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After the absorption edge, the penetrating power continues to increase as the wavelength decreases
further until finally the degree of‘avbsorptionAis extremely small at very small wavelengths. At wave-
lengths less than 0.2 é, penetrating power is extremely high, and we are approaching the proper-
ties of interstellar radiation such as cosmic rays, which have extremely high penetrating power.
wavelengths shorter than the K absorption edge have sufficient energy to eject K electrons; the
pombarded sample will exhibit both continuum radiation and the characteristic K lines for the
sample. This process is called XRF and will be discussed in detail. Wavelengths just slightly longer
than the K absorption edge do not have enough energy to displace K electrons. The absorption spec-
trum is unique for each element; portions of the absorption spectrum showing the position of the K
absorption edge for several pure elements are shown in Figure 8.6.

Another way of looking at X-ray absorption is to plot the mass absorption coefficient as a func-
tion of wavelength or energy. For a thin sample of pure metal and a constant incident intensity,
Equation 8.9 indicates that if the percent absorption changes as a function of wavelength, it must be
that i, changes. A plot of ., versus X-ray energy for the element lead is shown in Figure 8.7. The
K, L, and M absorption edges are seen.

The wavelengths of the absorption edges and of the corresponding emission lines do not quite
coincide, as seen in Figure 8.6b. This is because the energy required to dislodge an electron from an
atom (the absorption edge energy) is not quite the same as the energy released when the dislodged
electron is replaced by an electron from an outer shell (emitted X-ray energy). The amount of energy
required to displace the electron must dislodge it from its orbital and remove it completely from the
atom. This is more than the energy released by an electron in an atom falling from one energy level
to another. A few absorption edge values are given in Table 8.3. Figure 8.6b shows that the energy
of the K absorption edge is greater than the energy of the K emission lines. As opposed to emission
spectra, only one K absorption edge is seen per element, since there is only one energy level in the
K shell. Three absorption edges of different energies are observed for the L levels, five for the M
levels, and so on; these can be seen in Figure 8.7. A comprehensive table of absorption edge wave-
lengths is located in Appendix 8.B.

8.1.3.2 X-Ray Fluorescence Process

X-rays can be emitted from a sample by bombarding it with electrons, alpha particles, or with
other g.r_axs_ When electrons or alpha particles are used as the excitation source, the process is
called X-ray emission or particle-induced X-ray emission (PIXE). This is the basis of X-ray micro-

YSis using an electron microprobe (Chapter 14) or an SEM. An alpha particle X-ray spectrom-
eter (APXS) is currently on the Mars Curiosity rover collecting data on Martian rock composition.

' the excitation source is a beam of X-rays, that is, photons, the process of X-ray emission is
“mdjﬂwméﬁaﬁs—tf)ﬁolecular fluorescence discussed in Chapter 5 and atomic
fuorescence discussed in Chapter 7, because the wavelength of excitation is shorter than the emitted

“¥elengths. The beam of exciting X-rays is called the primary beam; the X-rays emitted from the
Mm called secondary X—i’ays."_The use of an X-ray source to produce secondary X-rays from
m is the basis of XRF spectroscopy. The primary X-ray beam must have a A, that is shorter

e absorption edge of the element to be excited. '

% X-Ray Diffraction Process

S consist of atoms, ions, or molecules arranged in a regular, repeating 3D pattern called a
- This knowledge came from the pioneering work of German physicist Max von Laue

sh physicists W.H. Bragg and W.L. Bragg. Max von Laue demonstrated in 1912 that a
1d diffract X-rays, just as a ruled grating will diffract light of a wavelength close to the
Ween the ruled lines on the grating. The fact that diffraction occurs indicates that the
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Figure 8.6 (a) Energies of the K absorption edges for several pure elements. (Courtesy of OHTEE;?S:MJ '
a e

www.ortec-online.com; From Jenkins, R. et al., Quantitative X-Ray Spectrometlry, M d s
Inc., New York, 1981. Used with permission.) (b) Energies of the K absorption edge P'OHSF s
matically for the main elements in steel. (Courtesy of the University of Western Ontario X
Course, London, Ontario, Canada.)
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Figure 8.7 The mass absorption coefficient for Pb as a function of energy. The K, L, and M absorption
edges'arg seen. (Courtesy of ORTEC (Ametek). www.ortec-online.com; From Jenkins, R. et al.,
Quantitative X-Ray Spectrometry, Marcel Dekker, Inc., New York, 1981. Used with permission.)

