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called rocking width or Darwin width, ωD. [4, 28] . . . . . . . . . . 11

2.3 Schematic diagram of a double crystal monochromator . . . . . . . 12

2.4 Schematic of a multilayer reflector of bilayer pairs of high- and low-Z

materials (A and B). . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 Schematic diagram of a bent mirror for collimating the x-ray beam

in the vertical plane. . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6 Schematic diagram of a toroidal mirror for focusing the x-ray beam

in both the horizontal and vertical directions. . . . . . . . . . . . . 15

2.7 Schematic diagram of the optical magnifications. . . . . . . . . . . . 15



xii

2.8 Glancing incident radiation and total external reflection for x-rays

and EUV radiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.9 Critical angle of Pt and Rh as a function of photon energy. For 20

keV, the critical angle are equal to 4.15 and 3.2 mrad for Pt and

Rh, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 Reflectivity for Rh 5 nm/Pt 25 nm/Si with binder layer Cr 5 nm. . 18

3.1 Schematic diagram of interactions between x-rays and the matter . 19

3.2 Schematic diagram of x-ray fluorescent emission of the sample. . . . 20

3.3 Fluorescent yields for x-ray emissions K, L and M shells as a func-

tion of atomic number. [32] . . . . . . . . . . . . . . . . . . . . . . . 22

3.4 Photon counts as a function of atomic number. . . . . . . . . . . . . 23

3.5 (a) XRF spectra from sticky rice powder, (b) x-ray transmission for

the aluminium filter with a thickness of 0.1 mm. . . . . . . . . . . . 25

3.6 Connection diagram for XR-100CR as Si-PIN detector, PX2CR as

pre-amplifier and power supply and MCA8000A as multi-channel

analyser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.7 Setup for the energy calibration using characteristic x-rays of a

metal foil as a calibration foil. . . . . . . . . . . . . . . . . . . . . . 27

3.8 GaAs spectra with difference in volt pulse height and amplifier gain. 28

3.9 Detected pulse height and photon energy is fitted using quadratic

equation. Calibration elements are Ca, Ti, V, Cr, Mn, Fe, Ni, Cu

and Zn. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.10 Calibrated XRF spectra for standard material with recorded time

of 180 s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.11 Algorithm for XRF analysis software . . . . . . . . . . . . . . . . . 33

3.12 Schematic representation of the principles of capillary optics. [26] . 35

3.13 Polycapillary x-ray optics; (a) focusing lens, (b) half focusing lens

and (c) parallel beam lens. [26] . . . . . . . . . . . . . . . . . . . . 36

4.1 Bragg’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40



xiii

4.2 Schematic diagram of image plate method in high-pressure re-

search. [59] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Gaussian function (solid line), the Lorentzian function (long dash

line) and the pseudo - Voigt function (short dash line) for y0 = 1,

xc = 2, A = 5 and w = 1.5. . . . . . . . . . . . . . . . . . . . . . . . 45

5.1 Schematic diagram of the experimental setup for XRF analysis. . . 47

5.2 Experimental XRF spectrum from a NIST SRM 610 standard with

a white beam and measurement time 2000 s. . . . . . . . . . . . . . 49

5.3 Schematic diagram of the experimental setup for XRF imaging at

the Siam Photon Laboratory;(a) the setup No.1 and (b) the setup

No.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.4 Patterns 1-4 and magnified structures of nickel grids on supporting

glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.5 Photograph of the test object made of copper (seen in orange) and

cobalt (gray) foils. . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.6 Defining scanned area (left). Sample was placed in the scanned area

(right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.7 Sample holder with Ni mesh over a fluorescent screen. . . . . . . . . 55

5.8 Capture photo for Ni mesh by CCD camera. A green spot represents

the position of x-ray beam on the screen. . . . . . . . . . . . . . . . 56

5.9 Fluorescent signal from Ni Kα for both x (left) and y (right) scans. 56

5.10 Picture frame versus motor frame. . . . . . . . . . . . . . . . . . . . 56

5.11 Setup for x-ray powder diffraction technique under extreme condi-

tions on the beamline BL-8 at the Siam Photon Laboratory. . . . . 57

5.12 Setup for x-ray powder diffraction technique under extreme condi-

tions using the polycapillary lens on the beamline BL-2 at the Siam

Photon Laboratory. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



xiv

5.13 R-line fluorescences of a ruby crystal in the DAC at room temper-

ature are shown; ruby crystal: at ambient pressure (A); at about

22.3 kbar (B); at about 40 kbar (C). The pressure shift is to lower

energy with increasing pressure. [70] . . . . . . . . . . . . . . . . . . 60

5.14 Old micro-EDM used at the Extreme Condition Physics Research

Laboratory, Chulalongkorn University. . . . . . . . . . . . . . . . . 61

5.15 Schematic layout for drilling machine. . . . . . . . . . . . . . . . . . 62

5.16 Schematic diagram of the drilling circuit. . . . . . . . . . . . . . . . 62

5.17 New micro-EDM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1 Complete diffraction pattern of the hexagonal phase of ZnO under

ambient condition at beamline BL8. . . . . . . . . . . . . . . . . . . 64

6.2 Schematic layout of the proposed XRPD beamline for the Siam

Photon Laboratory. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.3 Comparison of simulated photon flux between DCM: Ge(220) and

DMM:W/B4C ML for a photon energy range of 5-12 keV and open-

ing angle of 1.75(h)×0.125(v) mrad2 is shown in (a). Reflectivity
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CHAPTER I

INTRODUCTION

Synchrotron radiation (SR), an emitted electromagnetic radiation from high

energy accelerated electrons in a storage ring, plays an important role in several re-

search areas including pure science and emerging technologies — nanotechnology,

biotechnology, cognitive science, robotics and artificial intelligence. The radiation

was discovered in a general electric synchrotron accelerator as shown in Figure 1.1

by Frank Elder, Anatole Gurewitsch, Robert Langmuir and Herb Pollock in 1946.

Pollock described that on 24 April 1946 they discovered some intermittent spark-

ing, called synchrotron radiation, during running the machine. Moreover, SR can

also be generated by astronomical objects — relativistic electrons spiral through

magnetic fields — which was first detected by Geoffrey R. Burbidge in 1956 in a

jet emitted by Messier 87 [1], the largest and brightest galaxy within the northern

Virgo Cluster located about 55 million light years away.

SR is widely used than electromagnetic radiation from conventional sources

because it has better properties such as 1) narrow angular collimation and small

source size, 2) large energy range with very broad continuous spectrum with the

photon energy ranging from infrared to hard x-rays, 3) high intensity and high flux,

4) regularly pulsed time structure, 5) high degree of linear/circular polarization

and 6) computability of properties as described in Figure 1.2. SR source can be

divided into three types according to period and strength of magnets:

1. Bending magnet or dipole magnet source comprises of two magnets with

north and south poles facing each other. The radiation from the bending

magnet source has a Gaussian distribution. Photon energy is continuous as

expressed in Figure 1.3. The opening angle of the radiation, 1
γ
, depends on

energy of electrons in the storage ring by the following equation
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Figure 1.1: General electric synchrotron accelerator was built by Frank Elder,
Anatole Gurewitsch, Robert Langmuir and Herb Pollock in 1946. [2]

1

γ
=

mc2

Ee

=
1

1.957Ee[GeV ]
(1.1)

where Ee is the energy of electrons in the storage ring. For the Siam Photon

Source, Ee = 1.2 GeV , then 1
γ
= 0.426 mrad.

2. Wiggler is an insertion device installed in a straight section of a storage

ring. The source is composed of many periods of strong dipole magnets with

alternating magnetic field directions which are arrayed in a straight line. The

radiation from the wiggler source is also continuous as shown in Figure 1.3.

Horizontal beam divergence is much larger than that of the bending magnet

source. If the wiggler source is composed of N periods of dipole magnets,

photon flux will be 2N times higher than that of the dipole magnet source.

3. Undulator source is closely similar to the wiggler source, but the dipole

magnetic fields are weaker and the number of periods is a lot higher. The

radiation from the undulator source is quasi-monochromatic as presented in

Figure 1.3. Photon flux is discrete because the radiation from each period

of dipole magnets interfere. Because of radiation interference, photon flux is
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Figure 1.2: Schematic diagram of accelerated electron up to several GeV by a
synchrotron accelerator.

N2 times higher than that of the dipole magnet source.

Characteristics of the synchrotron radiation can be described with the bril-

liance, photon density and photon flux. Each quantity can be defined by the

following equations [3, 4]

Brilliance =
number of photons

s · σx · σz · φx · φz · 0.1% bandwidth
(1.2)

Intensity =
number of photons

s · φx · φz · 0.1% bandwidth
(1.3)

Flux =
number of photons

s · 0.1% bandwidth
(1.4)

where σx,z is the source size and φx,z is the beam divergence. Subscripts x and z

denote horizontal and vertical directions, respectively.

Currently, the Siam Photon Source consists of eight bending magnets as pre-

sented in Figure 1.4 with the stored electron beam energy of 1.2 GeV and the stored
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Figure 1.3: Characteristics of synchrotron radiation source. [5]

beam current of 150 - 100 mA. There are two operated bending magnet beamlines

including x-ray lithography for micro-machining at the beamline BL6 and x-ray

absorption spectroscopy (XAS) for chemical and structural analyses at the beam-

line BL8. In addition, the planar undulator beamline BL3 are under constructed

for VUV & soft x-ray photoemission spectroscopy, nano x-ray photoelectron spec-

troscopy (nano-XPS), nano x-ray absorption spectroscopy (nano-XAS) and also

photoemission electron microscopy (PEEM) in order to support the applications in

solid state spectroscopy, surface analysis, absorption spectroscopy and microscopy.

The 6.4-tesla superconducting wavelength shifter (WLS) beamline BL7.2 is also

under constructed for protein crystallography (PX), XAS, small and wide angle

x-ray scattering (SAXS & WAXS).

In this thesis, the design of x-ray optical systems by ray tracing simulation for

x-ray powder diffraction under high pressure condition, XAS and x-ray fluorescent

techniques developed for the Siam Photon Laboratory will be presented. The

results from the simulation which are described in terms of reflectivity, collimating

and focusing properties of the mirror, required focal size, photon flux at sample

and energy resolution for further optimization of the beamline will be described

in chapter 2. The related theories for ray tracing simulation are also explained.
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Figure 1.4: Siam Photon Laboratory. [6]

This thesis also developed two techniques used for synchrotron radiation: x-

ray fluorescence (XRF) and x-ray powder diffraction (XRPD) under high pressure

condition. XRF techniques including XRF analysis and XRF imaging are widely

used in several research disciplines. XRF analysis is well-known for elemental

identification and quantification while XRF imaging or mapping provides infor-

mation on the spatial distribution of elements. XRF imaging is often used in

several applications, for example, pharmaceutics, geology, archaeology, electronics

and life sciences. Both monochromatic x-rays and polychromatic x-rays (white

x-ray beam) can be used for elemental excitation. Many types of x-ray optics

are employed as presented in Figure 1.5, e.g., polycapillary x-ray optics described

in chapter 3, Kirkpatrick-Baez mirror and Wolter mirror, for focusing the x-ray

beam that is necessary for XRF imaging. Moreover, ultra-narrow spot sizes are



6

achievable nowadays at synchrotron facilities allowing qualitative and quantita-

tive characterization of particles with micrometer and even down to nanometer

size [7, 8]. In order to support various applications in x-ray micro analysis such as

x-ray micro-tomography [9], x-ray microprobe [10] and inorganic elemental analy-

sis [11, 12], the XRF technique at the Siam Photon Laboratory has been developed.

A white x-ray beam delivered from a bending magnet beamline and with a crit-

ical photon energy of 1.4 keV was used for excitation. The experimental setup

and test results on the XRF analyses of a standard containing a number of trace

elements, a sticky rice sample with metal contamination and also various dimen-

sion of nickel grids on supporting glass and bi-metal structures were reported in

chapter 3. A necessary XRF data analysis software for the quantity identification

of the composites in the material will also be expressed.

X-ray powder diffraction under high-pressure conditions using synchrotron ra-

diation based on station 9.1 at the Daresbury Synchrotron Radiation Source [13]

was developed at the Siam Photon Laboratory [6] for expanding the understand-

ing of physical and chemical properties of materials. In our recent work, we have

recorded the complete two dimensional diffraction pattern of the hexagonal phase

of ZnO at the beamline BL8 using an image plate area detector. However, the

diffraction intensity could have been improved significantly if there were focusing

optics to converge the whole x-ray beam onto the sample in the diamond anvil

cell (DAC). In addition, some intensity loss by x-ray absorption in the DAC at 9

keV is expected. This can be compensated by higher flux. Expected performance

of the proposed XRPD beamline was determined by ray tracing simulation with

the aid of SHADOW [14]. The x-ray beam simulated for the bending magnet

source was traced through each optic and characterized in terms of photon flux,

beam size, beam convergence and energy resolution. As compared to a Ge(220)

double crystal monochromator (DCM) used at the beamline BL8 of the Siam Pho-

ton Laboratory [15], higher photon flux can be obtained from a double multilayer

monochromator (DMM), which plays a vital role in the high flux applications, for
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example, XRPD technique, microscopic x-ray fluorescence analysis, small-angle

x-ray scattering technique and x-ray topography [16]. We consider a W/B4C

DMM [17–20] that is employed in a superconducting bending magnet beamline

for high-pressure studies at the Advanced Light Source [21] and a microscopic

XRD at HASYLAB [22]. Moreover, we can also focus the x-ray beams using the

x-ray optics. One of the most easiest apparatus for focussing the x-ray beams to

the high pressure cell is a polycapillary x-ray optics [23]. The examinations for

XRPD using a polycapillary x-ray optics are implied in chapter 4.

