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CHAPTER 1

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 scienee, robotics.and astificial intelligence. The radiation
was discovered in a general-electric synchrotromaeeelerator as shown in Figure 1.1
by Frank Elder, Anatole Gurewitsch, Robert Langmuir and Herb Pollock in 1946.
Pollock described that en 24" April 19-‘46 they discovered some intermittent spark-
ing, called synchrotron radiation,-‘durim'né running the machine. Moreover, SR can
also be generated by astronomic—al‘—objgcts — relativistic electrons spiral through
magnetic fields — which wag ﬁrst detei:‘__‘fcgdﬂ_by Geoffrey R. Burbidge in 1956 in a
jet emitted by Messier 87 [1], the'lérgesfﬁ-gd brightest galaxy within the northern
Virgo Cluster located about %5@1111011 lié‘i&—'l?years away.

SR is widely used than 'éi'éét-fomagn?er{f‘cdfédiationl_,_ from conventional sources

4 4

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

source size, 2) large e-nergy range with very broad C(;Fltinuous spectrum with the
photon energy rangiﬁ;g from infrared to hard x-rays, 33 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 sfrength 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, % , depends on

energy of electrons in the storage ring by the following equation



Figure 1.1: General elgéttig’syuchrotron accelerator was built by Frank Elder,

Anatole 'Gurewisch /Robert Langmuir and Herb Pollock in 1946. [2]

(1.1)

| —

ng storage ring. For the Siam Photon

Source, E, :32 GeV_,;ﬂigIE;% Tfmrad _
) . £)

raight section of a storage

where E, is the energy of electro

2. Wiggler is
ring. The source is compose periods gﬁstrong dipole magnets with
alternating magnetiefield directiongwhich are arrayed in a straight line. The

radiati(ﬁ;lfu &ngrglﬂﬁaﬂ %Jltauﬁ‘]s‘js shown in Figure 1.3.

Horizontal beam divergencefis much largex, than that of ghe bending magnet

bl ot G Wl bl f Nl ot g

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



Wigglers’ Undulators

Bending Magnet

(1) Narrow angular collimation

Small source sigh (5) High degree of linear/

circular polarization

*(4) Regularly pulsed time structure

Figure 1.2: Schematic diagram of acceler: ited electron up to several GeV by a
synchrotron agee a,t(ﬁf_,li \

4 | : {é o —— ‘: o
N2 times higher tha ha;ﬁéﬁ le 1ag et source.

P ;T,; :

Characteristics of the sy icl MM ion can be described with the bril-

liance, photon =-£,d, afity can be defined by the

number of photons

Flux =

5+ 0.1% bandwidth

where o, , is the source size and ¢, . 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



: E Bending Magnet
pl /

fum

) . Wiggler Radiation
/-_\-e-_-/._-\\

beam current of 150 -

including x-ray lithography for m_1§:ro—_ achmmg at the beamline BL6 and x-ray

line BLS8. In addition, th planar undulEﬁé’rjpeamhne BL3 are under constructed

-;’..‘,

for VUV & soft x-ray photoemission Spe%tLQ_qg_gpy, nano x-ray photoelectron spec-

troscopy (nano- XP@ nano x-ray absorption Spectroércopy (nano-XAS) and also

7&

photoemission elec‘tf{)n microscopy (PEEM) in order tb'é‘lupport the applications in
solid state spectroscop"y, surface analysis, absorption spectroscopy and microscopy.
The 6.4-teslassupencondueting, wavelength shifter (WLS)beamline BL7.2 is also
under construgted for protein crystallography (PX); XAS; small and wide angle
x-ray seattering (SAXS.& WAXS).

In this thesis, the design of'x-ray optical systems by ray tracitig 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.



on Laboratory. [6]

This thesis als -—-———""'_""'—""'i‘:‘ radiation: x-
ray fluorescence (XR@ d action (XRPD) under high pressure
condition. XRF techmaues including X F analysis and XRF imaging are widely

used in seveﬂ %%Jh’g. %@E} WF‘W@ ’] mﬂy‘j known for elemental

identification and quantification xlhlle XRF 1mag1ng or mapE}lg provides infor-
i LG TR AR T o
several applicatiohs, for example, pharﬁlaceutics, geology, ar(;haeology, 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



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 fot.excitation. The experimental setup
and test results on the XRE analysesiof a standard containing a number of trace
elements, a sticky rice saiuplé with metal contamination and also various dimen-
sion of nickel grids on supporting glalgss and bi-metal structures were reported in
chapter 3. A necessary XRE data analysis software for the quantity identification
of the composites in‘the material will a,lso be expressed.

X-ray powder diffraction under hlgh—pressure conditions using synchrotron ra-
diation based on station 9.1 at the Darégbury Synehrotron Radiation Source [13]
was developed at the Siam Photon Labof_a’wfy 6] for expanding the understand-
ing of physical and chemical properties df:irhﬁterials. In our recent work, we have
recorded the complete—tw&dm&eﬁﬁefml—diﬁme&eﬂ—p&txern of the hexagonal phase
of ZnO at the beamhne BL8 using an image plate area detector. However, the
diffraction intensity could have been improved Slgmﬁcantly if there were focusing
optics to converge the whole x-ray beéam onto the samplé in the diamond anvil
cell (DAC). In*addition, some intensity loss by x-ray absorption in the DAC at 9
keV issexpected. Ahis 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 BLS8 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



example, XRPD technique, microscopic x-ray fluorescence analysis, small-angle
x-ray scattering technique and x-ray topography [16]. We consider a W/B,C
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

wratus for focussing the x-ray beams to

the high pressure cell is a poly tics [23]. The examinations for

XRPD using a polyca pil lary Xcray optics @d in chapter 4.

ey
1.9 O
AP

Results and discu \ ) g and finally conclusions and
future work are implied i | e \ '

R
{l

AU INENTNYINS
RINNIUUNIININY



g1 0 0 g g 1 g g

Pttatdatata oo o et B0 ottt Dottt St el st

17 Ve
e L ‘_"_:J b —

Paraboloid Hyperboloid f
-

Optical axis

,,,,,, L R A —
\—/

Focal length

()

Figure 1.5: (a) Photograph of polycapillary X=Tay 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 1II

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 beamiline. In this research, the computer sim-

ulation program called SHADOW iswised for-eonfiguring the x-ray beamline.

2.1 Beamline Optie€s .

|
A preliminary design of thegptical beaniline is presented in Figure 2.1. The

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

i
1 *

monochromatized by asdouble crsfstal ni‘;gn'ochromator (DCM). Beryllium windows
are used for filtering outi the ldwiellorgjf-%-f"ays and for isolating vacuum between
the beamline and the storag_c;.;'fi}é Whefe:: fhﬁ source is located. Rectangular slits
are utilized for defining the_b-éam Size a@_}}_e_beam divergence. The x-ray beam

d

is focused on the V_S'a‘mple position by the second mir_r'b_l_ﬁ called a focusing mirror

(FM). Optical prope}ties of CM and FM are based on t;t'al external reflection. The
mirrors made of silicen coated with higher atomic-number metals, e.g., platinum,
rhodium and geld, forproviding the zeflection atsgreaterineident angles and higher
photon energigs. Total external reflection and miirror 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 x 10~* and photon energy range of 5 - 20 keV. Therefore,
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CM DCM FM Be
Slit S
Top View Focus
[ = % & § = ®
= & ~ § s Sample
N
Slit Slit
Source Be Be
° I
. . |-| CM = Collimating Mirror
Side View DCM = Double Crystal Monochromator
FM = Focusing Mirror
Be = Beryllium window

