm and 0.06229 mm for the horizontal and vertical directions,

respectively. The demagnification from simulation results are 8.6 and 1.8 for the

horizontal and vertical directions, respectively.

In the case of PEEM, the designed parameter of the horizontal demagni-

fication is 10 for low and high photon energies, and the designed parameters of

the vertical demagnification are 4.359 and 3.235 for low and high photon energies,

respectively. As shown by the simulation results for 40 eV photons, the full width

half maximum of photon source size is 2.86673 mm and 0.11238 mm for the hor-

izontal and vertical directions, respectively. And the full width half maxima of

photon beam size are 0.22102 mm and 0.04229 mm for the horizontal and vertical

directions, respectively. The demagnifications from simulation results are 12.97

and 2.66 for the horizontal and vertical directions, respectively.

4.7 Resolving power

The BL3 beamline is designed with resolving power about 10000 for all of

energy range. The beam profile at the sample position with resolving power as

10000 is shown in figure 4.34. The simulation result shown the beam profile can

be distinguished by different photon energies.
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Figure 4.34 The beam profile at the sample position of PEEM with resolving
power as 10000 and the opening angle of 0.2 mrad2.

4.8 Heat on the mask

The water-cooled mask is made of the stainless steel type 304 and has

two apertures. The first aperture is used to deliver the undulator beam with the

source radiation fan width of ± 2 mrad. The second aperture is used to deliver the

bending magnet beam with the source radiation fan width of ± 7.5 mard and is

deviated from the undulator source by 1.3◦. The front view of the mask is shown

in figure 4.35. The properties of water at temperature of 31◦C which is a cooling

temperature of the SPS are given in table 4.12.

Table 4.12 The properties of the water at temperature of 31◦C.

Parameters Value

Density (ρ) 995.6 kg/m3

Specific heat (Cp) 4178 J/kg · ◦C
Thermal conduction (k) 0.6166 W/m · ◦C
Dynamic viscosity (µ) 7.824×10-4 kg/m · s
Prandtl number (Pr) 5.302
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Figure 4.35 The front view drawing of Mask of the BL3.2 beamline (a unit of
length is millimeter).

The cooling tube has a diameter (D) of 0.008 meter, so the cross section

area is 5.026×10−5 m2. Furthermore the velocity (v) of the water in the cooling

tube is 1.9894 meter per second when the water flow rate is 6 litre per minute. To

explain the viscous behavior of all Newtonian fluids, the dimensionless quantity
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known as Reynolds number (Re) is used, where

Re =
ρvD

µ
. (4.3)

From the equation 4.3, the Reynolds number is 20,252. The number is

higher than 104, which means the flow mode in the cooling tube is turbulent. For

the Reynolds number between 104 and 106, the Darcy friction factor of the smooth

tube is given as

f = (0.79 · ln(Re)− 1.64)−2. (4.4)

From the equation 4.4, the Darcy friction factor of the smooth tube is

0.026. The Nusselt number for the conditions 0.5 ≤ Pr ≤ 2000, and 3×103< Re<

5×106 is written by

Nu =
(f/8)(Re− 1000) · Pr

1 + 12.7 · (f/8)
1/2(Pr

2/3−1)
. (4.5)

From the equation 4.5, the Nusselt number is 133.9058. The convection

coefficient is the input data for the simulation program such as Solid work which

simulates the heat load. It is given as

h =
Nu · k

D
. (4.6)

The value of the convection coefficient is 10,321 W/m2.◦C.

As the simulation result shown, the temperature on the surface of aperture

for the U60 undulator is about 33.31◦C with the cooling water temperature of

31◦C and the water flow rate of 6 litre per minute.
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Figure 4.36 The power distribution on the Mask.



CHAPTER V

COMMISSIONING RESULTS AND

DISCUSSION

This chapter provides the commissioning results and discussion on the per-

formance of the undulator beamline. The first mission is to get a light from the

undulator to the end-stations by adjusting the slits, mirrors and gratings. The

beamline has two end-stations, namely PEEM and PES stations. In both end-

stations, the light beams were observed on the sample positions with expected

beam sizes in November, 2009. When the grating totally reflected a light, namely

a white light, a visible light was observed in the sample position. Even though the

grating monochromatized the light, fluorescence light was observed on the sample

coated by the Ag-doped ZnS powder. The following sections show detailed per-

formance of the beamline based on the commissioning results in comparison with

the simulation discussed in the previous chapter. The alignment procedures of the

optical elements are also described.