Results and discussions are presented in chapter 5 and finally conclusions and

future work are implied in the last chapter.
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(a)

Schematic drawings of the Kirkpatrick–Baez optics

(b)

Paraboloid Hyperboloid

Optical axis

Focal length

(c)

Figure 1.5: (a) Photograph of polycapillary x-ray optics
(http://www.unisantis.com/kumakhov-optics.html) [24] and
schematic drawing of (b) the Kirkpatrick-Baez mirror compris-
ing of two grazing spherical or non-spherical mirrors for focusing
in the light horizontally and vertically, respectively [25, 26] and (c)
the Wolter mirror based on the total reflection of single metal layer
mirrors [26, 27].



CHAPTER II

RAY TRACING SIMULATION

Ray tracing is a powerful simulation tool for studying and designing x-ray

optical systems especially for synchrotron radiation beamline. A powerful simula-

tion method, ray tracing, is used for studying and designing x-ray optical systems

especially for synchrotron radiation beamline. In this research, the computer sim-

ulation program called SHADOW is used for configuring the x-ray beamline.

2.1 Beamline Optics

A preliminary design of the optical beamline is presented in Figure 2.1. The

x-ray beam is collimated in the vertical plane by a collimating mirror (CM) and

monochromatized by a double crystal monochromator (DCM). Beryllium windows

are used for filtering out the low-energy x-rays and for isolating vacuum between

the beamline and the storage ring where the source is located. Rectangular slits

are utilized for defining the beam size and the beam divergence. The x-ray beam

is focused on the sample position by the second mirror called a focusing mirror

(FM). Optical properties of CM and FM are based on total external reflection. The

mirrors made of silicon coated with higher atomic-number metals, e.g., platinum,

rhodium and gold, for providing the reflection at greater incident angles and higher

photon energies. Total external reflection and mirror reflectivity will be discussed

later in the next section.

2.1.1 Double Crystal Monochromator

Double crystal monochromator is commonly employed in x-ray beamlines for

selecting photon energy of the x-ray beam. The important major factors for choos-

ing a suitable pair of crystals for each experiment are the photon energy range

of interest and the intrinsic resolution of the crystal. For example, hard x-ray

beamline for protein crystallography at the Siam Photon Laboratory desires en-

ergy resolution below 2× 10−4 and photon energy range of 5 - 20 keV. Therefore,
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Figure 2.1: Preliminary design of beamline optics including a CM, a DCM and a
FM in both top and side views.

Si(111) crystal is suitable for this technique. X-ray absorption spectroscopy tech-

nique for chemical and structural analyses at Siam Photon Laboratory delivers

monochromatic x-rays with energy resolution between 1 × 10−4 to 3 × 10−4 and

photon energy range of 1.25 eV - 10 keV. Hence, the suitable crystals are shown

in Table 2.1.

Table 2.1: DCM crystal and energy range at the XAS beamline BL8, Siam Photon
Laboratory (http://www.slri.or.th)

Crystal type 2d spacing (Å) Photon energy range (eV)

KTP(011) 10.955 1250 - 4780

InSb(111) 7.481 1830 - 7000

Si(111) 6.271 2180 - 8350

Ge(220) 4.001 3440 - 10000

The energy resolution of the beam diffracted by the crystal depends on both

natural divergence of the incident beam and the FWHM of the rocking curve of the

crystal called rocking width or Darwin width. The Darwin width of the crystal,
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δλ
λ
, can be written as

δλ

λ
= ωD cot θB =

d2

ϵ0π2

e2

mc2
|F (h)|
V0

(2.1)

where ωD is the Darwin width of a perfect crystal derived from diffraction theory

and |F (h)| is the structure factor amplitude. Figure 2.2 and Table 2.2 presents the

Darwin width for some popular perfect crystal including Si(111), Si(220), Ge(111),

Ge(220) and pyrolytic graphite.

Reflectivity curves of various perfect crystal reflections at a wavelength of 1.55 Å.

B
qqq -=D
B

ω
D

Figure 2.2: Rocking curves or reflectivity curves of various perfect crystal reflec-
tions at a wavelength of 1.55 Å. FWHM of these curves are called
rocking width or Darwin width, ωD. [4, 28]

Table 2.2: Darwin width of perfect crystal [28]

Type Reflection δλ
λ

Silicon (111) 1.33×10−4

Silicon (220) 5.6×10−5

Germanium (111) 3.2×10−4

Germanium (220) 1.5×10−4

Pyrolytic graphite 0.5o mosaic spread 3.8×10−2

Figure 2.3 illustrates an incident white x-ray beam (polychromatic x-rays) on

double crystals. A white beam is monochromatized by Bragg’s law:

2dhkl sin θB = λ (2.2)
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where θB is the incident angle measured relative to the crystal surface, i.e., the
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Figure 2.3: Schematic diagram of a double crystal monochromator

Bragg angle, dhkl is the hkl plane spacing of the crystal and λ is the wavelength

of the monochromatic x-ray beam. The values g and h are the gap between two

crystals and the beam offset, respectively. The conversion between the wavelength,

λ(Å), and photon energy, E(keV), is given by

λ(Å) =
12.39841

E(keV )
. (2.3)

In the case of soft x-ray beamline, we can increase the photon flux using double

multilayer monochromator (DMM) as discussed in the next section.

2.1.2 Double Multilayer Monochromator

Double multilayer monochromator is ordinary utilized for tuning the incident

photon energy. Because of its wide band pass, the multilayers can enhance the

performance of the measurement by increasing the photon flux for x-rays, soft

x-rays, and extreme ultraviolet (EUV) beamline as indicated in Ref. [29]. The

multilayers consist of alternating layers of high- and low-Z materials, for example,

Mo/Be, Mo/Si and W/B4C with a constant thickness ratio (Γ) of the order of

nanometres. Figure 2.4 describes that the multilayers with a constant d-spacing

(total thickness of a pair of bilayer) adjust the incident photon energy by varying

the incident angle (θ) as given by Bragg’s law.
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Figure 2.4: Schematic of a multilayer reflector of bilayer pairs of high- and low-Z
materials (A and B).

2.1.3 Collimating Mirror

Collimating Mirror, a flat mirror bent or ground to a radius R, is customarily

used for collimating the x-ray beam in the vertical plane before entering a DCM as

presented in Figure 2.1. The meridional radius (R) of the mirror can be calculated

by

1

R
=

(
1

r1
+

1

r2

)
sin θ

2
(2.4)

where r1 and r2 are the source and the image plane distances, respectively. Here

θ is a glancing angle between the x-ray beam and the mirror surface. In order to

make total external reflection occur, a ray of light is designed to strike a medium

boundary at an angle larger than a particular critical angle with respect to the

perpendicular direction of the mirror surface. To collimate the beam in the vertical

plane as described in Figure 2.5, the radius of the mirror can be calculated by

assuming the image plane distance at infinity:

r2,CM → ∞ ⇒ RCM =
2r1,CM

sin θ
. (2.5)
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Figure 2.5: Schematic diagram of a bent mirror for collimating the x-ray beam in
the vertical plane.

2.1.4 Focusing Mirror

Focusing mirror is a toroidal mirror or a bent cylindrical mirror as shown in

Figure 2.6. A meridional curvature of radius R and a sagittal curvature of radius ρ

of the mirror focus the beam in the vertical and the horizontal planes, respectively.

The radii R and ρ are given by

1

R
=

(
1

r1
+

1

r2

)
sin θ

2

1

ρ
=

(
1

r1
+

1

r2

)
1

2 sin θ
. (2.6)

In order to focus the collimated x-ray beam in the vertical plane after monochro-

matizing by the DCM, the meridional radius of the focusing mirror is obtained by

assuming the source plane distance at infinity:

r1,FM → ∞ ⇒ RFM =
2r2,FM

sin θ
. (2.7)

For beamline design, the optical magnifications are selected such that the im-

age or focused beam size and beam divergence are suitable for a particular ex-

perimental technique. Moreover, aberration of the focused beam size and beam

divergence for each beamline design will be considered. The optical magnifications

of the beamline optics are illustrated in Figure 2.7. The horizontal and the vertical
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Figure 2.6: Schematic diagram of a toroidal mirror for focusing the x-ray beam in
both the horizontal and vertical directions.

magnifications (Mx and Mz) depend on the source and the image plane distances

as well as the beam divergences. They are given by

Mx =
r2,FM

r1,FM

=
x

′
1

x
′
2

Mz =
r2,FM

r1,CM

=
z
′
1

z
′
2

(2.8)

where x
′
1 and x

′
2 are the horizontal beam divergences of the source and the image,

respectively. z
′
1 and z

′
2 are the vertical beam divergences of the source and the

image, respectively.
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Figure 2.7: Schematic diagram of the optical magnifications.

2.2 Total External Reflection and Mirror Reflectivity

Total external reflection is generally used in several purposes, for example,

radiation transport, deflection and focusing of x-ray beams. Physics of the light
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reflection is based on Snell’s law which demonstrates that visible light entering a

medium of greater refractive index will be bent to the surface normal. Neverthe-

less, Snell’s law demonstrates that x-rays and extreme ultraviolet (EUV) radiation

is refracted further to the surface normal because the real part of the refractive

index slightly less than unity. This total external reflection can occur in the case

of an incident angle (θ) is less than a critical angle (θc) as presented in Figure 2.8.

 c

Totally
reflected
wave !<  c

Figure 2.8: Glancing incident radiation and total external reflection for x-rays and
EUV radiation.

The reflectivity of the perfectly smooth homogeneous mirror surface can be

calculated by

R ≈
h− θ

θ c

√
2(h− 1)

h+ θ
θ c

√
2(h− 1)

(2.9)

where h is ( θ
θc
)2 +

√
[( θ

θ c
)2 − 1]

2
+ (β

δ
)2, θ is incident angle and θc is critical angle,

δ and β are the refractive-index real and imaginary components of material. The

real part of the refractive index, δ, can be written as

δ =
N(Z

A
) · ρe2λ2

2πmc2
β =

µλ

4π
n = N(

Z

A
) · ρ (2.10)

where N is avocado number, Z is atomic number, A is atomic mass, ρ is density of

material, λ is wavelength of the incident beam and µ is linear absorption coefficient.

The critical angle can be obtained from Snell’s law and the refractive index,

n = 1− δ + iβ ≈ cos θc. (2.11)

For simplify problem, β approaches zero . For x-rays, we can make an approxi-

mation for very small θc, 1− θ2c
2
+ ... = 1− δ, since δ ≪ 1,

θc =
√
2δ = 2.99× 10−23

√
nλ(Å). (2.12)
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Equation 2.12 indicates that the critical angle of each material depends on photon

energy of the incident beam and others. In order to choose higher atomic number

material for coating on silicon mirror, i.e., CM and FM, we have to concern about

the reflectivity of each glancing-incidence angle and the photon energy range of

interest for coated material. When a glancing-incidence angle is too small (less

than 3 mrad), we have to use very long mirror (more than one meter) for matching

with the size of incident rays. Figure 2.9 shows the relation between photon energy

of the incident beam and critical angle for platinum (Pt) and rhodium (Rh). For

a photon energy of 20 keV, we have to choose the glancing-incidence angle below

4.15 and 3.2 mrad for Pt and Rh, respectively.

0 5 10 15 20 25 30
1

10

100

 
c (

m
ra

d)

Photon Energy (keV)

Pt
Rh

Figure 2.9: Critical angle of Pt and Rh as a function of photon energy. For 20
keV, the critical angle are equal to 4.15 and 3.2 mrad for Pt and Rh,
respectively.

Figure 2.10 presents reflectivity for various coated materials — rhodium (Rh),

platinum (Pt), chromium (Cr) — and thickness dependence on silicon mirror

with a glancing-incidence angle of 3.5 mrad for both single and binary coatings.