Si(111) crystal is suitabl iy technique ay absorption spectroscopy tech-

nique for chemical an “analyses at Si Photon Laboratory delivers

Table 2.1: DCM cryyal and energy range at the XAﬂ)eamhne BLS, Siam Photon

Laboratory ¢http://www.slri.ersth)

AWIAN S mn"ﬁ mnaﬂ

T si 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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%, can be written as

2 2
5—)\=chotHB: ¢ o [F()]

2.1
eom2me?  Vj (2.1)

where wp 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 erystal including Si(111), Si(220), Ge(111),
Ge(220) and pyrolytic graphit ,/]

1.0] ]
! s AO=60-0
> I Gem =. ; >
3 0.5 w=10° r 0 - S
< 3 2 . . ' *
— by 1 £ 4"'; i !
5 i g il 3
30 -20 Pk 10 20 30
Al
Fy _3-‘3-;’;
77 h7N 2
Figure 2.2: Rocking,c various perfect crystal reflec-
tions f these curves are called
rockin
f 53 e WENTTS ™
ype J; Reﬂectlon
WA IR AN
Germanium (111) 3.2x107*
Germanium (220) 1.5x107*
Pyrolytic graphite | 0.5° mosaic spread | 3.8x 1072

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:

thkl sin 93 =A (2.2)
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where 6p is the incident angle measured relative to the crystal surface, i.e., the

Monochromatic
x-ray beam

B

—

White x-ray beam

Figure 2.3: Sch&grar! of@rystal monochromator

Bragg angle, dpi is/

of the monochromati

al and A is the wavelength
are the gap between two
crystals and the bea ion between the wavelength,

A(A), and photon ene

(2.3)
— . .
In the case of soft x-ray beamline, we can ihcrease the photon flux using double
—-'J ’..l:;.‘—_. f\:. % — -

multilayer monochzomator (DMM) as discussed in thé-next section.
' X

J

Double multilayer m(‘)&)chromator is&;dinary utilized for tuning the incident

ohoton encedf] ool ot Y0 0t b i) Tvers cam e ehe

performance o%' the measurementy by increasi% the photon ﬂgx for x-rays, soft

o HARIATUBIRATN HAR B . o

multila}aers consist of alternating layers of high- and low-Z materials, for example,

2.1.2 Double M@ila .

Mo/Be, Mo/Si and W/B,C with a constant thickness ratio (I') 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 (6) as given by Bragg’s law.
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2.1.3 Collimatin

Collimating Mirror ey sround to a radius R, is customarily
used for collimating the Seit in'th ; al plane before entering a DCM as
presented in Figure 2.1. werie .-4'. us (R) of the mirror can be calculated
by .
(2.4)

where r, and ry are the sc ane-distances, respectively. Here
0 is a glancing angle etween the x-ray beam and the mirror surface. In order to

make total eﬁ ﬂ E{jeegow%‘jrﬁﬁ W E‘fﬁrﬂ gjed to strike a medium

boundary at an angle larger than a partlcular critical angle Wlth respect to the

Py ‘W’Tﬂtﬁ‘ﬂ“‘ifﬁ AU LRI04 B

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

assuming the image plane distance at infinity:

2ri,cm
sinf

ro.cm — 00 = Roy = (2.5)
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Source

Figure 2.5: Schemati
the vertic

2.1.4 Focusing

Focusing mirror . ndrical mirror as shown in
. - A A . .
Figure 2.6. A meridi ture.of , sagittal curvature of radius p

of the mirror focus the in _ the horizontal planes, respectively.

In order to fﬂ u E}lfal %é]iﬂ%ﬂbjnwl &]e’]alﬂ ‘l'jplane after monochro-

matizing by th DCM, the merldlgnal radius of the focusing nabr'ror is obtained by
QR AT B WA 26 8

2ro F
sinf -

r.EM = 00 = Rpy = (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: Schemati(w '(%for focusing the x-ray beam in
both the tical dire :

magnifications (Mx a d the image plane distances

as well as the beam di

(2.8)

respectively. 2; aud z; are the vertical beam diverstnges of the source and the

)

. Image

- eyt
MX = 1 pp/T) e = X1/X,

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

f’)/l angle (6.) as presented in Figure 2.8.

> Totally
0 "” reflected
wave

of an incident angle (0) is less tha

“\

(////H\ “\\'

Figure 2.8: Glancing inciden 1a];10' aj 0 t al reflection for x-rays and
EUV radiatio A N A\

The reflectivity of th homogeneous mirror surface can be

calculated by
(2.9)

A

where h is (0%)2 + gle and 6, is critical angle,

0 and [ are the refra ive index real and imaginary' omponents of material. The

real part of tﬁ ﬁaﬂvmﬂa ﬂkj w il Q ‘j

s 0= =N (2.10)

s ol Wwadlunal ‘ﬂsﬁl ’?J BB s o

materlal A is wavelength of the incident beam and p is linear absorption coefficient.

The critical angle can be obtained from Snell’s law and the refractive index,
n=1-0+if ~ cosl,. (2.11)

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

mation for very small 6., 1 — % +...=1—4,since d < 1,

0, = V26 = 2.99 x 10"2/nA(A). (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 verylong mirror (more than one meter) for matching

with the size of incident rays: Fi ure 29 e relation between photon energy

of the incident beam and critical angﬁe f@ Pt) and rhodium (Rh). For

a photon energy of 2 e to n ose.the
415and32mradforP ese n\\\

glancing-incidence angle below

N
-f‘f !
J"J e ¥

uz;],
el

+ e ylet

2=

30

Figue 2 Gl B %gﬂ%’wmﬁ%% iy o

respectively.
ridkao Bl }mﬂ'imu BAINEA Bl )
platmum (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 1II

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

of the element and the s

without destruction of the sample echnique is based on a measurement of
the energies and the intens ' itcdcharacteristic x-rays from the excited
sample. The measure in Qortional to the concentration

3.1 Theory of
When x-ray bea toelectron emission, Comp-

ton scattering, Raylei ingy x4 ission and x-ray fluorescence are

7§ ed x-rays
Rayleigh scattering I(E)
- Compton scattering I(E+AE)

Incident x=r 3 d x-rays I(E)

uores&t x-rays I{<E)
Thlckness

s S ;aam NANEADT. 0 e
ARANIA TN ING A b 5 i

passingqchrough the sample with the element i, thickness t and density p; is given
by
I(E) = Iye (Bt (3.1)

where p;(F) is the mass attenuation coefficient of the element i. When the sample

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

H(E) = p(EYWr + po(E)Wa + ...+ i (E)W, (32)
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where Wy, Wy, ..., W, 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(F, z), can be given by

I(B,z) = Iy(B)e " Prams, (3.3)

W .