5.1 First photon beam alignment and PBPM results

The optical elements installed in the beamline were aligned from upstream

to downstream by either observing the visible and fluorescence lights or measuring

the photocurrent on the optical elements. The photocurrent produced by the

photoelectron emission from the materials excited by photons is measured from

whether the gold-coated plate or the movable tungsten wire at a diameter of 0.05
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mm. The latter is called a photon beam monitor (PBPM) located in front of M0

and entrance slit. The PBPM at the entrance slit has only a function of vertical

translation with a manual drive, while the PBPM at M0 the horizontal and vertical

translations controlled by the computer-controlled stepping motors.

According to the PBPM measurement in front of M0 shown in figure 5.1,

the photon beam was found to be in the vertical optical axis, while not in the

horizontal direction. However, the PBPM results were quite different from the

ray-tracing simulation in terms of the photon beam size as described in the inset

of the figures. This result will be discussed later on.

Figure 5.1 The definitions of rotations and orientations of the pre-focusing mirror
of the BL3.2 beamline.

5.2 The undulator photon energy spectrum

The undulator radiation is a quasi-monochoromatic light, so that the pho-

tocurrent is modulated as a function of the photon energy on the basis of the
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Figure 5.2 The drain current measurement at behind entrance slit with slit width
100 µm in the vertical translation (Z) of the pre-focusing mirror (M0).

harmonic number as described in the previous chapter. To verify the undulator

radiation characterized by the harmonic number, the photocurrent was measured

on the gold-coated plate in the position behind the exit slit. The photon energy

coming out from the monochromator was simply assumed using the diffraction

parameters of gratings in the sine-bar mechanism. Figure 5.2 shows the undulator

photon energy spectrum measured at an undulator gap of 55 mm and an opening

angle of 0.04 mrad2. The slit widths were set up at the 200 µm in the entrance and

exit positions. The calculated energy spectrum is also shown in the inset of figure

5.3, and shows good agreement with the experimental results. The gap between

160 and 220 eV in the measured spectrum corresponds to an unused window out

of the grating efficiency as designed. The bandwidth of each harmonic photon was

also evaluated using the analytical formula based on the undulator parameters,

and found to be in good agreement with the experimental results.
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The result of the energy spectrum shown in figure 5.3 was a first evidence

of the undulator radiation in this beamline. Note that the photon energy and flux

provided by the monochromator were further calibrated by measuring the Fermi

edge of a gold sample and the photodiode current, respectively. These results will

be shown in the following section.

Figure 5.3 The drain current measurement at behind entrance slit with slit width
100 µm in the transversal translation (X) of the pre-focusing mirror (M0).

5.3 The pre-focusing mirror (M0) alignment

In the early stage of commissioning, the visible light from the undulator

was successfully observed on the entrance slit by adjusting M0. However, the

observed beam size was quite large being due to the overlap of unfocused bending

magnet radiation. In the next stage, the fine adjustment of M0 was performed by

finding a maximum photocurrent on the gold-coated plates behind the entrance

and exit slits as a function of the linear translations and two rotations of M0. M0
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was accurately controlled in a position by the four independent stepping motors

shown in the figure 5.4. The definition of each stepping motor drive is described

as follows:

• Vertical translation of M0 as Z : This allows M0 to move a height (up or

down) in the perpendicular with the incoming photon beam.

• Transversal translation of M0 as X : This allows M0 to shift in the transversal

direction to the incoming photon beam.

• Yaw of M0 as θz: This adjusts the angle of incident on the mirror surface of

M0 against the photon beam.

• Pitch of M0 as θx: This allows M0 to tilt the mirror surface plane to the

incoming photon beam.

Figure 5.4 The drain current measurement at behind entrance slit with slit width
100 µm in the yaw (θz) of the pre-focusing mirror (M0).