According to the graph, Rh 5 nm/ Pt 25 nm coated on Si is most suitable for

working with photon energy of the incident beam between 5 - 20 keV.
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CHAPTER III

X-RAY FLUORESCENT TECHNIQUE

X-ray Fluorescence (XRF) analysis is the x-ray emission technique which is

widely used in several research areas for elemental identification and quantification

without destruction of the sample. This technique is based on a measurement of

the energies and the intensities of the emitted characteristic x-rays from the excited

sample. The measurement of x-ray intensity is proportional to the concentration

of the element and the strength of the excitation source.

3.1 Theory of X-Ray Fluorescence

When x-ray beam is incident on the matter, the photoelectron emission, Comp-

ton scattering, Rayleigh scattering, x-ray transmission and x-ray fluorescence are

occurred as shown in Figure 3.1.

Photoelectron

emission

Incident x-rays I0(E)

Fluorescent x-rays If(<E)

Transmitted x-rays It(E)

Scattered x-rays

Rayleigh scattering I(E)

Compton scattering I(E+∆E)

Thickness

t

Photoelectron

emission

Incident x-rays I0(E)

Fluorescent x-rays If(<E)

Transmitted x-rays It(E)

Scattered x-rays

Rayleigh scattering I(E)

Compton scattering I(E+∆E)

Thickness

t  

Figure 3.1: Schematic diagram of interactions between x-rays and the matter

The intensity I(E) of the transmitted x-rays with photon energy E, when

passing through the sample with the element i, thickness t and density ρi is given

by

I(E) = I0e
−µi(E)ρit (3.1)

where µi(E) is the mass attenuation coefficient of the element i. When the sample

composes of many elements, the effective mass attenuation coefficient is given by

µ(E) = µ1(E)W1 + µ2(E)W2 + . . .+ µn(E)Wn (3.2)
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where W1, W2, . . ., Wn are the weight fractions of each element in the sample.

When the x-ray beam is incident on the sample at the depth of z as shown in

Figure 3.2, the intensity of the transmitted x-rays, I(E, z), can be given by

I(E, z) = I0(E)e−µ(E)ρ z
sinϕ . (3.3)

φ ϕ

Incident x-ray I0(E)

Fluorescent x-ray

∆If(E,z)

Detector

t∆z
z

φ ϕ

Incident x-ray I0(E)

Fluorescent x-ray

∆If(E,z)

Detector

t∆z
z

 

Figure 3.2: Schematic diagram of x-ray fluorescent emission of the sample.

The intensity of primary fluorescent x-rays between the depth of z and z+∆z

of the sample is given by [30, 31]

∆If (E, z) = Piµi(E)WiρI(E, z)− I(E, z +∆z) = PiI(E, z)µi(E)Wiρ
2 ∆z

sinϕ
(3.4)

where Pi is the probability of emitting characteristic x-rays of the element i from

the sample. This probability can be calculated from the ionization cross-section

and the fluorescent yield [32]. The intensity of primary fluorescent x-rays at the

surface of the sample is given by

∆If (E) = ∆If (E, z)e−µ(Ei,Kα )ρ z
sinφ = PiI0(E)µi(E)Wiρ

2 ∆z

sinϕ
e−µ̄ρz (3.5)

where

µ̄ =
µ(E)

sinϕ
+

µ(Ei,Kα)

sinφ

and Ei,Kα is the emitted characteristic x-rays Kα of the element i.

From the definitions of the intensity of emitted primary fluorescent x-rays from

everywhere in the sample, the intensity of total primary x-ray fluorescence from



21

the sample with thickness t can be calculated by

If (E) =

∫ t

z=0

∆If (E)dz = PiI0(E)µi(E)Wiρ
1

µ̄ sinϕ
[1− e−µ̄ρt]. (3.6)

For the intensity of primary fluorescent x-rays, which reaching the solid state

detector, the absorption coefficient of the medium between the sample and detec-

tor, the geometrical parameters and the efficiency of the detector must be taken

into account [31]. The Pi and µi(E) parameters can be determined from the XRF

database [33].

When the sample is excited by a white beam, the intensity of primary fluores-

cent x-rays in Kα-line energy for the element i can be determined by integrating

over the energy of equation (3.6)

Ii,Kα =

∫ Emax

E=Ei,abs

I0(E) ·G1G2 · τi,KαPi,Kαωi,KαB(E,Ei,Kα) · µi(E,Ei,Kα)Wiρ

· ε(Ei,Kα)

µ̄(E,Ei,Kα) sinϕ
[1− e−µ̄(E,Ei,Kα )ρt]dE

(3.7)

where Ei,abs = the absorption edge energy

I0(E)dE = the spectral distribution of the exciting radiation

Emax = the maximum energy of a white beam

G1, G2 = the geometrical parameters caused by the sample’s shape,

surface texture, thickness and density

µ̄(E,Ei,Kα) =
µ(E0)
sinϕ

+
µ(Ei,Kα )

sinφ

µi(E,Ei,Kα) = the absorption coefficient of the element i

Pi,Kα = the probability of the emitted characteristic x-ray Kα of

the element i

ε(Ei,Kα) = an efficiency of the detector

ωi,Kα = fluorescent yield of the emitted characteristic x-ray Kα of

the element i

τi,Kα = natural lifetime of the emitted characteristic x-ray Kα of

the element i
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B(E,Ei,Kα) = the absorption coefficient of the medium between the sam-

ple and detector.

3.1.1 Fluorescent Yield

The fluorescent yield, ω, is defined as a number n of x-ray photons emitted

within a given series, divided by the total numberN of vacancies in each associated

level with the same time increment. Figure 3.3 presents fluorescent yield for x-ray

emissions K, L and M shells as a function of atomic number. For the K series, the

fluorescent yield, ωK , can be written as

ωK =
ΣnK

NK

=
n(Kα1) + n(Kα2) + n(Kβ1) + n(Kβ2) . . .

NK

(3.8)

where n is the number of emitted photon in each subshell of the related shell

and N is the number of all emitted photon in the related shell. In addition, the

Figure 3.3: Fluorescent yields for x-ray emissions K, L and M shells as a function
of atomic number. [32]

production of Auger electrons is other competing reaction, so the ratio of Auger

electrons to vacancies is equal to 1− ω.
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There are various methods for the determination of fluorescent yields, e.g.,

using photoionization [34–36], using the measurment of the intensity ratio of K X-

rays to incoherently scattered γ-rays [37–39]. In order to test the fluorescent yields

for our system, we mix selected oxide compounds including CaCO3, TiO2, CrO3,

Fe2O3, NiO, ZnO and CuO by weighting with a ratio of interested elements Ca:

Ti: Cr: Fe: Ni: Zn: Cu = 1: 1: 1: 1: 1: 1: 1 gram. Emitted photon counts for the

elements are plotted as a function of atomic number as expressed in Figure 3.4.

The graph demonstrates that the trends of the relation between photon counts

and atomic number are similar to the relation between the fluorescent yields and

atomic numbers as shown in Figure 3.3.
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Figure 3.4: Photon counts as a function of atomic number.

3.1.2 White X-Ray Beam Filter

Optical effect of the filter is based on the principle of x-ray absorption. The

x-ray absorption curve for the filter is controlled by the material type and its

thickness. For primary x-rays, a primary x-ray beam filter is placed between the

x-ray tube and the specimen for filtering out the emitted characteristic x-rays Kα



24

and Kβ lines from the x-ray tube. In addition, in the case of white x-ray beam we

utilize this advantage for improving the signal-to-background ratio. Figure 3.5(a)

demonstrates the XRF spectra from sticky rice powder for both with and without

aluminium filter (aluminium sheet with thickness of 0.1 mm). The setup with the

filter can detect more nutrient elements in the rice, i.e., Cr, Ni, Fe, Cu and Zn [40–

42]. X-ray transmission for the aluminium filter is expressed in Figure 3.5(b). As

results, the comparison between XRF spectra in Figure 3.5(a) indicates that the

aluminium filter can improve the detection limit for other nutrient elements in the

sample.

In this thesis, we propose to set up an experimental station for XRF techniques

at the SPL. A bending magnet source at the SPL can provide a white beam with

photon energy up to 12 keV for exciting the sample. We use a Si-PIN detector for

detecting fluorescent emissions of characteristic x-rays from the sample.

3.2 Si-PIN Detector

Si-PIN detector, a semiconductor detector, is widely used in many applica-

tion fields; for example, x-ray fluorescence [43], PIXE analysis [44], Nuclear spec-

troscopy [45] and also works of art investigation [46].

Function of the detector is based on a photodiode. Electron-hole pairs are

activated by the detected x-ray photon from the detector. The amount of electron-

hole pair (n) correspond with the energy of incident photon (E),

n =
E

ε

where ε is the average energy for activating a pair of electron-hole. The values

of ε are 3.62 and 3.72 eV for silicon at room temperature and 80 K, respectively.

After that, the signals from electron-hole pairs are carried by reverse bias electric

field to a current pulse for each x-ray entering the detector. The signals are

then transformed to voltage pulse using a current-to-voltage pre-amplifier. The

amplitude of the voltage pulse is proportional to the original x-ray photon energy.

In order to minimize the electronic noise added to the signal during the process,
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Figure 3.5: (a) XRF spectra from sticky rice powder, (b) x-ray transmission for
the aluminium filter with a thickness of 0.1 mm.
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the detector is mounted in a light-tight vacuum cryostat and kept at approximately

−55oC, and is also monitored by an internal temperature sensor. The detector has

a light tight, vacuum tight thin beryllium window for enable soft x-ray detection.

The signal from the pre-amplifier is small and has a low signal-to-noise ratio;

therefore, the linear amplifier is utilized for amplifying and converting their shape

to complete signal-to-noise ratio. Finally, the signal will be arranged to energy

spectrum using multi-channel analyser (MCA). The connection for the detection

system is shown in Figure 3.6.

In this research, we use a high performance x-ray detector from AmpTek, inc.,

XR-100CR for recording characteristic x-rays glowed from the samples. The active

area of the detector is 6 mm2 and the energy resolution is about 174 eV at Mn Kα.

The maximum excitation energy for the white x-ray beam is around 12 keV as

detected from the scattered beam. The lightest element detectable by the detector

operated in air is sulfur (S) Kα (2307.8 eV)
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Figure 3.6: Connection diagram for XR-100CR as Si-PIN detector, PX2CR as pre-
amplifier and power supply and MCA8000A as multi-channel analyser.
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3.2.1 Energy Calibration using Polychromatic X-Rays

The detector was calibrated using metal foil including Ti, V, Cr, Mn, Fe, Co,

Ni, Cu and Zn foil and also standard compounds — CaCO3 and GaAs. The

experimental setup for detector calibration is presented in Figure 3.7.

Polychromatic X-rays 

from BM source 
at BL-2, SPS

Fluorescence

I
f

Incident

I
0

Calibration foil

Transmitted

I
t

Figure 3.7: Setup for the energy calibration using characteristic x-rays of a metal
foil as a calibration foil.

The fluorescent emissions of characteristic x-rays (1 keV and above) from the

standard was detected by the Si-PIN detector. Figure 3.8 shows the fluorescent

spectra for GaAs in difference magnitude of the MCA and amplifier gain. Suitable

magnitude of the MCA is chosen at 5 volts (volt pulse height), ADC gain at 1024

and amplifier gain at 4.0 because this setting position emission K-lines of As, which

is the highest elements excitable in K shell. MCA channels are fully employed to

detect XRF signal upto highest volt pulse. White beam from bending magnet

source can activate characteristic x-rays up to 12 keV.

The reference values of characteristic x-ray energies from calibrated foil are

presented in Table 3.1. Table 3.2 presents the comparisons between the observed

peak positions from this work and the reference energies.

As results, the calibration equation for the detector with 4.0 amplifier gain and

5 V/1024 channel MCA resolution is

Energy(eV ) = −65.083 + 12.27· channel + 0.000171. channel2

as illustrated in Figure 3.9. Figure 3.10 shows the XRF spectra from the standards

in energy scale.
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Table 3.1: Characteristic x-rays of the standard material.

Standard Thickness Kα1 Kα2 Kβ1

material (µm) (eV) (eV) (eV)

CaCO3 (Ca) - 3691.68 3688.09 4931.81

Ti foil 6 4510.84 4504.86 4931.81

V foil 5 4952.2 4944.64 5427.29

Cr foil 2 (on Al) 5414.72 5405.51 5946.71

Mn mesh 44∗ 5898.75 5887.65 6490.45

Fe foil 7.5 6403.84 6390.84 7057.98

Co foil 4 6930.32 6915.3 7649.43

Ni foil 5 7478.15 7460.89 8264.66

Cu foil 7.5 8047.78 8027.83 8905.29

Zn foil 10 8638.86 8615.78 9572.0

∗particle size 325 mesh
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3.3 X-Ray Fluorescent Quantitative Analysis

XRF analysis is a well-known technique for elemental identification and quan-

tification as described in chapter 1. For quantitative analysis, suitable calibration

methods are utilized for converting recorded XRF data intensities into an elemen-

tal concentration. Moreover, either internal or external standards are necessary

for calibration process in quantitative analysis. We obtain a standard curve —

the XRF intensities versus elemental concentration of standards — by preparing

a reasonable number of standards and comparing the intensities of an unknown

sample to those of known standards for determining concentrations of detectable

elements present in the unknown samples.