" Fluorescent x- ray

‘ , S AI(E,
/f,n \\:\"h (E.2)

t

N

‘-. = i "'\"“. "'-
. / [‘-“' n\\

Figure 3.2: Schemagic diag a ent emission of the sample.

| \

The intensity of pri Rar ﬂugf Scer: ays between the depth of z and z + Az

Detector

where P, is the probm)ility of emitting characteristiﬂ rays of the element i from
the sample. qm nization cross-section
and the ﬂuoﬂ ﬁﬂ i wﬂme ﬂjﬂ jorescent x-rays at the
S““faﬁ%ﬁ“"fﬁi‘m’iiu UR1INYINY

AIf(E Z) H(E'L Ka) sm<p = PIO(E') (E)Wp ¢ —,upz (35)

where

) | (k)
sin ¢ sin ¢
and Ej; g, is the emitted characteristic x-rays K, 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
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the sample with thickness ¢ can be calculated by

I(E) = / LBz = PI(E (E)Wpﬂsiln ;

[1— e P, (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 efficiency of the detector must be taken

into account [31]. The P; a an be determined from the XRF

over the energy of e

Emax F
ik, = /
E:Ei,abs

E; Ka) NZ(E E; Ka)Wp

_ e_ﬂ(E:Ei,Ka)pt]dE

(3.7)
where F; 455
Iy(E)dE = the spectral distribu © exciting radiation
Enax
G, Gy = fthe,geometrical parameters caused by the sample’s shape,
st textuﬂ ddiddnt bkt T WEIITI
i(E, Ez K.) = plBo) o pE: k)

a wam Asafinadnyaay

l’ . the probability of the emitted characteristic x-ray K, of
the element i

e(Eik,) = anefficiency of the detector

Wi K. = fluorescent yield of the emitted characteristic x-ray K, of
the element i

Ti Ko = natural lifetime of the emitted characteristic x-ray K, of

the element i
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B(E,E;k,) = theabsorption coefficient of the medium between the sam-

ple and detector.

3.1.1 Fluorescent Yield
The fluorescent yield, w, is defined as a number n of x-ray photons emitted

within a given series, divided by the total number N of vacancies in each associated
level with the same time incre Q\\ % 3 presents fluorescent yield for x-ray
emissions K, L and M shells as a functi ic number. For the K series, the

\"\‘a By) + n(KBy)...

(3.8)

where n is the numhber of emifted pl \ ] \ ubshell of the related shell

and NN is the number of all e ' lated shell. In addition, the

olile &Nf] ok ‘; )8 Y

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 — w.
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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 v-rays [37-39]. In order to test the fluorescent yields
for our system, we mix selected oxide compounds including CaCOs3, TiO4, CrOs,
Fe; O3, NiO, ZnO and CuO by weighting with a ratio of interested elements Ca:
Ti: Cr: Fe: Ni: Zn: Cu=1: 1: 12

gram. Emitted photon counts for the

elements are plotted as a fum ber as expressed in Figure 3.4.

The graph demonstra e tn’ndsmlatlon between photon counts

and atomic number a( en the fluorescent yields and

'P‘.l*"‘.l'

Al

Areax 10° (counts)

¢ Atomic numb

amaﬁnim UAIINYIAY

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 K,
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and Kp 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 XRE spoetsa in Figure 3.5(a) indicates that the
aluminium filter can improve the deteetion limit for other nutrient elements in the
sample.

In this thesis, we proposctoset up"lan 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 exc‘iting the sample. We use a Si-PIN detector for
detecting fluorescent emissions_of Char;ﬁer‘ilstic x-rays from the sample.

3.2 Si-PIN Detector | 4+ ‘= 8

Si-PIN detector, a semicéﬁdpctor d?cﬁﬁé_tor, is widely used in many applica-

tion fields; for exaiiple, x—raycﬂ-u'orescenc‘e- [23], PIXE @nalysis [44], Nuclear spec-

troscopy [45] and also works of art investigation [46]1
Function of the detector is based on a photodiode. Electron-hole pairs are
activated by the detected==ray photon from the detector. The amount of electron-

hole pair (n) ‘correspond with the-energy of incident 'photdn (E),

where ¢ is the average energy for activating a pair of electron-hole. The values
of € 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
—55°C', 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. Final}y, the signal will be arranged to energy
spectrum using multi-channel analyser (lédkjj The connection for the detection
system is shown in Figure 3.6. . -

In this research, wé Usc.a high petiformance x-ray detector from AmpTek, inc.,
XR~100CR for recordingeha ?acteristig x-rays glowed from the samples. The active

area of the detector is 6 2"‘and the e'nérgy resolution is about 174 eV at Mn K,,.

The maximum excitation ene "y for tsle swhite x-ray beam is around 12 keV as

am. The hghtebt element detectable by the detector

Kl
“, !

operated in air is sulfur (S K (2307 8“3@‘5/_)

detected from the scatter

T
J-"l S ‘_"ll.}
T,
Sample
é&;—:‘ L ACP

e - ower
Py FC XR-100CR
Fhi _O?I"escence_ Si-PIN detector o Amplmen
from sample

Polychromatic X-rays

from BM source
at BL-2, SPS

Serial
Port

Personal Computer

nput

Multi-Channel Pulse Height Analyzer

Figure 3.6: Connection diagram for XR-100CR as Si-PIN detector, PX2CR as pre-
amplifier and power supply and MCAS8000A 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 — CaCO3z and GaAs. The

experimental setup for detector calibration is presented in Figure 3.7.

Polychromatic X-rays Transmitted
_from BM source
at BL-2, SPS — L
scence
Figure 3.7: Setup for racteristic x-rays of a metal
foil as a
The fluorescent emis act -rays (1 keV and above) from the
‘}“{HI g
standard was detected by the j—Saé?- setor. Figure 3.8 shows the fluorescent
J‘l_}_ SIS - A
spectra for GaAs in dlﬂerence_@ g the MCA and amplifier gain. Suitable
magnitude of the M‘QA is chosen at { height), ADC gain at 1024

and amplifier gain ssion K-lines of As, which

is the highest eleme excitable in K shell. MCA ¢ nnels are fully employed to

detect XRF ugj t, volt % rom bending magnet
source can aﬁrﬂ rﬁiﬁf ﬁ; W\’éj;:lfﬁr%

ence_values_of gﬁc ris -ray*e ies fro librated foil are
preseé ﬁjb§3 i] ﬂnﬁvﬁﬂj éﬁgjn the observed
peak posmons 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. channel?

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

in energy scale.
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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 congéngration 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 unkuowu sam'ples.

For concentration calibration, standards should be prepared in a matrix as hav-
ing similar composition as possible‘to tﬁie,matrix of the sample. Dilute nitric acid
(HNO3) is usually used ag'a bOlVGllt fOI'JdISSOIVng appropriate amount of chemical
standards [47-51]. Furthermore, e can Jdlrectly blend chemical standards to the

matrix similar to sample mattiz i a reaéona’ole ratio; for example, in the case of

powder form. The correlation-betwecn th.e ‘ﬁirofescent 1nten81ty and the elemental

concentration is expxebbed—b%EaQ—cAr]—
I, =25;-C; i (3.9)

where [; is thé fluorescent intensity of lelement i+(cps),’S; 1sithe sensitivity for ele-
ment i (cps/ppm) and C; is the concentration of element i (ppm). The sensitivity
depends ou instrinental 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
E; 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 = f(z;) — for each experiment, the intensity for internal
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standard (SD), Isp, can be written as
Isp = Ssp - Csp (3.10)

where Sgp is the sensitivity for internal standard (cps/ppm) and Csp is the

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

tion (3.10),

— | S (3:11)
where the relative SM 3 d pr of the ratio of intensity for
element i to intensit 1 ; Standar d (S theory, the relative sensitivity
for internal standard ; : e. The centration of internal standard
is

We could select intern dard f i the absent element in the sample. To
get S, we mixed a set of _egﬁ%r_ h € and internal standard with Csp and

According toﬂ ﬁ EJ(?"' r?le calibration curve in
order to determine the sen81t1V1ty or element i in the sample for each experimental

“ ARIAINTN UM TN Y

3.4 XqRF 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 Eipeory.x,0,0 (AEmin),

for peak indexing is described in Figure 3.11.
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levels corresponding to elemental’s concentration. The referred literatures for this

Figure 3.