Figures 5.5–5.8 show the measured photocurrent distribution in the en-

trance slit plotted with a step-pulse number output from each stepping motor in

M0. An undulator gap of 36.4525 mm corresponding to the 1st harmonic energy
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of 60 eV and 100 µm of slit width were used to measure the photocurrent. All

photocurrent was normalized at an electron storage current of 100 mA. Each peak

position found in the figures shows no dependence on the undulator gap.

Note that all optical elements were positioned along the optical axis defined

by the slit positions to minimize the influence of the electron orbit distortion

or/and deviation to the photon beam alignment depending on the undulator gap.

A horizontal center of each slit was defined using the V-shaped apertures in front

of each slit. To get the photon beam in the optical axis, the X and θz of M0 were

carefully adjusted until the photocurrent maxima in the entrance and exit slits

come into the same position in the X and θz.

Figure 5.5 The drain current measurement at behind entrance slit with slit width
100 µm in the pitch (θx) of the pre-focusing mirror (M0).
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Figure 5.6 The in-house developed software is used to measure drain current for
slits alignment.

Figure 5.7 The drain current measurement at behind entrance slit with slit width
100 µm.

5.4 The slit alignment

The focal positions of M0 and grating monochromator were confirmed by

measuring the photocurrent on the plate behind the slits as a function of linear
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Figure 5.8 The drain current measurement at behind exit slit with slit width 100
µm.

translation along the optical axis. Because the linear translation along the optical

axis must be manually moved, the in-house developed software was used to measure

the photocurrent at a constant time interval set up in the graphical interface shown

in figure 5.9. The focal positions of the white light were found at 17 and 36 mm to

downstream for the entrance and exit slits as shown in the figures 5.10 and 5.11.

An undulator gap of 55 mm, which provides a maximum photon flux at the 1st

harmonic 110 eV photon energy, was used to maximize the photocurrent to make

a clear peak structure in the photocurrent distribution. The deviation from the

centers of each slit is acceptable in comparison with the designed monochromator

arm length.
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Figure 5.9 The drain current measurement as a function of time at behind en-
trance slit with slit width 100 µm.

Figure 5.10 The beam size at entrance slit position before and after open ABS.

5.5 The M0 stability

According to the time-dependent photocurrent measurements after ABS

opened, the heat load effect on M0 from the undulator radiation was found to be



112

Figure 5.11 The relationship between the undulator gap and magnetic field.

negligible. It is consistent with the results found in the focal position measurements

in the slit positions. Figure 5.12 shows an 18% increment of the photocurrent in 3

hr. after ABS opening. Figure 5.13 shows a vertical PBPM profile in front of the

entrance slit. Because PBPM was manually driven by hand, single profile scan

took 10 min. In a time scale of 90 min. after ABS opened, the vertical profile

appeared not to be affected from the heat load effect in a way that M0 locally

deforms by a thermal expansion.

5.6 Photon energy scanning mechanism of the U60 undu-

lator

From equation 2.16, the harmonic wavelength (λ) simply changes with the

magnetic field strength (B) and the observation angle (θ). The on-axis magnetic

field strength is a function of the undulator gap as shown in figure 5.14. In other

words, by changing the undulator gap, λ can be varied. The effect of θ will be

discussed later on.
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Figure 5.12 The in-house developed software which is used for scanning undula-
tor.

Figure 5.13 The comparison of the U60 spectrum from the simulation and ex-
periment results.

In the U60 undulator, the relationship between the undulator gap and mag-

netic field is described in an exponential function. According to the magnetic field
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Figure 5.14 The photon wavelength calibration curve for VLSPGs of BL3.2 beam-
line by measured from photoemission spectra of gold.

measurement of the U60 undulator, the gap equation was obtained in the loga-

rithmic form as follows:

Gap [mm] = −38.11 · ln
(

B [T ] + 4.44× 10−4

1.1

)
(5.1)

This equation is used with the equation of 2.17 and 2.18 when the photon

energy is scanned, for instance, in the measurement of absorption spectroscopy.