For concentration calibration, standards should be prepared in a matrix as hav-

ing similar composition as possible to the matrix of the sample. Dilute nitric acid

(HNO3) is usually used as a solvent for dissolving appropriate amount of chemical

standards [47–51]. Furthermore, we can directly blend chemical standards to the

matrix similar to sample matrix in a reasonable ratio; for example, in the case of

powder form. The correlation between the fluorescent intensity and the elemental

concentration is expressed by [52–54],

Ii = Si · Ci (3.9)

where Ii is the fluorescent intensity of element i (cps), Si is the sensitivity for ele-

ment i (cps/ppm) and Ci is the concentration of element i (ppm). The sensitivity

depends on instrumental factors and on fundamental physical parameters related

to the energies of the incident and characteristic x-rays; for instance, the geometry

of the XRF spectrometer, the detector efficiency for radiation of photon energy

Ei and also the fluorescent yield of element i. For this method, we can add many

internal standards for obtaining the calibration curve, e.g., K, Ca, Ti, Mn, Fe and

Ga. In order to obtain the calibration curve — relation between the sensitivity

and atomic number, S ′
i = f(zi) — for each experiment, the intensity for internal
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standard (SD), ISD, can be written as

ISD = SSD · CSD (3.10)

where SSD is the sensitivity for internal standard (cps/ppm) and CSD is the

concentration of internal standard (ppm). We divide equation (3.9) by equa-

tion (3.10),

Ii
ISD

= S ′ · Ci

CSD

Ri = S ′
i · Ci (3.11)

where the relative sensitivity S ′ = Si

SSD
and product of the ratio of intensity for

element i to intensity for internal standard (SD). In theory, the relative sensitivity

for internal standard (S ′
SD) is equal to one. The concentration of internal standard

is

Ri =
Ii
ISD

· CSD.

We could select internal standard from the absent element in the sample. To

get S ′
i, we mixed a set of external i with Ci and internal standard with CSD and

then measured the intensity Ii and ISD,

S ′(zi) =
Ii
ISD

· CSD

Ci

= f(zi).

According to the graph between S ′(z) vs. z, we can obtain the calibration curve in

order to determine the sensitivity for element i in the sample for each experimental

set.

3.4 XRF Analysis Software

XRF analysis software was coded in C language based on Mathematica. The

GUI interface was developed using MATLAB. At first the XRF data was fitted

using Gaussian fit. After obtaining center for each peak with energy E, these values

were compared with the database of XRF emission lines [33]. The algorithm, based

on finding minimum value for the difference between E and Etheory:K,L,M (∆Emin),

for peak indexing is described in Figure 3.11.
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XRF peaks with 

energy E (eV) 

|E-EK| £ 50 eV 

Matching with K series 

by finding ΔEmin 

(1st) K-alpha 

(2nd) K-beta 

(3rd) K-gamma 

Print matched 

elements 

|E-EK| ³ 50 eV 

|E-EL|£ 50 eV 

Matching with L series 

by finding ΔEmin 

(1st) L-alpha 

(2nd) L-beta 

(3rd) L-gamma 

Print matched 

elements 

|E-EL|³ 50 eV 

|E-EM|£ 50 eV 

Matching with M series 

by finding ΔEmin 

(1st) M-alpha 

(2nd) M-beta 

(3rd) M-gamma 

Print matched 

elements 

Figure 3.11: Algorithm for XRF analysis software

3.5 X-Ray Fluorescent Imaging

XRF imaging or mapping is very useful XRF technique for analysing the two-

dimensional distribution of elements across an irradiated area, within x-ray pen-

etration depth of the sample. The XRF mapping is typically presented by color

levels corresponding to elemental’s concentration. The referred literatures for this

techniques, among many others, are the determination of elements in a fossil snail

on the coast of the Baltic Sea on the island Ruegen [55], the investigation of the

distribution of elements in snail shell with the use of synchrotron-based, micro-

beam X-ray fluorescence spectrometry [56] and elemental distribution mapping on

breast tissue samples [57]. This technique requires a small focal spot of an x-ray



34

beam for probing on a sample. In addition, a reasonable time for determining the

2D XRF information from a sample will be considered; therefore, a white x-ray

beam from synchrotron x-ray source is desired as a microprobe of high spatial res-

olution (about 10-100 µm) because of its high flux and small divergence. In this

research, we use a polycapillary x-ray half lens for focusing a white x-ray beam.

3.5.1 Polycapillary X-Ray Optics

A polycapillary x-ray optics is extensively used for focusing synchrotron radi-

ation in micro x-ray analysis; for example, x-ray fluorescent imaging, micro x-ray

absorption fine structure analysis and others. A polycapillary x-ray lens comprises

an array of large numbers of small hollow glass tubes bent to a certain shape. This

optic collects emerging x-rays from an x-ray source within a large solid angle and

redirects them, by multiple external total reflections, to form either a focused

beam (full lens) or a parallel beams (half lens) as illustrated in Figure 3.12. The

critical angle for total reflection on glass surfaces is

θc[mrad] =
30

E[keV ]

for photon energy ranging of 5-30 keV. The capillary lens can work as focusing

and collimating as illustrated in Figure 3.13 [26]. For an x-ray source having very

small source size and being quasi-parallel, i.e., synchrotron radiation, the capillary

lens can work quite well for focusing the beam. On the other hand, the lens can

be used as a collimator for a small diverging x-ray beam.

In this research, we used the polycapillary half lens (No.UNS1G-1F-171208)

manufactured by UNISANTIS EUROPE GmbH to obtain a white micro beam for

XRF imaging technique. The specifications of the capillary are listed in Table 3.3.

The test results for the capillary lens will be presented in chapter 6.
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Table 3.3: Specifications of the Polycapillary half lens No.UNS1G-1F-171208

Polycapillary half lens Specifications

No.UNS1G-1F-171208

Unit length (mm) 38.0

Unit diameter (mm) 14.5

Outlet focal distance (mm) 22.5

Optical inlet diameter (mm) 9.5

Transmission for Cu line (8.04 keV) (%) 12

Focal spot size for Cu line (µm) 95

Figure 3.12: Schematic representation of the principles of capillary optics. [26]
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Figure 3.13: Polycapillary x-ray optics; (a) focusing lens, (b) half focusing lens
and (c) parallel beam lens. [26]
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3.6 The Lower Limit of Detection

In XRF analytical system, an important assessment, which depends on statis-

tics of the x-ray emission, is the capability of the system to detect XRF signal

from an element in a sample. If concentration of an interested element is greater

than the limit of detection (LLD), we can observe its XRF signal.

To understand the LLD concept, we consider a sample having an element that

emits XRF signal. If the concentration of this element in the sample is C, the

system will detect Inet, which is the XRF intensity or countly rate subtracted

by Ib of the background intensity. Had the detection system no statistical at

all, the lowest concentration to be detected as one photon counts would be C
Inet

.

However, it is known that the probability of photon emission follows Gaussian

statistics, thus the minimum photon counts that will be considered as the XRF

signal, not the background, must higher than two times of the standard deviation

of the background, 2σIb . It is the justified to define LLD, or the lowest detectable

concentration, as

LLD = 2σIb

C

Inet
= 2

C

Inet

√
Ib
Tb

(3.12)

where σIb =
√
Nb

Tb
=

√
Ib
Tb

for Gaussian statistical error. Here Tb is the accumulation

time for background counting, which can be deducted from the total intensity, Ip,

and the total time of the measurement, Tp as

Tp

Ib
=

√
Ip
Ib
. (3.13)

It should be noted that LLD for the same element at the same concentration

usually differs from one sample to another. This is mainly due to the radiation of

absorption coefficients (see equation (3.3 - 3.7)) in different matrix.

In the case of low concentration sample, errors is increasing by the factor of
√
2, so the LLD can be expressed as,

LLD =
2
√
2 · C
Inet

·
√

Ib
Tb

(3.14)
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Table 3.4 presents the detection limit of selected elements in different matrix

evaluated for our XRF system used in this work.

Table 3.4: Detection limit for selected elements in different matrix.

Atomic Element Matrix LLD Inet Ci

Number (ppm) (cps) (%)

16 S Gasoline 425 20 1.44

20 Ca Anlene gold 8 2270 1.16

(low fat milk powder)

22 Ti Blush on 200 215 8.2

25 Mn Blackmores Bio Zinc 118 55 0.4

26 Fe Ginseng root 60 965 6.76

Blush on 125 1134 11.0

28 Ni Zeolite beta 38 2757 1.0

Lipstick 8 693 0.3

29 Cu 0.1%CuO-doped glass 4 450 0.08

30 Zn Blackmores Bio ACE 13 2610 1.0

Corn leaf 4 160 0.13

Wood 163 734 1.44



CHAPTER IV

X-RAY POWDER DIFFRACTION TECHNIQUE

X-ray powder diffraction is one of the most basic techniques for structural

analysis of materials in the form of loose powders. A powder is composed of

many crystallites with random orientation. In Figure 4.1, the scattered x-rays are

completely in phase and their path differences are equal to n times the wavelength,

therefore the diffraction occurs satisfying the Bragg’s condition:

nλ = 2dhkl sin θ (4.1)

where n is a positive integer corresponding to the order of diffraction. For a first-

order diffraction (n = 1) in Figure 4.1, the scattered rays 1’ and 2’ are in phase

and their path length differ by a wavelength. The angle between the diffracted

beam and the transmitted beam is always 2θ, called the diffraction angle or the

Bragg angle. The intensity of the diffracted beam depends on the arrangement of

atoms on the planes. The diffracted beam is rather strong when all rays scatter

in the same direction.

Powder diffraction pattern can be recorded using a detector-photographic film,

charge-coupled device (CCD), image plate, position-sensitive photodiode (PSD),

etc. Whether the analogue or digital data collection technique is used, the final

data can be displayed as intensity profiles versus d-spacing or Bragg angle.

4.1 Image Plate Area Detector

Originally the x-ray diffraction pattern was recorded on a photographic film by

an x-ray camera. The camera was designed to hold a powder specimen and a pho-

tographic film for recording the diffracted beams. However, most of photographic

films are sensitive to visible light. Hence, a solid state area detector, called image

plate, has been developed.

Image plate area detector is a reusable two-dimensional detector used for
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recording two-dimensional diffraction patterns. The surface of the detector could

be spherical, cylindrical or flat depending on setup geometry between a sample

and the detector. Both spherical and cylindrical area detectors are designed for

a fixed sample-to-detector distance. The flat area detector has great flexibility

to be used at different sample-to-detector distances. Image plate area detector

was originally developed for the medical radiology. The detector has become very

popular in high-pressure angle dispersive powder diffraction technique because it

is highly sensitive for the short-wavelength x-rays (λ < 0.7 Å) passing through

a pressure cell. In this research, the image plate used is made of the phosphor

material BaFBr:Eu2+ bonded on the backing plate of 20×25 cm2 flat aluminium

and covered with a thin layer of transparent plastic. The family of BaFX:Eu2+

(X = Cl, Br) compounds has been known to have the high luminescence efficiency

for x-ray excitation for over thirty years [58]. The excited electron state will occur

when the x-ray photons are absorbed by phosphor screen. In order to irradiate

the screen, He-Ne laser with λ = 632 nm has been used for generating photo-

stimulated luminescences in visible light photons at λ = 400 nm. The intensity

of visible light photon is proportional to those of original x-ray photons absorbed

by the phosphor screen. The x-ray powder diffraction apparatus for high-pressure
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research is illustrated in Figure 4.2.

θ2

MonochromatorMonochromator

θ2

MonochromatorMonochromator

XX--rayray
DACDAC

Image PlateImage Plate

 

Figure 4.2: Schematic diagram of image plate method in high-pressure re-
search. [59]

4.2 Crystal Structure Refinement

The reflection peak intensities versus Bragg angle from the integrated one-

dimensional powder diffraction pattern were fitted using Pseudo-Voigt function

for unit cell determination. Automatic indexing program such as DICVOL [60],

UNIT CELL [61] and CRYTALCRACKER [62] were used in order to obtain lattice

parameters by minimizing residuals in the experimentally determined Bragg posi-

tion in the terms of 2θhkl, d-spacing (dhkl) or energy (Ehkl) using a non-linear least

squares method. The Rietveld method is used for refining the crystal structure.

The Rietveld method was first presented by H. M. Rietveld in 1969 [63]. Since

diffraction peak intensity depends on the atomic type and atomic distribution

within the unit cell, the lattice parameters of structure models, intensities of Bragg

peaks and also instrument effects on the diffraction pattern, All these quantities

are refined.

The shape of reflection profiles can be affected by many factors including tem-

perature, polarization, absorption, particle size and also preferred orientation.