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
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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 pm) 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 extensivclytised for focusing synchrotron radi-
ation in micro x-ray analysis;for exa-;hplc, x-tay fluorescent imaging, micro x-ray
absorption fine structuse analysis an(14‘|others. A polycapillary x-ray lens comprises

an array of large numbers of small holI)'ow glass tubes bent to a certain shape. This

4

optic collects emergingf'i&—r‘ays frofn_ ’an:);;ray source within a large solid angle and

redirects them, by mulfiple gxternal :;‘»ptgél reflections, to form either a focused

& i

beam (full lens) or a paallal beams (h_'c‘t:if‘ lens) as illustrated in Figure 3.12. The

critical angle for total reflgctionon slass Stufaces is
et s ih
o - o

T R
. Ztumrad] -?—ﬂm

for photon energy’—x%pging of 5-30 keV. The capillar__;_-l‘ens 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;4i.e . synchrotron radiation, the capillary
lens can work quite well for focusing thé'beam.=On'the other hand, the lens can
be used as a, collimator for a small diverging x=ray beam.

In this researéh, we used thetpolycapillary“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 \

Y

No.UNS1G-1F-171208
Unit length E

Unit diameter. (mmm)
Outlet foca
Optical inlg

Transmission'

Focal spet si

ﬂMﬁJ’lﬁ"aﬂTﬂ‘"’"”

Straight capillary

Specifications

i,

38.0

14.5

22.5
9.5
12
95

Wﬂﬂ

Figure 3.12: Schematic representation of the principles of capillary optics. [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 ¢onsider a sample having an element that
emits XRF signal. If the concentration of this element in the sample is C, the
system will detect I, which is the XRE infensity or countly rate subtracted

by I, of the background imtéusity., Had the detection system no statistical at

c

Inet :

all, the lowest concentrationto be dé’feected as one photon counts would be
However, it is known that fhe proba.bii‘ity of photon emission follows Gaussian
statistics, thus the minimum phot—on cgux}ts that will be considered as the XRF
signal, not the background, must highé;than two times of the standard deviation

Fdd
bt

of the background, 20, It/is the justified to define LLD, or the lowest detectable

concentration, as S
=, TS
o ™ S
- .
- i T P C :00 /E‘?--’ (3.12)
- net net b
where o, = —VT]Z” = ‘.% for Gaussian statistical error. Here T} is the accumulation

time for background counting, which can'be deducted from the total intensity, I,
and the total timetof.the theasutement, &), as

1 L
iELIE (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

V2, so the LLD can be expressed as,

2v2-¢  [h (3.14)

LLD =
Inet Tb



38

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 Let C;
Number (cps) | (%)
16 20 | 1.44
20 2270 | 1.16
22 215 | 8.2
25 55 | 0.4
26 965 | 6.76
1134 | 11.0

28 2757 | 1.0
693 | 0.3
29 450 | 0.08
30 2610 | 1.0
160 | 0.13
734 | 1.44

AU INENTNYINS
RININIUNRINYAE



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 ave equal to n times the wavelength,

therefore the diffractionseeeurs satisfying the-Bragg’s condition:

nA %’| 2dhkl sinf (41)
where n is a positive iafeger corrésponaihg to the order of diffraction. For a first-

order diffraction (n = 1) i Higire 4. 1; the scattered rays 17 and 2 are in phase
and their path length differ by a wavelength The angle between the diffracted
beam and the transmitted beam is alway§ 29 called the diffraction angle or the

Bragg angle. The intensity of the diffe acﬁ beam depends on the arrangement of

el

atoms on the planés. The dlffracted beam is rather sfrong when all rays scatter

in the same directiou. ,

Powder diffraction'pattern can be recorded using a detector-photographic film,
charge-coupled, device (GGD), image pldté, position-sensitive photodiode (PSD),
etc. Whether the“analogie or!digital 'ddta ‘colleetion techitique is used, the final

data can be displayed as intensity profiles versis 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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Diffracted
Beam

Inciden\
Beam 1

.9

recording two-dime
be spherical, cylindri
and the detector. Bot
a fixed sample-to-detect fhfice. - THESM:, atca detector has great flexibility
to be used at different samﬂéﬁ%‘éﬁiﬂ;e for™ . Image plate area detector

LA

was originally developed-for-the-medical-radiotogy=—Fhe detector has become very

popular in hlgh—presﬁre an diﬁaction technique because it

is highly sensitive for ghie‘:. short—wavelen&‘&h x-rays (A < 0.7 121) passing through

a pressire ceﬁ Mtﬁj %e%lﬁ}%r@g%l&}’q;ﬂiﬁnade of the phosphor

material BaFBr:Eu?* bonded on g.he backlng late of 20x25 cm2 flat aluminium
ot ROV AT HA D 1) Qs
(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 A = 632 nm has been used for generating photo-
stimulated luminescences in visible light photons at A = 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.

Image 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 diffragtion pattern were fitted using Pseudo-Voigt function
for unit cell determination. Automatic indexing program such as DICVOL [60],
UNIT CELL [61] and CRYFALCRACKER {62} were used in order to obtain lattice
parameters by minimiziag-residuals-in-the-experimmentally determined Bragg posi-
tion in the terms of 20, d-spacing (dyx) or energy (£,;;) using a non-linear least
squares method. The Rietveld method is used for refining the crystal structure.

The Rietveld method was first presertted by H. M. Rictveld in 1969 [63]. Since
diffraction peak intensity depends on the atomic type and atomic distribution
withifthe unit céll} the lattice parameters of structnre modelsy 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
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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 ice parameters, symmetry of a unit cell,
atomic coordinates, thermal para %C% optics, set-up of diffractome-

ter and peak shape, etc. Each va riable @ed until a diffraction pattern

from observing and f{ | i

The quantity mini ent is the residual, x?,

(4.2)
where w; = the statistical
Yoi = the observed intei
) TR i -
Yo = the calculated Tﬁ%{ﬁ{ty
\ Ll
with summation ru s overall data points.The ce ted intensity is a combination

of many factors foll Eng

AuePneaineang- @

RS M RSN NEIAY

Ly = the Lorentz factor,

¢ = the reflection profile function,

Py = the preferred orientation function,

A = an absorption factor,

Fx = the structure factor for the K Bragg reflection,

y»i = the background intensity at it* point, can be modelled or subtracted,

base on physical reality.
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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, ¢; «, (3, 7) 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,
/’ o
Fri = 5 N; h:c] )] exp (— B sin® ﬁ) (4.4)

where N = =
fi = the
xj, yj, z; = the “in the unit cell
B = the t
The peak shape i be described using the Pseudo -
Voigt function with the re mixing following the equation

where pV = the p V.f
L = the Loreﬁlan [

ﬂuﬂﬁmﬂmﬁWQQﬁi

= the Gaussmn functions

ARIAIN IS Y Anenay

7 = 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 20. The refinable variables — NA and NB — can

be written as,

n=NA+NBx(20). (4.6)
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and

NB x (20); Z NB;_;(26); (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,
(4.8)

where H
U,V,W =th

tzian
eudo-Voigt

f(x)

ﬂu&%ﬂﬂﬂ?WHWﬂi
R AT

and w

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 (Pg),
Py = exp (—G1a%) (4.9)

or

Pg = Gy + (1 — Gy) exp (—G1a%) (4.10)

where GG1, G5 are refinable para g oters! | ition, Py is used for small preferred
. . "'uu
orientation.