For example, if the photon energy is started from 40 to 160 eV, the magnetic

field strength which is calculated from the equation 2.17, is varied from 3.065 to

0.922 and the corresponding of the magnetic field which is calculated from the

equation 2.18, is varied from 0.5469 to 0.1645 Tesla. And the undulator is moved

from the gap of 26.6 to 72.312 mm which is calculated from the equation 5.1.
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Figure 5.15 The new in-house developed software which is developed for scanning
the undulator and grating in the same time and energy.

5.7 Photon energy calibration of the VLSPGs

In the front-end of the beamline, the slits and apertures were basically set

up at a designed opening angle, which was calculated from the electron beam size

in the storage ring and fundamental parameters of the undulator. As far as the

undulator coherence is concerned, the beam should be shaped only in the range

of the theoretical central cone.

To evaluate the central cone of the undulator radiation, the red shift should

be measured as a function of the observation angle. Prior to the red shift measure-

ments, the photon energy was carefully calibrated by measuring the Fermi edge

of a gold sample to identify the exact harmonic peak energy. The photon energy

was estimated from the sum of the work function of the photoelectron detector

and the Fermi energy. The work function was assumed to be 4.2 eV based on the

manufacturer calibration of the instrument.



116

The photoemission spectra were measured in the PEEM station. The

CLAM2 electron energy analyzer (Thermo VG Scientific) was used to measure

the photoelectron energy from the gold surface. The gold surface was sputtered

by Ar ion with a kinetic energy of 0.5 keV prior to the measurement. The mea-

surement was performed at room temperature, so that the Fermi edge profile is

possibly fitted with a Fermi-Dirac function. Figure 5.16 shows an example of the

photoemission spectrum on the gold near the Fermi edge. The estimated photon

energy of 80.92 eV was calculated from the sum of the Fermi energy (76.72 eV)

and the work function (4.2 eV), instead of the analytically calculated photon en-

ergy of 82 eV. Because the photoionization cross section of the valence electrons

decreases as the photon energy increases, the Fermi energy was evaluated from

the 4f core level measurements in a higher photon energy range. A binding en-

ergy of 4f core levels was assumed from the standard atomic binding energy table

(http://srdata.nist.gov/xps/). According to the sine-bar mechanism, the wave-

length of the monochromatized light is proportional to the linear translation of

the sine-bar. Figure 5.17 shows a linear relation between the wavelength of the

light and the linear translation of the sine-bar for each grating. The linear fitting

coefficients in the results of each grating were used to evaluate the universal grat-

ing equation to set up a photon energy in the whole available photon energy range

of this monochromator as described in the inset of figure 5.17.

5.8 Harmonic photon energy shift (red shift)

Here, let come back to the red shift observation using the finely calibrated

grating monochromator. The first harmonic photon energy is known from the

fundamental parameters of the undulator, and importantly varied with the gap

and observation angle. In the first stage of the red shift measurement, however,
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Figure 5.16 The flux of the undulator from experiments is compared with simu-
lation result.

Figure 5.17 The photoemission spectra of the Fermi edge of gold.

the gap and observation angle are fixed, and the photocurrent is measured as a

function of the photon energy controlled only by the grating monochromator. In



118

the next stage, the energy spectrum is measured in the same way with a different

observation angle. The observation angle is varied by shifting the vertical apertures

at a constant width corresponding to a central cone opening angle of 0.2 mrad in

the vertical direction.

Figures 5.18–5.20 show a controversial beam profile of the undulator. The

energy spectrum of the first harmonic peak shows a symmetric intensity distribu-

tion with respect to the optical axis. On the other hand, the peak energy shifts

is asymmetric to the optical axis, which was clearly observed in the spectra when

the aperture shifted to the downward. These abnormal red shifts in the vertical

direction, which were against the theory of the undulator radiation, were observed

in the measurements at three different undulator gaps as shown in figures. A pos-

sible cause is the alignment of the electron beam to the undulator in the vertical

direction. In previously reported figures 5.1 and 5.2, PBPM also measured the

unexpected large beam size by a factor of 8 and 2 in the vertical and horizontal

directions. It is almost impossible to explain this large photon beam from the un-

dulator based on the 100-micron electron beam without considering the misaligned

electron beam orbit in the storage ring, and this is out of scope of this thesis.