Least-square refinement is used for adjusting parameters of the model and com-

paring the calculated diffraction profile with the observed step profile point by



42

point. This method calculates intensities of the reflection peaks in an experimen-

tal pattern and combining various controllable factors in the form of a diffraction

diagram. Moreover, the model is adjusted to obtain the best fitting and accurate

information of atomic positions in a unit cell. The usual refinable parameters are

listed in Table 4.1 [64]. The calculated model can be used to describe several

information from a sample such as lattice parameters, symmetry of a unit cell,

atomic coordinates, thermal parameters, occupancy, optics, set-up of diffractome-

ter and peak shape, etc. Each variable will be refined until a diffraction pattern

from observing and from calculating diagram are matched.

The quantity minimized in least-squares refinement is the residual, χ2,

χ2 =
∑
i

wi(yoi − yci)
2 (4.2)

where wi = the statistical weight at the ith step, 1
yoi

,

yoi = the observed intensity at the ith step,

yci = the calculated intensity at the ith step,

with summation runs overall data points. The calculated intensity is a combination

of many factors following the equation:

yci = s
∑
K

LK | FK |2 φ(2θi − 2θK)PKA+ ybi (4.3)

where s = the scale factor,

K = the Miller indices, h k l, for a given Bragg reflection,

LK = the Lorentz factor,

φ = the reflection profile function,

PK = the preferred orientation function,

A = an absorption factor,

FK = the structure factor for the Kth Bragg reflection,

ybi = the background intensity at ith point, can be modelled or subtracted,

base on physical reality.
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Table 4.1: Parameters refinable simultaneously

For each phase present

xj yj zj Bj Nj

(xj, yj, and zj are position coordinates, Bj is an isothermal parameter, and Nj

is the site-occupancy multiplier, all for the jth atom in the unit cell.)

Scale factor

Lattice parameters

Thermal parameter

Preferred orientation

Crystallite size and microstrain

Global

2θ-Zero

Instrumental profile

Profile asymmetry

Background

Wavelength

Specimen displacement

Specimen transparency

Absorption
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The reflection profile function estimates the effects of instrument and speci-

men features, i.e., aberrations due to transparency, specimen displacement and

specimen-caused broadening [64]. The structural parameters and unit cell pa-

rameters (a, b, c; α, β, γ) are ignored in equation (4.3). The structure factor,

| FK |, depends on the positions of every atoms within each Miller plane and can

be written as,

Fhkl =
∑
j

Njfj exp [2πi(hxj + kyj + lzj)] exp (−B sin2 θ

λ2
) (4.4)

where Nj = the site occupancy,

fj = the structural factor for jth atom,

xj, yj, zj = the position parameters of jth atom in the unit cell,

B = the thermal vibration.

The peak shape in the powder diffraction can be described using the Pseudo -

Voigt function with the refinable degree of mixing following the equation:

pV = ηL+ (1− η)G (4.5)

where pV = the pseudo - Voigt function,

L = the Lorentzian function:

f(x) = y0 +
2A

π

w

4(x− xc)2 + w2
,

G = the Gaussian function:

f(x) = y0 +
A

w
√

π
2

e−
2(x−xc)

2

w2 ,

η = the mixing parameter.

The peak shape of the Pseudo - Voigt function are compared with those of the

Lorentzian and Gaussian functions in Figure 4.3. The mixing parameter can be

refined as a linear function of 2θ. The refinable variables — NA and NB — can

be written as,

η = NA+NB ∗ (2θ). (4.6)
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and

NB ∗ (2θ)i =
n∑

j=−n

NBi−j(2θ)j (4.7)

where ∗ is the convolution operator. Moreover, the peak shape also depends on the

half-width of Bragg peaks or full width at half maximum (FWHM). The FWHM

shows an angular dependence that can be expressed by the Caglioti function,

H2 = U tan2 θ + V tan2 θ +W (4.8)

where H = the half-width of Bragg peaks (FWHM),

U , V , W = the refinable parameters.
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x)

x

 Gaussian
 Lorentzian
 Pseudo-Voigt

Figure 4.3: Gaussian function (solid line), the Lorentzian function (long dash line)
and the pseudo - Voigt function (short dash line) for y0 = 1, xc = 2,
A = 5 and w = 1.5.

After compressing small amount of powder sample in a pressure cell, crystal-

lites in the sample may be oriented in one direction more than all others which is

called preferred orientation effect. For powder diffraction experiments, preferred

orientation, a frequent problem, can produce systematic distortions of the reflec-

tion intensities. These distortions can be modelled mathematically in the form of
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the preferred orientation function (PK),

PK = exp (−G1α
2
K) (4.9)

or

PK = G2 + (1−G2) exp (−G1α
2
K) (4.10)

where G1, G2 are refinable parameters. In addition, PK is used for small preferred

orientation.

In 1989, Ahtee et al. [65] presented a spherical harmonic formulation for defin-

ing an orientation distribution function as a function of the sample and the Laue

phase symmetry. In this research, we use the aid of Generalized Structure Anal-

ysis System (GSAS) program [66, 67], which is based on the described method

and least-square refinement, for crystal structure refinement. The GSAS has been

developed by Allen C. Larson and Robert B. Von Dreele at Los Alamos National

Laboratory, USA. This program is widely used for fitting crystallographic and

magnetic structural models to x-ray and neutron single-crystal and powder diffrac-

tion data for both time of flight and monochromatic neutron powder diffraction.



CHAPTER V

EXPERIMENTAL METHODS

5.1 X-Ray Fluorescent Analysis

Figure 5.1 shows the experimental setup for XRF analysis temporarily installed

on the beamline BL2 at the Siam Photon Laboratory using synchrotron radiation

in the x-ray region from the bending magnet. Sample holder is set to 45 degrees

with respect to the incident beam and the detector. The distances between sample

to slits and to detector are 10 and 16.4 cm, respectively. For XRF analysis on

millimeter-sized samples, we set the unfocused beam size using horizontal slit to

match the sample size in order to increase detection sensitivity. All measurements

were carried out in air; moreover, aluminium sheets with thickness of 0.1 mm

are used as the filter for improving the signal-to-background ratio and protecting

the detector from radiation saturation damage caused by high intensity of the

scattered white beam. Because electron-beam current in the storage ring decreased

with time and so does the intensity of synchrotron radiation, this affects XRF

signal as it is directly proportional to the incident x-ray intensity. In order to

correct this problem, one can normalize the XRF spectra using 1) peak area of

internal standard added to each sample, 2) beam current during the measurement

or 3) intensity of x-ray incident beam, I0, that can be measured from an ionization

chamber.
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Figure 5.1: Schematic diagram of the experimental setup for XRF analysis.
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Sample Preparation

Using XRF quantitative analysis, we have selected to study contamination in

food as an example. The objects include sticky rice for polluted and corn leaf

which were grew in soil containing high amount of cadmium (Cd). For corn leaf,

we prepared dry sample in a kapton frame. For the sticky rice, we prepared

powdered sample in the kapton frame. The sample size in the kapton frame for

both rice powder and corn leaf was 2× 0.5 cm2.

For determining the lower limit of detection (LLD) for this system, many

interesting samples from laboratories and common goods including herb, catalyst,

food, cosmetics and also fuels were analysed. The LLD are listed in Table 3.4

for these samples. The unfocused beam size was controlled to match the smallest

sample size because we need the same beam size for all experiments.

Standard Preparation

For determining amount of Cd in sticky rice powder, we prepared a calibration

set by mixing a controlled sticky rice powder (without Cd) with CdO (purity 99.99

%) at 1, 2, 3, 4 and 5% w/w of Cd. For corn leaf, standard solutions were prepared

by dissolving appropriate amount of CdO 99.99% in 5% (v/v) of HNO3 at 1, 2, 3,

4 and 5% of Cd.

XRF Qualitative Analysis and Software

XRF analysis on a NIST SRM 610 trace-elements standard reference material

in a glass matrix (S610) was conducted for testing the experimental setup and

XRF analysis software written in Mathematica. The nominal composition of the

glass matrix is 72% SiO2, 12% CaO, 14% Na2O and 2% Al2O3. There are 61 trace

elements in S610 [68]. The recorded XRF spectrum from S610 with a counting

time of 2000 s is shown in Figure 5.2. Our system could detect up to 10 elements

in S610 (Ca, Mn, Fe, Cr, V, Co, Ti, Ni, Cu and Zn). Since the highest excitation

photon energy is around 12 keV, the other heavier elements in S610 cannot be

excited. Besides, some of them have very low concentrations beyond the lower
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limit of detection (LLD) for our system. Currently, XRF analysis software is

implemented for automatically assigning the observable peaks to the characteristic

x-ray emission of elements from z = 1 to 95 in the periodic table [33]. The peak

fitting is based on a Gaussian function. The peak fitting from the XRF analysis

software will be presented in the next chapter.
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  Experimental XRF spectrum from a NIST SRM 610 standard with a white beam and measurement time 2000 s. 

Figure 5.2: Experimental XRF spectrum from a NIST SRM 610 standard with a
white beam and measurement time 2000 s.
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5.2 X-Ray Fluorescent Imaging

Figure 5.3 shows two different apparatus for XRF imaging installed at the

beamline BL2. The scanning x-axis for both models follow the motor axis, which

are rotated by 45 degrees with respect to the sample surface for the setup No.1 but

are set parallel to the sample surface for the setup No.2. So the dimension of the

recorded XRF image will be smaller than that of the sample for the setup No.1.

A two-dimensional motorized translation stage is used for moving a particular

position on the sample to intercept the beam. The white x-ray beam of 7×1 mm2

defined by a horizontal slit was focused using a polycapillary x-ray half-lens as

described in chapter 3. In order to measure the focused white x-ray beam size,

we scanned titanium (Ti) and copper (Cu) wire across the beam and counted

emitted photons at Ti Kα (4510.8 eV) and Cu Kα (8047.7 eV) with the silicon

PIN detector. We measure the focused x-ray beam size for both white beam and

monochromatic beam. The wire is placed at the sample position where the beam is

focused. To obtain the focused beam size, the apparent widths were deconvoluted

with the width of the wire. In order to recorded the fluorescent data for each

scanning point, the author have partly developed the program for controlling the

scanned motor by defining the scanned boundary, step size, step time and also

ROI for the XRF spectra. For each sample scanned, we need to scan the wire

for testing the spatial distribution of focused beam. For good focused beam, the

beam profile will be Gaussian.

At first, the apparatus for the technique was the setup No.1 as illustrated in

Figure 5.3(a). However, problems regarding the dimension miss match between

the fluorescent image and the visual image were identified and the apparatus has

been changed to the setup No.2 as shown in Figure 5.3(b). For both apparatus,

the gap between the horizontal slit and the capillary lens is 7 cm. In addition, the

gap between the capillary lens and sample is 2.5 cm. Moreover, the gap between

sample and the detector is 5 cm. The different results for both apparatus models

will be compared in chapter 6.
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Figure 5.3: Schematic diagram of the experimental setup for XRF imaging at the
Siam Photon Laboratory;(a) the setup No.1 and (b) the setup No.2.



52

One Dimensional XRF Imaging System

We used nickel grids of different sizes coated on supporting glass as shown

in Figure 5.4 for testing the accuracy of the XRF imaging experiment firstly in

one direction (horizontal). The relevant dimensions of the nickel grid structure

denoted by the capital letters in Figure 5.4(b) is given in Table 5.1. Characteristic

x-rays of Ni Kα from patterns 1, 2, 3 and 4 were recorded using the Si-PIN detector

where the horizontal scanning step (△x) was 20 µm and the counting time was

30 second for each step. The tested results will be described in the next chapter.

Table 5.1: Widths (A, B) and spacing (C) of the nickel grid structure denoted in
Figure 5.4(b).

Nickel grid No. Pattern
Width (mm)

A B C

1 0.085 0.110 0.395

2 0.155 0.190 0.410

3 0.010 0.050 0.350

4 0.150 0.195 1.000

Two Dimensional XRF Imaging System

For testing the two dimensional XRF imaging system, we used a hand-made

pattern of cobalt foil (7.5 µm-thick) overlaid on copper foil (4 µm-thick) as shown

in Figure 5.5. The step size for scanning was 150 µm, the counting time was 10

s/step and the scanned area was 6000 µm × 6000 µm.
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Figure 5.4: Patterns 1-4 and magnified structures of nickel grids on supporting
glass.
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5 mm

Figure 5.5: Photograph of the test object made of copper (seen in orange) and
cobalt (gray) foils.

Scanning Position Calibration

It can be seen that a careful calibration of the scanning position is very im-

portant for accurate mapping the fluorescent image with the visual image of the

sample. This is one of the remaining tasks to be carried out to complete our XRF

imaging technique.

Figure 5.6 shows the steps for experimental setup of XRF imaging. Firstly,

we define a scanned area and starting point for scanning using a sample holder

with a fluorescent screen and a grid pattern (1 pixel = 1 mm2), the picture is

captured using a CCD camera. The grid pattern is made from black ink printed

on a transparent plastic for printer. The sample holder also has the grid pattern

as the sample holder. We put a sample on the defined scanning area and capture

the picture. After complete the procedure, the scan starts.