In 1989, Ahtee et al. Al harmonic formulation for defin-

tion of the sample and the Laue

ony Dreele at Los Alamos National
used for fitting crystallographic and
magnetic structural models to :-;%v----r on single-crystal and powder diffrac-

tion data for both time ic !9 tron powder diffraction.

U

ﬂ‘lJEJ’JVIEJVIﬁWEJ’]ﬂ‘i
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CHAPTER V

EXPERIMENTAL METHODS

5.1 X-Ray Fluorescent Analysis

Figure 5.1 shows the experimental setup for XRF analysis temporarily installed

1 mple holder is set to 45 degrees
an@theﬁThe distances between sample

on the beamline BL2 at the Sia aboratory using synchrotron radiation
in the x-ray region from t
with respect to the inci
to slits and to detector ectively. For XRF analysis on
millimeter-sized sampl eam size using horizontal slit to

match the sample size i iner A 2ction sensitivity. All measurements

are used as the filter i ingt ground ratio and protecting
o - - "_{' o

correct this problem@ne REF ﬁctra using 1) peak area of

internal standard added to each sample beam current during the measurement

s P @mgwj}wggm@ fom an foniaation

”mﬁmmm PaaIBE10Y

from BM source
at BL-2, SPS I,

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 em>.

For determining the lower limit of detection (LLD) for this system, many
interesting samples from laberatories and common goods including herb, catalyst,
food, cosmetics and alserfuels syare éjnalysed. The LLD are listed in Table 3.4
for these samples. The unfocused beam size was controlled to match the smallest
sample size becauseWwe need the, S&Ime?]g)e;}m size for all experiments.

Standard Preparation 2, i
For determining amouut of C(T it btlcf<y rice powder, we prepared a calibration

34

set by mixing a controlled stlcky rice pow_é‘w_f (without Cd) with CdO (purity 99.99

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

by dissolving appreprlate amount of CdO 99.99% in 5% (v/v) of HNOj3 at 1, 2, 3,
4 and 5% of Cd. i

XRF Qualitative Analysis and ‘Software

XRF analysis on a NIST SRM 610 trace-elements standard reference material
in a glass' matrix.(S610) \was ‘eonducted for testing the experimental setup and
XRF analysis software written in Mathematica. The nominal composition of the
glass matrix is 72% SiO,, 12% CaO, 14% NayO and 2% Al,O3. 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.

100000
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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 translationsstace is used for moving a particular
position on the sample to intercept the beami. The white x-ray beam of 7x1 mm?
defined by a horizontal slitewas focused using a polycapillary x-ray half-lens as
described in chapter 3. Jdn order fo r'peasure the focused white x-ray beam size,
we scanned titanium () and eopper (Cu) wire across the beam and counted
emitted photons at*Ti I, (4510.8 eV) and Cu K, (8047.7 eV) with the silicon
PIN detector. We measuye the focused X ray beam size for both white beam and
monochromatic beam. Thewire is placed eat the sample position where the beam is
focused. To obtain the focuséd-beam €1ze -tlfé apparent widths were deconvoluted
with the width of the wire: dn order to- re&:orded the fluorescent data for each
scanning point, theau%hel—ha*ze—pafﬂy—éeveleped—the program for controlling the
scanned motor by deﬁmng 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 distribuition of focused beam. For good focused beam, the
beam profile will be Gaussian.

Atqfirst, 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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P 44 Bk kbbb lﬂelgtil&'lﬁpﬁllmgmg ot th

% Siam Photon Laboratory;(a) the setup No.1 and (b) the setup No.2.
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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

m~ h

0.395
0.410
0.350
Erepmtvi || 1.000

Two Dimensional XBF Imaging Sy tem

For tesmﬂuﬂm&] @"ﬁiﬁfﬁ@ Wgﬁk’}ﬁn we used a hand-made

pattern of cobg*t foil (7.5 ,um—thlcb ) overlaid on copper foil (4 égn thick) as shown

n Fidofe W’Fﬁ GVTRL IV YRR s e v

s/step a ind the scanned area was 6000 pm X 6000 pm.
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Figure 5.5: Photograph it
cobalt (gy/

Scanning Position

J

et .
Figure 5.6 shows the steps o1 p)g}%l setup of XRF imaging. Firstly,

_-.a';/;_‘f.__ f(

we define a scannedy aréa and starting poirim%i

g using a sample holder

with a fluorescentsséreen and a grid 1 mm?), the picture is

captured using a CCE camera. pattern isulade from black ink printed

on a transparent Eti, inter. }g lder also has the grid pattern
as the sampl@oﬁ. ilﬁm ﬁgel:ilﬂﬁuing area and capture
the picture frer complete_th foced re, théscan starts.

AR TN AT TR B e
position on the scanned fluorescent, because the grid pattern is not uniform. For
adjusting the calibration method, nickel mesh with ¢ 43 pm and spacing 803 pm
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

.ﬁwas placed in the scanned area

Figure 5.6: Deﬁnmg sca
(right).

Figure 5.7: Sample 1 ¢ with Ni mie h over a fluorescent screen.
\ . e

]
1. First, moving «white beat to the starting posit :

2. Finding centerg the beam (Xﬁand Yecl) by Arelmning Ni mesh along x and

L ANYNTNYINT

3. Moving flle starting point b} Xcl and Ycl to coincide Wlth the center of the

RRIANNTIEM URIINYIR

4. Movmg sample holder from Xcl to Xcl+5 mm (Xc2) and scanning Ni mesh
again for finding Yc¢2 as shown in Figure 5.10. For this setup, Yc2 - Ycl =
0.05 mm and 6 = 0.543 degrees (0.01 radian).

5. If Yel = Yc2, the motor frame is equivalent to the picture frame. If Ycl
# Yc2, we have to rotate the picture by using (Xcl, Ycl) as a pivot for

mapping both frames.
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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].

‘_;"‘
/s o 274 IP Hold
_ «"__IP Holder older
Storage Ring Pinhole Pressure Beamstop 3 Alignment Laser

H Assembly Cell"
Optical Bench

Sl

Monochromator H

Saiﬁpl_g, Sta&;

J
/ 2
.
_ vy

Figure 5.11: Setup for xra ﬁb@éﬂer d;iﬁ'fa'('.ztion technique under extreme condi-
tions on the Breaml»-iﬁ'e BL—&féﬁthe Siam Photon Laboratory.

-
2l
e —— —

P = ',..- ;.JI!H::___
X-ray Powder DifJfraction'_using a Pi)lycapillarer-ray Half Lens

For this researci{jwe propose to improve the x-ray Synchrotron flux for incident

on the sample in th(_e__.,'diamond anvil cell; therefore,z_he idea of focusing lens has
been utilized. The polycapillary half lensiNo.UNS1G-2T-170209 manufactured by
UNISANTIS EURORE GmbH has been wsed injorder to obfain a micro monochro-
matic x-ray beam for diffraction technique. The, specificationsiof the capillary are
listed Tm Table 5.2.1 The setup msing 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 um 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 ( 11.0
Focal spot size fo w line 850

plate detector from di S The di IP and sample is 70 mm.