5.9 Flux measurement at sample position

The photon flux was measured on the photodiode sensor at the position

behind the exit slit. The quantum efficiency of the photodiode was provided

from the standard data calibrated by the company (IRD, Inc.: AXUV100Al2).

The drain current from the photodiode was measured in the pico-ampere order

DC current monitor (Keithley Instruments Inc.) and normalized by an electron

storage ring current of 100mA. To compare with the simulation, the photon flux at

the sample position was estimated from the reflectivity of the mirrors in-between.
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Figure 5.18 The drain current behind exit slit is measured by scanning photon
energy with the undulator gap is 27 mm.

Figure 5.19 The drain current behind exit slit is measured by scanning photon
energy with the undulator gap is 40 mm.

Figure 5.21 shows the photon flux measured and simulated by the ray-

tracing program in the beamline. The measured photon flux decreased by two
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Figure 5.20 The drain current behind exit slit is measured by scanning photon
energy with the undulator gap is 55 mm.

orders of the magnitude in comparison with the simulation, especially in the lower

photon energy ranges of each grating. This might be due to the horizontal devi-

ation of electron trajectory caused in the constant dipole field produced by the

earth, building and so on. This dipole field as a function of the undulator gap was

previously reported (Rugmai et al., 2007). The correction coil compensating for

this constant dipole field should be developed to improve the photon flux in the

low photon energy ranges.
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Figure 5.21 The photon flux measured and simulated in the beamline at the
sample position.



CHAPTER VI

CONCLUSIONS

• At the designed and 1st harmonic central-cone opening angle of 0.2 mrad and

1 mrad in the vertical and horizontal directions, the front-end slits reduce the

maximum power to 24 W for the beamline optics. As a result, the front-end

slits absorb a power of 43 W at an electron storage ring current of 100 mA.

According to this estimation, the cooling unit for the slits was designed.

• The photon source of the U60 undulator with a period of 60 mm and a

minimum gap of 26.5 mm was used to design the optical beamline. The

photon energy scanning mechanism of the U60 undulator and the VLSPGs

was integrated and controlled in the LabVIEW-based software.

• The meridional focusing of M0 was simulated from the ray-tracing calcu-

lation, and the radius of curvature for a required focusing position was de-

signed. In the commissioning, the focal position was found in the appropriate

range around the entrance slit.

• The stability of M0 was evaluated. The photocurrent, produced by the pho-

toelectron excitation, at the position behind the entrance slit was saturated

about 3 hr. after the ABS opened at an 18% improvement. The vertical

beam profiles as a function of exposure time after the ABS opened was also

found to be negligible.

• In the case of ARPES, the horizontal demagnification was designed at 5.985

for both low and high photon energies, and the vertical demagnifications were
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designed at either 2.695 or 2 for low or high photon energies, respectively.

• In the case of PEEM, the horizontal demagnification was designed at 10 for

both low and high photon energies, and the vertical demagnifications were

designed at either 4.359 or 3.235 for low or high photon energies, respectively.

• The beamline was designed for a tunable photon energy range of 40 to 1040

eV with two exchangeable focusing spherical mirrors (M1/1 and M1/2) with

two constant-included angles and three exchangeable VLSPGs.

• The wavelength provided from the beamline was calibrated by measuring a

gold photoemission spectrum. For the grating with N0 = 600 lines/mm, the

Fermi edge of gold spectra was used to evaluate the photon energy. For the

grating with N0 = 1200 and 2400 lines/mm, the 4f peak of gold spectra was

used.

• The best performance of the beamline was expected when the electron beam

quality in the storage ring would be improved, such as the smaller emittance

and size of the electron beam. In particular, the COD correction is necessary

to compensate for the influence of the electron orbit to the photon beam

depending on the undulator gap.
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APPENDICES

A.1 BL3 front-end

The front-end of the BL3 beamline has been designed to accommodate 2

optical beamlines; i.e. an undulator beamline and a bending magnet beamline.