atoms are arranged in an ordered pattern, with the spacing between the planes of atoms on the order
of short-wavelength electromagnetic radiation in the X-ray region. The diffraction pattern could be

used to measure the atomic spacing in crystals, allowing the determination of the exact arrangement

inthe crystal, the crystal structure. The Braggs used von Laue’s discovery to determine the arrange-
i als and to develop a simple 2D model to explain XRD.

ment of atoms in several crysta ‘ ¥

If the spacing between the planes of atoms is aboqt the same as the w_a\_fele:ngt'h of the radiation,
an impinging beam of X-rays is reflected at each layer in the crysta], as shown m'Fl gure 8.8. AssunTe
that the X-rays falling on the crystal are E@l_lg&yge_s that. strike the crystal surface at fangl}:axe. That
is, the waves O and O’ are in phase with each other and remforcg eacg oth(tlzr].)lnt l:)erder:] u(i: i : :,l l\\';e;v?s
to emerge as a reflected beam after scattering from atoms a; zﬁ'?llllll;ls 2 ;u:: ohe’rem,ylf u{e ;vaves il

: i t still be

phase with each other, that is, waves Y and X mus Sl o
completely out of phase, their amplitudes cancel each other; they are said to interfere destr.ucu}:et')
and no beaym$éi'n_ta?fg)és' 1;1 order to get reinforcement, it is necessary that the two waves stay in phase

with each -eeraction at the crystal planes. e ompare
t!iteac gl af{e . d{ffra that the lower wave travels an extra distance AB + BC comp \ru.'l
can be seen in Figure 8.8 tha o hs, the emerging beams Y and X

with the upper wave. If AB + BC is a whole number of wavelengt

< Y

Crystal planes

'gure 8.8 Difraction of X-rays by crystél planes.
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EDXRE WDXRF
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[ X-ray tube :] Detector X-ray tube Crystal
12,3 \( 1,2, 3]
. 3 Detector
SAIpE Sample

A
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Schematic comparison of EDXRF and WDXRF. The upper squares show the differences in
instrument configuration, while the lower squares show the resulting spectra. B indicates the
background radiation, while 1, 2, and 3 (P1, P2, P3) are photons of different energies.

Sojzu . paglautrond : :

all X-ray systems use ionizing radiation, which poses significant health hazards. X-ray systems of
have the proper shielding and safety interlocks to
t accidental exposure to radiation. EEL

Figure 8.9

—

all types are regulated, and ppmglgclal;g){stems
comply with regulatory requirements and preven

8.2.1 X-Ray Source

Three common methods of generating X-rays for analytical use in the laboratory or the field are

trons to produce a broadband continuum of x-radiation resulting

from their deceleration upon impact with a M as well as @@giﬁq_}-_ra_){(me radia-
tion by ejecting inner core electrons from the _tg;gqt_metql_ atoms; this is the basis of the X-ray tube,
the most common source used in XRD and XRF
2. Use of an X-ray beam of sufficient energy (the primary beam) to gject inner core electrons from a
sample to E;baﬂgw__gécahdary X-ray beam (XRF)
3. Useofa MQ‘_@, which emits very-high-energy X-rays

its decay process

f 4 M e th . ' . 1
: A fourtl(meetﬁéig(% producing X-rays employs a massive, high-energy particle accelerator called a

synchrotron. These are available at only a few locations around the world, such as the Brookhaven
National Laboratory or the Stanford Accelerator Center in the United States, and are shared facili-
ties servicing a large number of clients. X-rays may be generated when alpha particles or other

vy particles bombard a sample; this technique is called PIXE and requires a suitable accelerator
facility. The use of an electron beam to generate X-rays from a microscopic sample as well as an
image of the sample surface is the basis of X-ray microanalysis using an electron microprobe or

scanning electron microscopy:
These different X-ray sources may
tow line emission, or both simultaneously,

1. Use of a beam of high-energy elec

(also called gamma radiation) in

s

produce either broadband V(Acgntinugm)_erpission or nar-
depending on how the source is operated. Figure 8.3
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displays the simultaneous generation of both a broad continuum of X-ray energies with elemep.
specific lines superposed upon it, obtained by bombarding rhodium metal with electrons in g,

X-ray tube.