In order to align the Acals 51 laser employed at Photon

[

g were carried out before and after collecting

the DAC. The pressure meas _

- Al

B e f-
x-ray powder diffna\;}ion data. The Dmdﬁ‘ 1d State (DPSS) laser with

wavelength of 532

L is used fo n-inside the ruby crystal to

+ We focus the laser beam on mtiny ruby crystal inside the

DAC. After t tﬁﬁ@ﬁﬂmﬁl ﬂzjdlb puter. The pressure

inside the D e calcul ing t fti gfjf i o line fluorescence as
N ¢ o Y

AN TRNNIUARIINYIAY

B
p = 19040 (% T 1) - 1] , (5.1)
0

where P is in kbar, A\ is the ruby Ry line wavelength shift in angstroms and

emit the fluorescenc

B

parameter B is equal to 5 and 7.665 for non-hydrostatic and quasi-hydrostatic
conditions, respectively. Ay is the wavelength measured at 1 bar in angstroms

equal to 6942 for R; line and 6928 for R, line.
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Figure 5.12: Setup for
tions using the o,lycapllla.ny lens on the beamline BL-2 at the Siam
Photon L

The recorded diffraction pa’&tﬁ*ns froﬁa:many particle size of CeOy (10-20, 20-30

and 32-40 nm) and- flso cahbrant Al305 Wlll be presegrted in chapter 6.

9
Micro-Electrical 'ﬁischarged Machine t o

Micro-Electrical D':ischarge Machine (Micro-EDM) is a high precision drilling
machine for /conehictivermaterial] eéspecially 1for| micro-fabrication. The EDM
process was cteated by the Russian scientists named B.R. Lazarenko and N.I.
Lazarenkeo 47 1yin~1943 @und=has) been jused-intheytool making industry for more
than 40gyears. 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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Figure 5.13: R-line flugfesgenées of a rqloy crystal in the DAC at room temperature
are shown; stby crystal: al ambient pressure (A); at about 22.3 kbar
(B); at ahoéut 40 kbar (C).‘LThe pressure shift is to lower energy with
increasig pfessire (701

i .-‘ I"
abd vl
drilling machines, applying to-either soft orrextremely hard materials and being

safe for very tiny work piece. Oun the othei-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 micra:EDM isused, for tungstemgasketspreparation. The micro-EDM
can drill tungsten sheet with a thickness of 100 micron in less than 20 minutes.
The holesycan-beras small as 50; 100 microns i diameter-foreontaining 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 pm 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 capam 0 ts e charge reservoir for supplying the high
t e resistor R; with resistance 5 €

power during the discharge pnggess
is used as the dlscharge_@trolbr fo citor. Finally, the resistor Ry

,hl o -w@@ limiter for the short circuit

,"Nevhw'cr(EDM machine is presented
%

with resistance 160 'is us
between the drilling to

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 5.16: Schematic diagram of the drilling circuit.
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CHAPTER VI

RESULTS AND DISCUSSIONS

6.1 Ray Tracing Simulation
Synchrotron Beamline Optics for X-ray Powder Diffraction under High
Pressure Condition at the ag:

According to the comp@ )ﬂ of the hexagonal phase of ZnO

under ambient condltlopat-beamhnﬂBL% image plate area detector as

h a't.{We requires x-ray beam with
6&@\

on Laboratory

shown in Figure 6.1 [0 ol --

RPD o deliver a focused x-ray beam

D /

higher flux. Here we prepo

with high photon flux a

n of the hexagonal phase of ZnO under
ambient condition at beamline BLS.

Figurﬂ. 1 l :]mlgeteq diffraction pter

Beamline Optics

Double Multilayer Monochromator

A W/B4C multilayer (ML) with a small double layer period (d-spacing) of
10 A, 600 layer pairs and a ratio of metal to double layer thickness (I') of 0.5

is selected for this XRPD beamline. The fabrication and characterization of this
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Figure 6.2: Schematic I
Laboratory:.

) beamline for the Siam Photon

mirror was reporte (a) shows a comparison of

the simulated photo from the W/B,C DMM. In

overall, the W/B,C idgp 7 ut 46 times higher than that

of the Ge(220) DCM. This he larger natural bandwidth of
the W/B4C DMM. At 9 b th of the W/B,C DMM is 86.0 arcsec
while that of the Ge(220) cryg@@r}gg sec. The opening angle of 3.0(h) x

for calculating the pto- flux give , MM. The vertical angle was

set equal to the W/ B;,C bandwidth and the horizontal angle was selected to match

. o & o
the width of ﬁmqwrﬂ ﬁdﬁbﬂ aalcﬂ?cusmg Mirror. In case
of the Ge(220),D he opening angle of 1. ;I X 0.125(v) mrad? is normally

used Qt 8. wrﬁ v ‘waf ol w ifferen hoton energies
as a fun‘:m §noing am%emed in‘jgure g!(:]qae rocking curve in
figure 3 shows the bandwidth of 86.0 arcsec for W/B,C ML tuned at 9 keV. This
corresponds to an energy resolution (AE/E) of 6.0 x 107%. It should be noted

that the W/B,C' DMM yields higher flux than Ge(220) DCM at the cost of energy

resolution.
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—+— W/B4C ML DMM

10

Photon Flux (phs/s/100mA)
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ammmm waﬂemnaa

Figure 6.3: Comparison of simulated photon flux between DCM: Ge(220) and
DMM: W/B,C ML for a photon energy range of 5-12 keV and open-
ing angle of 1.75(h)x0.125(v) mrad? is shown in (a). Reflectivity of
W/B4C ML with d = 10 A, N = 600 and T' = 0.5 is shown in (b).
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Figure 6.4: Simulate rejfor ‘1\‘ DMM with W/B,C ML at 9 keV.

Focusing Mirr ' '. ' : : \

We choose Rh 5 n for eptical coating on the mirror. The mirror
>xpansion (ULE) fused silica. The
suitable glancing angler / I 6] PD 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,

_ o i ,

i.e. 1 meter, the mirtor set at 2 ad glancing angle accepts 30% less of the beam
W, r LY

than in the case tu‘i‘ Je ‘ ty, thus the overall beam
| |

intensity throughput*of 3 mrad is lower than that of5 mrad.
€ o W

Reflecti

0.4

0.2

00 i1 I I 11 1 11 I (-
5000 10000 15000 20000 25000 30000

Photon energy (eV)

Figure 6.5: Calculated reflectivity of Rh 5 nm/ Pt 25 nm coated on silicon mirror
with 6. = 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

intensity. The results arg prcsented i 6.7. For M0.7, photon flux at

sample is highest. Md( | \ \ smallest and spatially sym-
metric. The expected i n \ .3 mm? aperture is 2.7x 10

photons/sec/100mA. ' _ -' - er than that of BLS.

ﬂ‘lJEJ’JVIEJVIﬁWEJ’]ﬂ‘i
Q‘W%Nﬂ‘im UA1AINYAY
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Figure 6.6: Image size at focal plane for the mirror magnifications M0.3, M0.4,
MO0.5, M0.6 and MO.7.
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Figure 6.7: Beam convergence at focal plane for the mirror magnifications M0.3,

MO0.4, M0.5, M0.6 and MO0.7.
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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-

?} in Figure 6.8.

matic x-rays following the beamli

[
A
Primary Sli
Horizontally focused
= g
() o
! i
! i
; !
: Horizontally focused,
== Vertically collimated
() o
C = MX1.0 MZinf
! i
! i
' | Horizontally focused,
L= Vertically focused
[ ) R
D S \ MX0.73 MZ0.73
. | |
8m 9 m 1M1m 16 m 19m

Figure 6.8 @%&J@Mﬂ%@ﬁ S;Jféquﬂ@d focused monochro-

atic beam for x—ray absorption spectroscopy and x-ray fluorescent

aﬁ’?ﬁ&nmumwmaa

Magmﬁcatlons 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 gonree Primary slit Crystal size
disteihgion (%racﬁ) size at.b m (mm?) | for Si(111) (mm?)