According to previous procedure, we found that we cannot specify the exact

position on the scanned fluorescent, because the grid pattern is not uniform. For

adjusting the calibration method, nickel mesh with ϕ 43 µm and spacing 803 µm

is used as grid reference. The nickel mesh is put over a fluorescent screen as

presented in Figure 5.7 for calibrating picture frame and motor frame.

The procedures for calibrating picture frame and motor frame using the nickel

mesh are:
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    Start here

Figure 5.6: Defining scanned area (left). Sample was placed in the scanned area
(right).

Figure 5.7: Sample holder with Ni mesh over a fluorescent screen.

1. First, moving white beam to the starting position.

2. Finding center of the beam (Xc1 and Yc1) by scanning Ni mesh along x and

y directions.

3. Moving the starting point by Xc1 and Yc1 to coincide with the center of the

beam.

4. Moving sample holder from Xc1 to Xc1+5 mm (Xc2) and scanning Ni mesh

again for finding Yc2 as shown in Figure 5.10. For this setup, Yc2 - Yc1 =

0.05 mm and θ = 0.543 degrees (0.01 radian).

5. If Yc1 = Yc2, the motor frame is equivalent to the picture frame. If Yc1

̸= Yc2, we have to rotate the picture by using (Xc1, Yc1) as a pivot for

mapping both frames.
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First, moving white beam to the starting position 

Figure 5.8: Capture photo for Ni mesh by CCD camera. A green spot represents
the position of x-ray beam on the screen.
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Figure 5.9: Fluorescent signal from Ni Kα for both x (left) and y (right) scans.
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4. If Yc1 = Yc2, the motor frame is equivalent to the picture frame. If Yc1 ≠ Yc2, 

Figure 5.10: Picture frame versus motor frame.
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5.3 X-Ray Powder Diffraction

For this thesis, we propose to develop the experimental station for x-ray powder

diffraction technique under extreme conditions using a conventional image plate

area detector at the Siam Photon Laboratory [6]. The experimental station will

be installed and commissioned following the synchrotron beamline on station 9.1,

Daresbury laboratory as presented in Figure 5.11 [13].

Storage Ring

Monochromator

Pinhole

Assembly

Pressure

Cell

Beamstop
IP Holder 2nd IP Holder

Alignment Laser

Optical BenchSample Stage

Storage Ring

Monochromator

Pinhole

Assembly

Pressure

Cell

Beamstop
IP Holder 2nd IP Holder

Alignment Laser

Optical BenchSample Stage

 

Figure 5.11: Setup for x-ray powder diffraction technique under extreme condi-
tions on the beamline BL-8 at the Siam Photon Laboratory.

X-ray Powder Diffraction using a Polycapillary X-ray Half Lens

For this research, we propose to improve the x-ray synchrotron flux for incident

on the sample in the diamond anvil cell; therefore, the idea of focusing lens has

been utilized. The polycapillary half lens No.UNS1G-2T-170209 manufactured by

UNISANTIS EUROPE GmbH has been used in order to obtain a micro monochro-

matic x-ray beam for diffraction technique. The specifications of the capillary are

listed in Table 5.2. The setup using the capillary lens is presented in Figure 5.12.

The monochromatic x-ray beam with a photon energy of 8823.86 eV from

bending magnet is utilized instead of which a photon energy of 9000 eV because

the motor of DCM at beamline BL2 cannot move to the required angle. A double

Si (111) monochromator is used for selecting the required wavelength for angle

dispersive x-ray diffraction. A platinum pinhole with diameter of 200 µm is used

for adjusting the beam shape to circular beam. The x-ray beam is perpendicular

to the faces of the DAC and incident to powder sample inside the DAC. After the
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Table 5.2: Specifications of the Polycapillary half lens No.UNS1G-2T-170209

Polycapillary half lens No.UNS1G-2T-170209 Specifications

Unit length (mm) 38.0

Unit diameter (mm) 14.5

Outlet focal distance (mm) 223

Optical inlet diameter (mm) 11.0

Focal spot size for Cu line (µm) 850

beam passing through the DAC, the beamstop is used for protecting the image

plate detector from direct beam. The distance between IP and sample is 70 mm.

In order to align the setup, an optical method using a laser employed at Photon

Factory [69] is used. The telescope is used for positioning on the sample through

the DAC and is removed during exposures.

We utilize the ruby fluorescence technique for pressure determination inside

the DAC. The pressure measurement were carried out before and after collecting

x-ray powder diffraction data. The Diode Pumped Solid State (DPSS) laser with

wavelength of 532 nm is used for stimulating electron inside the ruby crystal to

emit the fluorescence. We focus the laser beam on a tiny ruby crystal inside the

DAC. After that the collected spectra are complied by a computer. The pressure

inside the DAC can be calculated using the shifting of R2 line fluorescence as

presented in Figure 5.13,

P =
19040

B

[(
∆λ

λ0

+ 1

)B

− 1

]
, (5.1)

where P is in kbar, ∆λ is the ruby R2 line wavelength shift in angstroms and

parameter B is equal to 5 and 7.665 for non-hydrostatic and quasi-hydrostatic

conditions, respectively. λ0 is the wavelength measured at 1 bar in angstroms

equal to 6942 for R1 line and 6928 for R2 line.
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x-ray beam 
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Image plate 
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Figure 5.12: Setup for x-ray powder diffraction technique under extreme condi-
tions using the polycapillary lens on the beamline BL-2 at the Siam
Photon Laboratory.

The recorded diffraction patterns from many particle size of CeO2 (10-20, 20-30

and 32-40 nm) and also calibrant Al2O3 will be presented in chapter 6.

Micro-Electrical Discharged Machine

Micro-Electrical Discharge Machine (Micro-EDM) is a high precision drilling

machine for conductive material especially for micro-fabrication. The EDM

process was created by the Russian scientists named B.R. Lazarenko and N.I.

Lazarenko [71] in 1943 and has been used in the tool making industry for more

than 40 years. Due to its high precision capability and fine cutting surface quality

produced, micro-EDM is widely used in the production of DAC gasket for high

pressure applications. The idea for the process is to apply an electrical power to

a small gap between a highly charged electrode and a work piece in a dielectric

medium. When EDM spark discharges into a gap, a small part of the work piece

will be gradually eroded away. The micro-EDM have many advantages; for ex-

ample, producing complex shapes which is difficult to machine with conventional
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R
1

2
R

Figure 5.13: R-line fluorescences of a ruby crystal in the DAC at room temperature
are shown; ruby crystal: at ambient pressure (A); at about 22.3 kbar
(B); at about 40 kbar (C). The pressure shift is to lower energy with
increasing pressure. [70]

drilling machines, applying to either soft or extremely hard materials and being

safe for very tiny work piece. On the other hand, this process cannot machine

non-conductive material and is significantly slower than either laser or mechanical

drilling.

For the Extreme Condition Physics Research Laboratory, Chulalongkorn Uni-

versity, the micro-EDM is used for tungsten gaskets preparation. The micro-EDM

can drill tungsten sheet with a thickness of 100 micron in less than 20 minutes.

The holes can be as small as 50-100 microns in diameter for containing the pow-

der sample and ruby ship. Figure 5.14 shows the old micro-EDM adapted from

Lorenzana et al. [72] used at the Extreme Condition Physics Research Labora-

tory. The disadvantages for this machine are inability to control gap and time for

spark as well as missing position if we change from drilling head to microscope

and then moves back. In order to minimize error for the process, the drilling ma-

chine is upgraded to the motorized machine, using the precise translation stage

with resolution only 1 µm and the idea of rotation around pivot as expressed in
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Figure 5.15. The crucial improvement for the new micro-EDM is to optimize the

parameters for high precision drilling as well as the upgraded electronic devices for

erosion circuit. We have to consider the energy for melting work piece carefully

because the high energy will make the work piece’s surface rough. The designed

drilling circuit which have been optimized for drilling small gasket holes is shown

in Figure 5.16. Firstly, the capacitor is the charge reservoir for supplying the high

power during the discharge process. Secondly, the resistor R1 with resistance 5 Ω

is used as the discharge rate controller for the capacitor. Finally, the resistor R2

with resistance 160 Ω is used as a high-wattage current limiter for the short circuit

between the drilling tool and workpiece. New micro-EDM machine is presented

in Figure 5.17.

Figure 5.14: Old micro-EDM used at the Extreme Condition Physics Research
Laboratory, Chulalongkorn University.
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Figure 5.15: Schematic layout for drilling machine.

Figure 5.16: Schematic diagram of the drilling circuit.
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Figure 5.17: New micro-EDM.



CHAPTER VI

RESULTS AND DISCUSSIONS

6.1 Ray Tracing Simulation

Synchrotron Beamline Optics for X-ray Powder Diffraction under High

Pressure Condition at the Siam Photon Laboratory

According to the complete diffraction pattern of the hexagonal phase of ZnO

under ambient condition at beamline BL8 using an image plate area detector as

shown in Figure 6.1 [6], we found that the technique requires x-ray beam with

higher flux. Here we propose an XRPD beamline to deliver a focused x-ray beam

with high photon flux as presented in Figure 6.2.

Figure 6.1: Complete diffraction pattern of the hexagonal phase of ZnO under
ambient condition at beamline BL8.

Beamline Optics

Double Multilayer Monochromator

A W/B4C multilayer (ML) with a small double layer period (d-spacing) of

10 Å, 600 layer pairs and a ratio of metal to double layer thickness (Γ) of 0.5

is selected for this XRPD beamline. The fabrication and characterization of this



65

Image Plate

Area Detector

Primary

Slit

Be window

DCM / DMM

Focusing Mirror

Sample

position
Be window

SR Source

Slit

Figure 6.2: Schematic layout of the proposed XRPD beamline for the Siam Photon
Laboratory.

mirror was reported by S. Braun et al . [73]. Figure 6.3(a) shows a comparison of

the simulated photon flux from the Ge(220) DCM and from the W/B4C DMM. In

overall, the W/B4C DMM provides photon flux about 46 times higher than that

of the Ge(220) DCM. This is mainly attributed to the larger natural bandwidth of

the W/B4C DMM. At 9 keV, the bandwidth of the W/B4C DMM is 86.0 arcsec

while that of the Ge(220) crystal is only 11.8 arcsec. The opening angle of 3.0(h) ×

0.417(v) mrad2, which was defined by the primary slit (see Figure 6.2), was selected

for calculating the photon flux given by the W/B4C DMM. The vertical angle was

set equal to the W/B4C bandwidth and the horizontal angle was selected to match

the width of the focusing mirror as described in section .Focusing Mirror. In case

of the Ge(220) DCM the opening angle of 1.75(h) × 0.125(v) mrad2 is normally

used at the BL8. The reflectivity of the W/B4C ML for different photon energies

as a function of glancing angle is presented in Figure 6.3(b). The rocking curve in

figure 3 shows the bandwidth of 86.0 arcsec for W/B4C ML tuned at 9 keV. This

corresponds to an energy resolution (∆E/E) of 6.0 × 10−3. It should be noted

that the W/B4C DMM yields higher flux than Ge(220) DCM at the cost of energy

resolution.
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Figure 6.3: Comparison of simulated photon flux between DCM: Ge(220) and
DMM: W/B4C ML for a photon energy range of 5-12 keV and open-
ing angle of 1.75(h)×0.125(v) mrad2 is shown in (a). Reflectivity of
W/B4C ML with d = 10 Å, N = 600 and Γ = 0.5 is shown in (b).
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Figure 3. Simulated rocking curve for the DMM with W/B C ML at 9 keV. 

Figure 6.4: Simulated rocking curve for the DMM with W/B4C ML at 9 keV.