The front-end of the beamline serves primarily to prevent damage to the storage

ring and radiation hazards to the user of the beamline. The main front-end of the

BL3 beamline components are consisting masks, a heat absorber (ABS) with a

bremsstrahlung shutter (BS), water-cooled slits, photon beam position monitoring

(BPM) and vacuum gate valves. The water-cooled mask is installed with the

exit gate valve as an all metal valve and isolated the front-end from the storage

ring. The water-cooled mask is made of the stainless steel type 304 and has two

apertures. The first aperture is used to deliver the undulator beam with the source

radiation fan width is taken to be ± 2 mrad. The second aperture is used to deliver

the bending magnet beam with the source radiation fan width is taken to be ±
7.5 mard and is deviated from the undulator source at 1.3◦. The drawings in the

front-end of top and side views are shown in Figure A.1. The heat absorber (ABS)

has two sets relative with the apertures of mask. These heat absorbers are made

of the oxygen free high thermal conductivity (OFHC) copper. The front face of

heat absorbers is aligned 45◦ with respect with the beam axis. So, the reflected

beam will be hit on a water-cooled flange. The water-cooled slits have two pairs

which are installed in the front chamber (V1A, V1B, H1A and H1B) and rear

chamber (V2A, V2B, H2A and H2B). The opening angle of the beam is defined
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by the water-cooled slits which have an opening angle of 0.2 mrad and 1 mrad in

vertical and horizontal directions, respectively.

Figure A.1 The front-end drawing of the BL3 beamline. The exit gate valve is
installed to isolate the vacuum from the storage ring. Top view (a) and side view
(b), are shown. The radiation source from U60 and bending magnet are passed
trough to the front-end.

The front-end chambers of the first undulator beamline at the Siam Photon

Laboratory (SPL) has been designed, fabricated and assembled in-house. The

front-end chambers are installed inside the radiation shielding wall and connected

with the exit gate valve, as shown in Figure A.1. The exit gate valve will be

close when during the shutdown period time for the maintenance of the system.

The front-end vacuum system consists of three main chambers (Front-, Middle-

and Rear chamber), as shown in Figure A.3. The front and middle chambers are

connected together by the bellow CF 304. The front chamber consists of U60ABS,

BM ABS, Fixed Ap and slits (V1A, V1B, H1A and H1B). The back side of ABS
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has a thick tungsten plate which used for protected the bremsstrahlung radiation.

The middle chamber has two exit CF 114 ports. It is planed to install the mirror to

reflect the bending magnet light which deviated from the center of the undulator

light about 1.3◦ to BL3.1 beamline and the other port is used for the undulator

to deliver the undulator light to BL3.2 beamline. Furthermore, the two exit ports

of the Middle chamber are connected with the CF 114 pneumatic gate valve.

The rear chamber is connected with the CF 114 pneumatic gate valve by CF 114

bellow. The components of the rear chamber consist of VBPM, HBPM and slits

(V2A, V2B, H2A and H2B). The back side of the slit has a tantalum plate which

has a sharp edge like a blade shape to cut a part of the beam. In addition, the

BPM is used for the beam position measurement. All components in the front-end

chamber have water-cooled units and are controlled by the stepping motor. Each

of front-end chamber has the sputter ion pump (IP) and two titanium sublimation

pump (TSP). After bakink at 150◦ for a week, the vacuum of the front-end reached

down to 2×10−10torr.

Figure A.2 The photo of the front chamber of the BL3 beamline front-end. The
image shows that the components are installed and aligned with the optical axis.
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Figure A.3 The photo of the front-end of the BL3 beamline connected to the
bending magnet port number 3.