A: unfocused LA 401 1255(%) - 20 (w) x40 (1)

B1: MX1.0 3 (050125 (v) | 15 (1)%0.625 (v) | 20 (w)x40 (1)

B2: MX1.0 35 (h)x0125v) |15 (1)x0.625 (v) | 20 (w)x40 (1)

B3: MX1.0 4.00(1) %0, 1250) ™ | 120/ (h) x0.625 (v) 20 (w)x40 (1)

C: MX1.0MZinf 80 (504 (% | 5 (h)x2.0 (v) 20 (w) x40 (1)

D1: MX0.73MZ0.73 | 2.0 (h)<0.125 (v) | 10 (h)x0.625 (v) | 20 (w)x40 (1)

D2: MX0.73MZ0.73 | 30 ()%0.125 (v) | 15.(h)x0.625 (v) | 30 (w)x40 (1)

D3: MXO0.73MZ0f{Bt 00125 60— =00 (mxo 625 (v) | 40 (w)x40 (1)

Concerning mirror absorption

Absorptiotiiofi the» mirtor) dependsioncoated materialesMoreover, we need to
choose the mosti proper coated material for optimizing the results. Rhodium (Rh),
silicon(St)eand double dayer of\Rhoand platinuny (Pt)§ Rh Hynm /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: Para ments
—
Beamline Design —
Parameter
A B1 B2 B3 1 C3 D1.1 D2 D1.2 D3
DCM, Si(111) 8 10.5 ' 9
- 1%t crystal position (m)
Mirror type - CM 3
Mirror position (m) 8 " \ | 11
Mirror size (cm) - 100 (1) x 5.4 (w) =
Coated material - Si Rh i Rh 5/ Pt | Si Rh Rh 5/ Pt 25 nm
5 | 25 nm

Major radius (R, km) - - a5 b 2.67 3.088 1.85 1.54
Minor/Spherical  radius | - 2.4 4 18 ff Aecn 4.8 2.78 4.63 5.558
(p, cm) (e
Glancing angle (mrad) | - 3 5 6 ‘_::,;‘?,ﬁ 7 6 3 5 6
Sample position (m) 10 16 16 < TG 19 19 19 19
e beam size at 5 keV -
(FWHM)

h (mm) 10.1 1.22 1.49 : .04 0.29 0.275 0.3 0.274

v (mm) 1.21 2.73 35 | 3.82 4 0.45 0.44 0.45 0.538
e beam divergence at 5 i
keV (FWHM) L - (1

ép (mrad) 0.991 2.17 ﬁu j% Qn %Jgf lj‘ ﬁﬂ 7 ﬂlj 2.05 3.35 2.56 4.12

¢, (mrad) 0.124 0.111 .1i 1 1 0. 1 0.375 0.802 0.3 0.592
AE (FWHM) at 5 keV 1.385 1.265 1% 1.28 k954 1.77&l 1.59 }'275 1.275 1.275 1.275
AE/E at 5 keV 2.77x1074| 2.53%10 . 5 256204 3921076 255x107*| 2.55x10~*| 2.55x10~*| 2.55x10~*
Flux at sample 5 keV 6.86x10% | 1.47 qO 2.0x 1010 Y 2.23xA010 (0401051019 158581010 x 1L11x10%°| 1.71x10%°] 1.13x10'°| 1.98x10'°

@ FWHM values correspond to 80% population.

-
w
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Figure 6.10: Reflectivity for Si with a glancing angle of 3 mrad for a photon energy
range of 1000-3000 eV.
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Figure 6.12: Reflectivity for Rh with a glancing angle of 5 mrad and Rh 5/Pt 25
nm with a glancing angle of 6 mrad for a photon energy range of
2300-6700 eV.
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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 i .#Toe obtain calibration curve of Cd in
sticky rice, five standards-werc prepaged by Tuising a controlled sticky rice powder
with CdO (purity 99.99:9%) at.4,.2, 3, 4 and 5% w/w of Cd. Figure 6.16(b) shows
the calibration curvesderiyed froun théi concentrations of Cd in the standards and
measured net areas of the ﬂuoresgencé_ Qd L, peaks.:The LLD for Cd is 60 ppm.
Using a linear fit wigh zero inte_rcept%ths equation y = 4482x was obtained for
the best fit (Adjusted coefﬁcienﬁ of. det'ér;nﬁlination, Adj. R-square = 0.995), where
y is the net area (counts) and-.x:.is Con;%%léiration (% w/w) of Cd. The recorded

YR ol

net area of Cd in the sticky; rice powde_r.:_-_:ig,llSl (with a standard deviation of

350); therefore, the amount of Cd in thg;éfagl‘gle is 0.26% w/w. This sample was

also measured Witli-j?n ED-2000 energy dispersive XRF system (at the Scientific
and Technology Réé’éérch Equipment Center, Chulalori'gf{orn University, Thailand)
operated in vacuum with a conventional x-ray source. Cd in the sample could
hardly be detected.

In order te repeat the experiment, the sample was measured again at the
beamline (BL6™, Fhe dbest; fit fox the standard-iscanlinearsfit=withy 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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spectrum for Ar
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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
dard using t

ti-element glass calibration stan-

0.014
0.013
0.015
0.004
0.022
0.003

Vanadium K—_@E—;F_J . 4 0.005

ST e

. 0.020

0.013
-0.017
0.014

-0:001
d

s REIRIAIAUUNING 1A

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.

"'»_-l -

v g 3

Figure 6.18: Experlm,éntal setup for testing the polycapillary half lens No.208 us-
ing monochromatlc x-rays with a photon energy of 9.5 keV at beam-
lieBL2) | ~

- :] o AR  :;-. qA :éj", f J

Cu wire Wlth ¢ 100 pm was placed at the sample posmon where the monochro-
matic! X—ray beam Was focused T he ‘ﬂuorescent mgnal at ‘Cu K (8047 7 ¢V) 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 K, 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 x 74 pm?.

The capillary lens has been tested using white x-rays at beamline BL2 for
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25 [ T T T T T T T T T T T ]
—=— Cu wire (1st turn)
—e— Cu wire (2nd turn)
—4— Cu wire (3rd turn)
—— Cu wire (4th turn)
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— = — Cu wire (1st turn)
—=— Cu wire (2nd turn)
~— = Cu wire (3rd turn)
. u wire (4th turn)
 Cu wire (5th turn)
u ’ u wire (6th turn)

O ——

Normalized Intensity

(b)

Figure 6.19: Fluorescent signal from Cu K, for the Cu wire with ¢ 100 pum 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 pum and the counting time is 30

s/step.
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Table 6.4: Apparent widths (FWHM) for the fluorescent signal from Cu K, for the
Cu wire with ¢ 100 pm in horizontal (see Figure 6.19(a)) and vertical
(see Figure 6.19(b)) directions for monochromatic beam.