Focusing Mirror

We choose Rh 5 nm/ Pt 25 nm for optical coating on the mirror. The mirror

body may be silicon single crystal or ultra low expansion (ULE) fused silica. The

suitable glancing angle (θc) for the XRPD technique in a photon energy range of

5-12 keV is 5 mrad. This is shown in figure 6.5. For the same length of the mirror,

i.e. 1 meter, the mirror set at 3 mrad glancing angle accepts 30% less of the beam

than in the case of 5 mrad with slightly higher reflectivity, thus the overall beam

intensity throughput of 3 mrad is lower than that of 5 mrad.
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Figure 5. Calculated reflectivity of Rh 5 nm/ Pt 25 nm coated on silicon mirror with 

Figure 6.5: Calculated reflectivity of Rh 5 nm/ Pt 25 nm coated on silicon mirror
with θc = 3, 5 and 7 mrad.
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In order to determine the best magnification of the toroidal focusing mirror,

ray-tracing simulation was carried out with the aid of SHADOW [14]. A primary

x-ray beam from a bending magnet synchrotron source was generated at 2% band-

width with energy centered at 9 keV. Different mirror magnifications allowed by

the available length of the beamline - M0.3, M0.4, M0.5, M0.6 and M0.7 - were

tested with the opening angle of 3.0(h)×0.42(v) mrad2. The x-ray beam at the

image plane could be characterized by the beam size, beam convergence and beam

intensity. The results are presented in Figure 6.6 and 6.7. For M0.7, photon flux at

sample is highest. Moreover, the focused beam size is smallest and spatially sym-

metric. The expected flux at sample through a 0.3×0.3 mm2 aperture is 2.7×1010

photons/sec/100mA. Thus, it is about 7500 times higher than that of BL8.
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Figure 6. Image size at focal plane for the mirror magnifications M0.3, M0.4, M0.5, M0.6 and M0.7. 
Figure 6.6: Image size at focal plane for the mirror magnifications M0.3, M0.4,

M0.5, M0.6 and M0.7.
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Figure 6.7: Beam convergence at focal plane for the mirror magnifications M0.3,
M0.4, M0.5, M0.6 and M0.7.
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Focused monochromatic beam for x-ray absorption spectroscopy and

x-ray fluorescent techniques

In order to provide the focused monochromatic beam for x-ray absorption spec-

troscopy and x-ray fluorescent techniques, a toroidal mirror (TM) or a cylindrical

mirror (CM) will be used in the designs for delivering the most suitable monochro-

matic x-rays following the beamline designs in Figure 6.8.

Horizontally focused,

Vertically focused

MX0.73 MZ0.73

Horizontally focused

MX1.0

Horizontally focused,

Vertically collimated 

MX1.0 MZinf

DCM

TM

D

DCM

A

Unfocused

DCM

TM

C

DCM

CM

Primary Slit

B

5 m 8 m 9 m

10 m

10.5 m 11 m 16 m 19 m19 m

Figure 6.8: Layout for beamline design of the unfocused and focused monochro-
matic beam for x-ray absorption spectroscopy and x-ray fluorescent
techniques.

Magnifications of TM and CM are varied in many conditions for optimization

the x-ray beam as indicated in Figure 6.8. Case A presents an unfocused x-

ray beam. Case B represents a horizontally focused beam using the CM with

horizontal magnification, MX1.0. In order to provide the horizontally focused and

vertically collimated beam, the TM with magnification MX1.0 MZinf is inserted

between SR source and the DCM in case C. The mirrors in both cases B and C are

inserted in front of the DCM in order to reduce their length. For the last case (case
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D), we provide the horizontally and vertically focused beam by inserting the TM

with magnification MX0.73 MZ0.73. In cases B and D, SR source distributions

are varying according to the limited size of the DCM and the mirror. Parameters

of synchrotron radiation source for all cases of beamline designs are presented

in Table 6.1. In addition, the optical elements and some simulated results are

expressed in Table 6.2.

Table 6.1: Parameters of synchrotron radiation source for designing x-ray beam-
line.

Case SR source Primary slit Crystal size

distribution (mrad2) size at 5 m (mm2) for Si(111) (mm2)

A: unfocused 1 (h)×0.125 (v) - 20 (w)×40 (l)

B1: MX1.0 3 (h)×0.125 (v) 15 (h)×0.625 (v) 20 (w)×40 (l)

B2: MX1.0 3.5 (h)×0.125 (v) 17.5 (h)×0.625 (v) 20 (w)×40 (l)

B3: MX1.0 4.0 (h)×0.125 (v) 20 (h)×0.625 (v) 20 (w)×40 (l)

C: MX1.0MZinf 3.0 (h)×0.4 (v) 15 (h)×2.0 (v) 20 (w)×40 (l)

D1: MX0.73MZ0.73 2.0 (h)×0.125 (v) 10 (h)×0.625 (v) 20 (w)×40 (l)

D2: MX0.73MZ0.73 3.0 (h)×0.125 (v) 15 (h)×0.625 (v) 30 (w)×40 (l)

D3: MX0.73MZ0.73 4.0 (h)×0.125 (v) 20 (h)×0.625 (v) 40 (w)×40 (l)

Concerning mirror absorption

Absorption of the mirror depends on coated material. Moreover, we need to

choose the most proper coated material for optimizing the results. Rhodium (Rh),

silicon (Si) and double layer of Rh and platinum (Pt), Rh 5 nm/Pt 25 nm, are

chosen for coating on the toroidal and the cylindrical mirror in order to simulated

ray tracing for all cases of beamline designs. The reflectivity for Rh, Si and also

Rh 5/Pt 25 nm for a photon energy range of 1-15 keV is shown in Figure 6.9.

According to the reflectivity of Si for a photon energy range of 1-3 keV, it

affects on K-edge of Si and L-edges of Sr, Y as described in Figure 6.10. Figure 6.11

illustrates the reflectivity of Rh 5/Pt 25 nm for a photon energy range of 1.4-3

keV. The simulated reflectivity indicates that it affects on K-edge of P, L-edge of
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Table 6.2: Parameters of optical elements

Parameter
Beamline Design

A B1 B2 B3 C1 C2 C3 D1.1 D2 D1.2 D3

DCM, Si(111)
- 1st crystal position (m)

8 10.5 10.5 9

Mirror type - CM TM

Mirror position (m) 8 8 11

Mirror size (cm) - 100 (l) x 5.4 (w)

Coated material - Si Rh Rh 5/ Pt
25 nm

Si Rh Rh 5/ Pt
25 nm

Si Rh Rh 5/ Pt 25 nm

Major radius (R, km) - - 5.33 3.2 2.67 3.088 1.85 1.54

Minor/Spherical radius
(ρ, cm)

- 2.4 4 4.8 2.4 4 4.8 2.78 4.63 5.558

Glancing angle (mrad) - 3 5 6 3 5 6 3 5 6

Sample position (m)
• beam size at 5 keV
(FWHM)

h (mm)
v (mm)

• beam divergence at 5
keV (FWHM)

ϕh (mrad)
ϕv (mrad)

10

10.1
1.21

0.991
0.124

16

1.22
2.73

2.17
0.111

16

1.49
3.5

3.41
0.11

16

1.58
3.82

3.9
0.122

16

0.574
2.22

1.95
0.145

16

0.55
2.2

2.8
0.131

16

0.54
2.4

2.81
0.15

19

0.29
0.45

2.05
0.375

19

0.275
0.44

3.35
0.802

19

0.3
0.45

2.56
0.3

19

0.274
0.538

4.12
0.592

∆E (FWHM) at 5 keV 1.385 1.265 1.28 1.28 1.954 1.775 1.59 1.275 1.275 1.275 1.275

∆E/E at 5 keV 2.77x10−4 2.53x10−4 2.56x10−4 2.56x10−4 3.91x10−4 3.55x10−4 3.18x10−4 2.55x10−4 2.55x10−4 2.55x10−4 2.55x10−4

Flux at sample 5 keV 6.86×108 1.47×1010 2.0×1010 2.23×1010 1.19×1010 1.35×1010 4.03×1010 1.11×1010 1.71×1010 1.13×1010 1.98×1010

a FWHM values correspond to 80% population.
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Figure 6.9: Reflectivity for Si with glancing angle of 3 mrad, Rh with glancing
angle of 5 mrad and Rh 5/Pt 25 nm with glancing angle of 6 mrad for
a photon energy range of 1-15 keV.

Tc and M-edges of Pt, Hf, Ta, Ho and also Er. In addition, if neither Rh 5/Pt

25 nm nor Rh is used for coating the mirror, its reflectivity for a photon energy

range of 2800-3600 eV has an effect on the absorption edge of many materials as

illustrated in Figure 6.12.
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Ray tracing simulations of the beam width and beam divergence at focal plane

for various cases for a photon energy of 5 keV are illustrated in Figure 6.13 and 6.14

respectively. The flux at sample and energy resolution for photon energies of

2.5, 5, 7.5 and also 10 keV are presented in Figure 6.15(a) and 6.15(b) respectively.
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Figure 6.13: Image size at focal plane.
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Figure 6.14: Beam convergence at focal plane.
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Figure 6.15: (a) Flux at sample and (b) energy resolution for all cases of beamline
designs.
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6.2 X-Ray Fluorescent Analysis

Cadmium in sticky rice powder

Cadmium (Cd) in sticky rice powder obtained from sticky rice which grew

in soil containing high amount of Cd was used as a sample for testing the XRF

quantitative analysis apparatus. Figure 6.16(a) displays the fluorescence spectrum

from this sample in the vicinity of Cd Lα. To obtain calibration curve of Cd in

sticky rice, five standards were prepared by mixing a controlled sticky rice powder

with CdO (purity 99.99 %) at 1, 2, 3, 4 and 5% w/w of Cd. Figure 6.16(b) shows

the calibration curve derived from the concentrations of Cd in the standards and

measured net areas of the fluorescence Cd Lα peaks. The LLD for Cd is 60 ppm.

Using a linear fit with zero intercept, the equation y = 4482x was obtained for

the best fit (Adjusted coefficient of determination, Adj. R-square = 0.995), where

y is the net area (counts) and x is concentration (% w/w) of Cd. The recorded

net area of Cd in the sticky rice powder is 1181 (with a standard deviation of

350); therefore, the amount of Cd in the sample is 0.26% w/w. This sample was

also measured with an ED-2000 energy dispersive XRF system (at the Scientific

and Technology Research Equipment Center, Chulalongkorn University, Thailand)

operated in vacuum with a conventional x-ray source. Cd in the sample could

hardly be detected.

In order to repeat the experiment, the sample was measured again at the

beamline BL6. The best fit for the standard is a linear fit with zero intercept

— the equation y = 3791x (Adj. R-square = 0.992) — where y is the net area

(counts) and x is concentration (% w/w) of Cd. The recorded net area of Cd in

the sticky rice powder is 1181. According the the standard curve in Figure 6.17,

the recorded net area of Cd in the sticky rice powder is 1081 corresponding with

the amount of Cd 0.28% w/w in the sample.
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Figure 6.16: (a) XRF spectrum of Cd in sticky rice powder and (b) Calibration
curve derived from the sticky rice standards with varying Cd concen-
trations.
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XRF qualitative analysis and software

Table 6.3 describes the peak fitting from the XRF analysis software. The

software can identify those 10 elements in S610 correctly. The photon energies

of the characteristic x-rays determined by the software differ from the reference

values by less than 22 eV (0.34%).

Table 6.3: Peak fitting for a NIST SRM 610 multi-element glass calibration stan-
dard using the XRF analysis software.

Element
Energy (keV)

E fit E theory ∆E

Calcium Kα1,2 3.704 3.69 0.014

Calcium Kβ1 4.026 4.013 0.013

Argon Kα1,2 2.975 2.96 0.015

Manganese Kα1,2 5.899 5.895 0.004

Iron Kα1,2 6.422 6.40 0.022

Chromium Kα1,2 5.415 5.412 0.003

Vanadium Kα1,2 4.955 4.95 0.005

Cobalt Kα1,2 6.945 6.925 0.020

Titanium Kα1,2 4.521 4.509 0.013

Nickel Ni Kα1,2 7.456 7.472 -0.017

Copper Kα1,2 8.055 8.041 0.014

Zinc Kα1,2 8.630 8.631 -0.001

6.3 X-Ray Fluorescent Imaging

Determining the focused beam size

According to the previous chapter (Chapter 5: Experimental Methods), we

measure the focused x-ray beam size for both white beam and monochromatic

beam by placing the wire at the sample position where the beam is focused.

At first, the polycapillary half lens No.208 has been tested using monochro-

matic x-rays with a photon energy of 9.5 keV at beamline BL2 for measuring the

focused monochromatic x-ray beam size. The experimental set-up is presented in
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Figure 6.18.
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Figure 6.18: Experimental setup for testing the polycapillary half lens No.208 us-
ing monochromatic x-rays with a photon energy of 9.5 keV at beam-
line BL2

Cu wire with ϕ 100 µm was placed at the sample position where the monochro-

matic x-ray beam was focused. The fluorescent signal at Cu Kα (8047.7 eV) from

the wire scanning in both horizontal and vertical direction are shown in Fig-

ure 6.19. The apparent widths (FWHM) for the fluorescent signal of Cu Kα in

both horizontal and vertical directions are presented in Table 6.4. To obtain the

focused beam size, the apparent widths shown in Figure 6.19(a) and 6.19(b) were

deconvoluted with the width of the Cu wire. For this case, the focused beam size

is 73 × 74 µm2.

The capillary lens has been tested using white x-rays at beamline BL2 for
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Figure 6.19: Fluorescent signal from Cu Kα for the Cu wire with ϕ 100 µm nor-
malized by the electron beam current scanned in (a) the horizontal
direction (x) and (b) the vertical direction (z) for monochromatic
x-ray beam. The step size is 50 µm and the counting time is 30
s/step.
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Table 6.4: Apparent widths (FWHM) for the fluorescent signal from Cu Kα for the
Cu wire with ϕ 100 µm in horizontal (see Figure 6.19(a)) and vertical
(see Figure 6.19(b)) directions for monochromatic beam.