A.2 Vacuum system

The VUV and soft X-ray beamline is under vacuum conditions, because

of the photon energy of these regions is strongly absorbed by gas molecules in

air. The ultra high vacuum at a base pressure below 1 × 10−9 Torr is operated

for the VUV and soft X-ray beamline and avoids the contamination on surfaces

of the optical elements with carbon. The diagram of the vacuum system of the

BL3 beamline is shown in Figure A.4. The goal of the vacuum system of the BL3

beamline must be in the ultra high vacuum region for the whole length of the

beamline. This is compatible with the vacuum requirements of the storage ring

that the pressure in the storage ring is in the range of 10−10 Torr and the end

stations of the BL3 beamline are the photoemission techniques which required the
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ultra high vacuum for surface researches. The chambers and ducts are fabricated

in-house from stainless steel type 304 for the new mechanical components. And

some components have a part of copper made from OFHC copper. Due to the

budget constrained, the old mechanical components from the BL4 beamline are

reused as many as possible. All seals are used by copper gaskets. The whole length

of the BL3 beamline as illustrated in Figure A.5, is divided into eight sections, the

each section is isolated by the vacuum gate valve. The vacuum gate valves in the

BL3 beamline have two types as manual or pneumatic gate valves. The pneumatic

gate valves are driven by the compressed air and controlled by the electric power.

The pressure of the whole length of the BL3 beamline is in the range of

10−10 Torr. To get a good vacuum condition, the front-end chambers have been

baked at 200◦C for 1 week. Each component of the front-end has been baked one

by one before re-assemble with motorized stage, and was baked them again with

chambers at 120◦C for 1 week. Front-end baking is should be carefully performed

because of some part of the motorized stage are made of aluminum and fragile

motors. All of vacuum components and chambers without optical elements have

been baked at 150◦C for 1 week.

In the beamline construction time, the vacuum components were installed

from the 1st section up to the 8th section. The process was done by step by step

in such away that the vacuum components were installed and baked one by one

section. Only the sections of the optical elements with mirrors and gratings were

baked again at 120◦C for 1 week, otherwise those were baked at 120◦C for 1 week

once in a section.

When baking process was finished, leak test was followed after the vacuum

components were cooled down to 100◦C. The leak test is done by the quadrupole

mass spectrometer (QMS) or residual gas analyzer (RGA). The major components
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of residual gases are H2, CO, CO2, CH4 and Ar. The normally of the leak test is

detecting the helium mass by blowing the He gas outside the chamber. Then, sput-

ter ion pumps (IP) are used with titanium sublimation pumps (TSP) to achieve

ultrahigh vacuum condition. Cold cathode gauges (CCG) and hot filament gauges

such as nudge ionization gauges (NIG) were used for measuring the vacuum pres-

sure in the beamline. Furthermore, the beamline interlock were used to prevent

the vacuum accident monitor by the CCG controller and interface unit that will

be explained more detail in next topic.

Figure A.4 The diagram of vacuum system of the BL3 beamline.

Figure A.5 The drawing of the BL3 beamline. The drawing is shown the PEEM
branchline (top) and the ARPES branchline (bottom).When the M2Cy mirror is
out of the optical axis, the monochromatic beam is passed to the PEEM. On the
other hand, when the M2Cy mirror is in the optical axis, the monochromatic beam
is passed to the ARPES.
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A.3 Interlock system

The idea of the BL3 beamline interlock system is shown in Figure A.6.

Programmable logic controller (PLC) was used to control the system. In this

system, the main hardware device is an OMRON CS1 series and consists of CPU

module, input and output units and interface units. The BL3 beamline consists

of the vacuum interlock system which runs in the PLC, and the ABS with BS are

under control of programs running on the main beamline computer. The main

functions of the vacuum interlock system for BL3 beamline is to protect the SPS

storage ring and other photon beamline from an accidental of the vacuum failure

of the BL3 beamline or end-stations. The other function is to protect the uncooled

vacuum components in the beamline from exposure to synchrotron radiation and

the water-cooled beamline components from the interruption of the cooling water

flow.

The input and output units were used to acquire status from the field

devices such as the pressure switch for cooling-water flow to cooled components,

the vacuum pressure, the manual and pneumatic gate valves (MV and PV), M2Cy

position and ABS and BS status displayed on a touch screen. Only pneumatic

gate valves are controlled by manual as shown in Figure A.7. Furthermore, the

ABS and BS are controlled by PC.
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Figure A.6 The block diagram of the interlock system for the BL3 beamline.

Figure A.7 The diagram of interlock of the BL3 beamline on the touch screen
monitor.
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