No.scanned turn | x FWHM (um) | y FWHM (um)
1 73.27 85.19
86.39
97.59
88.55
90.96
78.48
87.86

-~ W N

measuring the focusedavhite The Cu wire with ¢ 25 and 100

wm have been used. Th Ko, Wthh is normalized by the

electron beam current, i th hor n \-1 ical direction for the Cu wire

with ¢ 25 and 100 um an pr & ::L ioure 6.20 and 6.21 respectively. The

apparent widths (FWHM) fo snt signal of Cu K, in both horizontal
and vertical directio d'in Tal for ghie Cu wire with ¢ 100 pm
and Table 6.21 for: _ ) ' ) ‘

Table 6.5: Apparent WlEthS (FWHM) for the fluorescent s,1gnal of Cu K, (the Cu

%{% @aﬁ’ﬂﬁi@ ) and Vertlcal (see

average 136.94 155.85
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Figure 6.20: Fluorescent signal from Cu K, for the Cu wire with ¢ 100 gum 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 pum and the counting time is 30 s/step.
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Figure 6.21: Fluorescent signal from Cu K, for the Cu wire with ¢ 25 um 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 ym and the counting time is 30 s/step.
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Table 6.6: Apparent widths (FWHM) for the fluorescent signal of Cu K,, (the Cu
wire with ¢ 25 pum) in horizontal (see Figure 6.21(a)) and vertical (see
Figure 6.21(b)) directions for white beam.

No.scanned turn | x FWHM (um) | y FWHM (um)
1 84.868 88.000

.056 89.365

2
3
4

After that, due

Table 6.7: Aﬁ]ﬁ%@ %‘ ’%ﬂ s nal of Cu K, (the Cu
1t 25 um) in orlzonta (see

wir igure 6. ) and Vertlcal (see
Figure 6.22(b)) directiéns for whitesheam.
RAANAIE Mﬂlﬂ&lﬂﬁﬂ
q No.scanned turn | x FWHM (um) | y FWHM (um)
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 K, 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 ym 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 15 and 2"¢ 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

AUt -_;ff';-___' &
RN RN Y

Figure 6.23: XRF images of copper for 1% and 2"¢ scans. The step size is 150 pm,

the counting time is 10 s/step and the scanned area is 6000 x 6000

wm?.

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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ﬂ‘IJEJ’J ‘l’l“EJ‘V]ﬁWEJ"Iﬂ‘i
Fian g 3 Lo mhum p! ﬂoﬂg’}ﬁ%}l n rodk (o)

Captured photo by the CCD camera (b) the information of Fe K, in
the sample. The step size is 150 pm, the counting time is 10 s/step
and the scanned area (red boundary) is 5000 x 5000 pm?.
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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. Ay 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

Figure 6.26: XRF images of the nickel mesh for 1% and 2"¢ scans. The step size
is 100 pm, the counting time is 5 s/step and the scanned area is
5.04(x) x 4.6(y) mm? 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.l (see Figure 5.3(a)), the relevant dimensions the spatial

profiles of the fluorescent signal o

letters in Figure 5.4 and F

profile (D) and spacing distance (E) @id@pond to the dimension B and
C of the grid pattern h the setup No.1 in Table 6.8

indicate that dimensions#of the gric the beam ame do not match with the
real dimension of the grid. I fore, th paratus adapted to the setup No.2 as
shown in Figure 6.28 for fixi

the error of setup Nodl' b

120

—o— Ni grid (pattern 1)
™ 1 —o—Nigrid (pattern 2)
—— Ni grid (pattern 3)
'__ —v— Ni grid (pattern 4)

100
o) e i ] b3 gl g

804"

60

Relative counts

40

W

vvvvvvvvv
v o

QRIAINIUINTININAE

Figure 6.27: Spatial profiles of Ni K, recorded from the grid patterns.
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s (A, B)- pa @) of the nickel grid structure
denoted in Eigug (b)s W s (D) and spacing (E) of the fluorescent

0.097 | 0.269
01550100 0. 0/ 0.126 | 0.313
350 | 0.118 | 0.174
0.150 | 0.195 | 1:000 | 0.147 | 0.734

AULINENINYINg
PRIAATUAMINYAE
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Table 6.9: Setup No.2: A, ﬁ)‘
Widths (D)'and s .cmg (

ﬁ ?.:".'j.'l. f h
Nickel grid No. Patgern+———=—= idth (mm)
e - A= D E
R 1 0.112 | 0.393
A logsslotenle Ae/| 0.179 | 0.456

91 0.093 | 0.310
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 pum-thick) overlaid on copper foil (4 pm-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 K, and Co
K, in 2D scans were reconstruct |' lor levels corresponding to the photon
counts shown in Figures G.QWGCHVGBK The overall fluorescent
images resemble the m& of the t . It can be seen that a careful

calibration of the sca on sy wﬁ for accurate mapping the
fluorescent image with thevis -// a
D ‘. ‘o

le. This is one of the remaining

tasks to be carried out 0 co ing technique.

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 um, the counting time is 10 s/step
and the scanned area is 6000 pym x 6000 pm.
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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 ¢ 200 ym and powder of CeO,

recorded diffraction patterns under high

) cannot record any diffraction

nd culets in the DAC and air

‘mon energy of 8823.86 eV are

air. Hence, we tried to reduce

loaded in the DAC (see Figure 5.12);
pressure condition are sho :
ring. According to the
(see Figure 6.30), a |
absorbed by diamond ¢
the x-ray absorption by er to increase incident photon
flux; although, we i{ h ring recorded as expressed in

Figure 6.31(c). At

energy for incident x-r

FE ‘7!

Since we cannot recor th@é}ﬁfach ern under high pressure using focus-
L] T
L AL N

ing lens, the diffraction patterns at a ondition using the lens were recorded

dition are shown mBlg ﬂe pinhole for recording the

pattern from Al;O; mKFlgure 6.32(a); as result, intensity of the pattern is too

weak. Heneeﬁréux@] @swﬁﬂy‘s Wd&l quﬁmﬁmed patterns without

the pinhole, t1e recorded dlffractlgon patterns seem to be Clearly as shown in Fig-

= RRAGNT TN URIINYIR
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Figure 6.30: X-ray transmission for (a) the diamond culets with thickness of 4000
pm and (b) air with path length 100 cm.
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Figure 6.31: X-ray powder diffraction pattern for CeO, 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 Al,Oj; 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 CeO, 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 conelude that the W/ B,C multilayer is appropriate for
the DMM in order tovincrease the photon flux for the bending magnet beamline
at the Siam Photon Laboratory: The ?ptimal mirror magnification of the toroidal
focusing mirror for the dimifed dength of the beamline is M0.7. The expected
flux at sample through a/0.3%0. 3 ﬁnn?"aperture is 2.7x10'° photons/sec/100mA,
which is about 7500 times hlgher than that of the beamline BLS8. In addition, less
aberration and small x-ray beam SlZG‘ is. Tequned for the XRPD technique. There-
fore, the mirror magnification=MO0.7 -is a:-gq@d choice for upgrading the existing

beamline or developing a new one. o=

Focused monochromatlc beam for x-ray absorptlon spectroscopy and
x-ray fluorescent techmques i

The results of ray trfaeing simulationstindicate that case C can provide the best
photon flux; however, theflux will be reduced after inserting a circular pinhole.
According to beam width and bedm convergenee for all cases of’/beamline designs,

the flux for ¢ases' D2 and D3:de not substantially reduced togymuch 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
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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 ¢ \ At owever, the hard x-ray from wave-
0
length shifter is required in erde: : ﬁb pressure experiment with dia-

——

The text indicate t i the imiportant details for developing the
synchrotron radiatio v _ iding the beamline design and the techniques
— XRF imaging and i “also XRPD under high-pressure conditions —

for supporting and ex science in Thailand.

Y
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