No.scanned turn x FWHM (µm) y FWHM (µm)

1 73.27 85.19

2 88.20 86.39

3 71.27 97.59

4 95.10 88.55

5 90.42 90.96

6 - 78.48

average 83.65 87.86

measuring the focused white x-ray beam size too. The Cu wire with ϕ 25 and 100

µm have been used. The fluorescent signal at Cu Kα, which is normalized by the

electron beam current, in both horizontal and vertical direction for the Cu wire

with ϕ 25 and 100 µm are presented in Figure 6.20 and 6.21 respectively. The

apparent widths (FWHM) for the fluorescent signal of Cu Kα in both horizontal

and vertical directions are expressed in Table 6.5 for the Cu wire with ϕ 100 µm

and Table 6.21 for the Cu wire with ϕ 25 µm.

Table 6.5: Apparent widths (FWHM) for the fluorescent signal of Cu Kα (the Cu
wire with ϕ 100 µm) in horizontal (see Figure 6.20(a)) and vertical (see
Figure 6.20(b)) directions for white beam.

No.scanned turn x FWHM (µm) y FWHM (µm)

1 136.79 155.91

2 136.04 157.47

3 136.74 155.80

4 136.67 154.22

5 137.97 -

6 135.61 -

7 138.75 -

average 136.94 155.85
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Figure 6.20: Fluorescent signal from Cu Kα for the Cu wire with ϕ 100 µm nor-
malized by the electron beam current scanned in (a) the horizontal
direction (x) and (b) the vertical direction (z) for white beam. The
step size is 50 µm and the counting time is 30 s/step.
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Figure 6.21: Fluorescent signal from Cu Kα for the Cu wire with ϕ 25 µm nor-
malized by the electron beam current scanned in (a) the horizontal
direction (x) and (b) the vertical direction (z) for white beam. The
step size is 20 µm and the counting time is 30 s/step.
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Table 6.6: Apparent widths (FWHM) for the fluorescent signal of Cu Kα (the Cu
wire with ϕ 25 µm) in horizontal (see Figure 6.21(a)) and vertical (see
Figure 6.21(b)) directions for white beam.

No.scanned turn x FWHM (µm) y FWHM (µm)

1 84.868 88.000

2 85.056 89.365

3 84.114 -

4 83.031 -

5 83.596 -

average 84.133 88.683

After that, due to the unavoidable development of the beamline, we have to

move the apparatus to a new position (6 m away from current position at the

beamline BL2); therefore, the beam size at new position is bigger than that of

the old one because of the beam convergence. At this position, we used the

Ti wire with ϕ 50 µm for measuring the focused white x-ray beam size. The

fluorescent signal at Ti Kα in both horizontal and vertical direction are expressed

in Figure 6.22. The apparent widths (FWHM) for the fluorescent signal of Ti Kα

in both horizontal and vertical directions are expressed in Table 6.7. For this case,

the focused beam size is 163 × 170 µm2.

Table 6.7: Apparent widths (FWHM) for the fluorescent signal of Cu Kα (the Cu
wire with ϕ 25 µm) in horizontal (see Figure 6.22(a)) and vertical (see
Figure 6.22(b)) directions for white beam.

No.scanned turn x FWHM (µm) y FWHM (µm)

1 181.585 193.220

2 182.971 -

3 182.525 -

4 181.490 -

average 182.143 193.220
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Figure 6.22: Fluorescent signal from Ti Kα normalized by the electron beam cur-
rent scanned in (a) the horizontal direction (x) and (b) the vertical
direction (z) for white beam. The step size is 20 µm and the counting
time is 30 s/step.
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Scanning Position Calibration

Defining the scanned position using the grid pattern

Figure 6.23 presents the XRF images of copper for 1st and 2nd scans using

grid pattern for calibrating the scanned position. As results, it indicates that

the scanning is repeatable. For this calibration method, we also recorded the
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Figure 6.23: XRF images of copper for 1st and 2nd scans. The step size is 150 µm,
the counting time is 10 s/step and the scanned area is 6000 × 6000
µm2.

XRF images from shark’s fang fossil and a sticky rice grain with high amount of

cadmium. Figure 6.24 specifies that at the edge of the fang fossil consist of iron.

The XRF imaging of the sticky rice in Figure 6.25(b) indicates that the amount

of cadmium is around the rice-germ.
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Figure 6.24: Imaging scans of a sharks fang fossil being preserved in rock. (a)
Captured photo by the CCD camera (b) the information of Fe Kα in
the sample. The step size is 150 µm, the counting time is 10 s/step
and the scanned area (red boundary) is 5000 × 5000 µm2.
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Figure 6.25: (a) Photo of the rice grain, (b) the information of Cd Lα for the
sample. The step size is 150 µm, the counting time is 10 s/step and
the scanned area (red boundary) is 300 × 11000 µm2.
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Calibrating picture frame and motor frame using the nickel mesh

For picture frame and motor frame calibration using the nickel mesh, we

scanned the mesh according to the described procedures in chapter 5. Figure 6.26

presents the XRF images of the nickel mesh. ∆y for the XRF image in Fig-

ure 6.26(a) is 0.05 mm so we need to rotate the picture frame by 0.573 degree

(clockwise) with respect to the pivot.
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Figure 6.26: XRF images of the nickel mesh for 1st and 2nd scans. The step size
is 100 µm, the counting time is 5 s/step and the scanned area is
5.04(x) × 4.6(y) mm2. The image (b) was rotated by 0.573 degree
(clockwise).
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Sample: Nickel grids on supporting glass

We used nickel grids of different sizes coated on supporting glass (see Fig-

ure 5.4) for testing the accuracy of the XRF imaging experiment firstly in one

direction (horizontal).

For the setup No.1 (see Figure 5.3(a)), the relevant dimensions the spatial

profiles of the fluorescent signal of the nickel grid structure denoted by the capital

letters in Figure 5.4 and Figure 6.27 are given in Table 6.8. The width of the

profile (D) and spacing distance (E) evidently correspond to the dimension B and

C of the grid patterns, respectively. The results for the setup No.1 in Table 6.8

indicate that dimensions of the grid in the beam frame do not match with the

real dimension of the grid. Therefore, the apparatus adapted to the setup No.2 as

shown in Figure 6.28 for fixing this problem. As result, the setup No.2 can reduce

the error of setup No.1 by 27%.
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Figure 6.27: Spatial profiles of Ni Kα recorded from the grid patterns.
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Table 6.8: Setup No.1: widths (A, B) and spacing (C) of the nickel grid structure
denoted in Figure 5.4(b). Widths (D) and spacing (E) of the fluorescent
patterns in Figure 6.27.

Nickel grid No. Pattern
Width (mm)

A B C D E

1 0.085 0.110 0.395 0.097 0.269

2 0.155 0.190 0.410 0.126 0.313

3 0.010 0.050 0.350 0.118 0.174

4 0.150 0.195 1.000 0.147 0.734
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Figure 6.28: New apparatus (No.2) for one dimensional testing (left). Focused
white beam (red circle) on the Ni grid pattern 1 (right).

Table 6.9: Setup No.2: widths (A, B) and spacing (C) of the nickel grid structure.
Widths (D) and spacing (E) of the fluorescent patterns.

Nickel grid No. Pattern
Width (mm)

A B C D E

1 0.085 0.110 0.395 0.112 0.393

2 0.155 0.190 0.410 0.179 0.456

3 0.01 0.050 0.350 0.093 0.310

4 0.15 0.195 1.000 0.205 0.998
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Sample: A hand-made pattern of cobalt foil overlaid on copper foil

For testing the two dimensional XRF imaging system, we used a hand-made

pattern of cobalt foil (7.5 µm-thick) overlaid on copper foil (4 µm-thick) as shown

in Figure 6.29. At this point, the apparatus for XRF imaging can distinguish the

regions of copper and cobalt in the pattern. The fluorescent data of Cu Kα and Co

Kα in 2D scans were reconstructed with color levels corresponding to the photon

counts shown in Figures 6.29(b) and 6.29(c), respectively. The overall fluorescent

images resemble the morphology of the test object. It can be seen that a careful

calibration of the scanning position is very important for accurate mapping the

fluorescent image with the visual image of the sample. This is one of the remaining

tasks to be carried out to complete our XRF imaging technique.
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Figure 6.29: (a) Photograph of the test object made of copper (seen in orange)
and cobalt (gray) foils. XRF Images (b) and (c) of copper and cobalt,
respectively. The step size is 150 µm, the counting time is 10 s/step
and the scanned area is 6000 µm × 6000 µm.
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6.4 X-Ray Powder Diffraction

By using monochromatic x-ray beam with a photon energy of 8823.86 eV

from bending magnet at the beamline BL2, the recorded diffraction patterns are

presented in Figure 6.31 - 6.33. The setup for XRPD under high pressure consists

of the capillary lens, the collimator, pinhole with ϕ 200 µm and powder of CeO2

loaded in the DAC (see Figure 5.12). The recorded diffraction patterns under high

pressure condition are shown in Figure 6.31. We cannot record any diffraction

ring. According to the x-ray transmission for diamond culets in the DAC and air

(see Figure 6.30), a lot of x-ray photon with a photon energy of 8823.86 eV are

absorbed by diamond culets in the DAC and also by air. Hence, we tried to reduce

the x-ray absorption by removing the pin hole in order to increase incident photon

flux; although, we cannot recorded any diffraction ring recorded as expressed in

Figure 6.31(c). At this point, it indicates that our experiment requires higher

energy for incident x-ray.

Since we cannot record the diffraction pattern under high pressure using focus-

ing lens, the diffraction patterns at ambient condition using the lens were recorded

instead. The recorded diffraction patterns for Al2O3 and CeO2 at ambient con-

dition are shown in Figure 6.32 - 6.33. We used the pinhole for recording the

pattern from Al2O3 in Figure 6.32(a); as result, intensity of the pattern is too

weak. Hence, we fixed this problem by recorded the remained patterns without

the pinhole, the recorded diffraction patterns seem to be clearly as shown in Fig-

ure 6.32(b) and 6.33.
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Figure 6.30: X-ray transmission for (a) the diamond culets with thickness of 4000
µm and (b) air with path length 100 cm.
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Figure 6.31: X-ray powder diffraction pattern for CeO2 under high pressure.
Recorded time are (a) 3 (b and c) 4 hrs.
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Figure 6.32: X-ray powder diffraction pattern for Al2O3 at ambient condition.
Recorded time are (a) 4 and (b) 2.5 hrs.
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Figure 6.33: X-ray powder diffraction pattern for CeO2 at ambient condition.
Recorded time is (a) 2.5, (b) 3 and (c) 4 hrs.



CHAPTER VII

CONCLUSIONS

7.1 Ray Tracing Simulation

Synchrotron Beamline Optics for X-ray Powder Diffraction under High

Pressure Condition at the Siam Photon Laboratory

At this point, we can conclude that the W/B4C multilayer is appropriate for

the DMM in order to increase the photon flux for the bending magnet beamline

at the Siam Photon Laboratory. The optimal mirror magnification of the toroidal

focusing mirror for the limited length of the beamline is M0.7. The expected

flux at sample through a 0.3×0.3 mm2 aperture is 2.7×1010 photons/sec/100mA,

which is about 7500 times higher than that of the beamline BL8. In addition, less

aberration and small x-ray beam size is required for the XRPD technique. There-

fore, the mirror magnification M0.7 is a good choice for upgrading the existing

beamline or developing a new one.

Focused monochromatic beam for x-ray absorption spectroscopy and

x-ray fluorescent techniques

The results of ray tracing simulations indicate that case C can provide the best

photon flux; however, the flux will be reduced after inserting a circular pinhole.

According to beam width and beam convergence for all cases of beamline designs,

the flux for cases D2 and D3 do not substantially reduced too much after inserting

a circular pinhole.

7.2 X-Ray Fluorescent Technique

According to the results, our XRF experimental setup using a white x-ray beam

from the synchrotron bending magnet is capable of identifying major and trace

elements present in the samples. XRF imaging system shows sufficient potential

performance to become one of the major techniques available at the Siam Photon



104

Laboratory. Position calibration will be conducted to improve the precision of the

XRF image mapping. We have shown that XRF experiments using white-beam

x-rays have better sensitivity than conventional monochromatic x-rays.

7.3 X-Ray Powder Diffraction Technique

The results indicate that powder diffraction under ambient condition can be

performed using the developed apparatus. However, the hard x-ray from wave-

length shifter is required in order to perform high pressure experiment with dia-

mond anvil cell.

The text indicate that this thesis covers the important details for developing the

synchrotron radiation beamline including the beamline design and the techniques

— XRF imaging and analysis and also XRPD under high-pressure conditions —

for supporting and expanding the knowledge of science in Thailand.
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