8.2.1.1 X-Ray Tube

A schematic X-ray tube is depicted in Figure 8.10. The X-ray tube consists of an evacuateg
glass or ceramic envelope containing a wire filament cathode and a pure metal anode. A thin
beryllium window sealed in the envelope allows X-rays to exit the tube. The envelope is encased
in lead shielding and a heavy steel jacket with an opening over the window, to protect the tube.
When a cathode (a negatively charged electrode) in the form of a metal wire is electrically heated
by the passage of current, it gives off electrons, a process called thermionic emission. If a posi-
tively charged metallic electrode (called an anode) is placed near the cathode in a vacuum, the

be
Window /Vacuum

¥ 1
% f ’ Electrons accelerated toward anode
X-rays

Anode SN (S) Hot cathode
S~

(a)

Cooling water
supplies

- s
H".’ﬂlll HT contact

Be window Tube recognition
Filament
(b) connector
Super sharp tube

Electron
path

Anode

Circular

Be window cathode

Primary
(c) X-rays

ray tube used for XRD. (b) Schematic of the 4.0 k:g
ose-up of the window €

Figure 8.10 (a) Schematic diagram of a side-window X-
be. (b and c: Courtesy '

ceramic end-window X-ray tube, called the Super Sharp Tube™. (c) Cl
of the Super Sharp Tube, showing the circular cathode design of this tu
PANalytical, Inc., The Netherlands, www.panalytical.com.).

4
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Deionized cooling water

for anode Cooling water for

tube head

Annular
cathode

filament %
ectron-

beam

Beryllium
window

(d) X-rays

(d) Schematic side view of an end-window X-ray tube showing the Be window and

Figure 8.10 (continued)
cooling water. (© 2013 Bruker, Inc., www.bruker.com. Used with permission.)

1 be accelerated toward the anode. Upon striking it, the electrons

fnkhsiny

1lic surface of the anode. If the electrons have been accelerated

to a high enough velocity by a sufficiently high voltage between the cathode and anode, energy
is released.as radiation of short  wavelength (0.1-100 A), called x-radiation or X-rays. X-ray tubes
are generally operated at voltage differentials of 2-100 kV between the wire filament cathode
and the anode. Poctsode : /0 Lo :

v o ag The anode is called the target. The

The cathode is normally a tungsten-based wire filament. :
X-ray tube has a copper anode, a rhodium tube has 2

X-ray tube is named for the anode; a copper € . ;
thodium anode, a tungsten tube has a tungsten anode; all have fungsten-based wire cathodes. The
target is usually not a solid ‘nmetal but a.c0 oat with a layer of the desired target mate-
rial. Numerous metals have been used as target materials, but common target elements are titanium,
cop rhodium, gold, silver, palladium, and tungsten. The target mate-

copper, chromium, molybdenum, ! ; _ -
rial determines the characteristic emission lines and affects the intensity _of the Lom}ﬂuum&ﬂ‘e
b cid 1 ~athode determi h ener; electrons in the beam
v anode and cathode determines how M ctrons. 3 pess

Yoltage et f X-ray intensities 11

acquire, and this in turn determines the qw@g_i_ll intensity of the wide range 0 ‘
d the maximum X-ray energy (shortest wavelength of A

the continuum distribution an I _ P i N
he “Equation 8.7). Figure 8.11 shows how both the intensity of thg L'onunuum
e w’m’ i Ly ff vary as the applied voltage to this silver (Ag)

negatively charged electrons wil
give up their energy at the meta

as shown

radiation and the short-wavelength/high-enerey e : i SR

X-ray tube varies. This illustration also shows that the Ag L line emission varies as d function ol
; s 4 Ve GE { -

th - . A . ) } : ~— Ao E » ]

o excitation. R ew pYLEAR et, it should be remembered that 1t 1S pecessary

be used for the targ " cite the

itted by the source to be greater than that require 0o
element being irradiated 1n an RE analysis. As a simple rule of thumb. the (‘%"ﬁ%&:ﬁpla Shis
Source should have a greater atomic number than the elements being ?’_‘a',,“";e ]'" 3 ¢ o fluoresce.
ensures that the energy of radiation is more than sufficient fo gange e SR s ;emer;me atoms is
S O tont in Xoray absorption or XRD, Where SM5CC B aae oy CRD)
not necessary. In XRD, the target is chosen to avoid the excitation of characteri y

In choosing the element 0
for the energy of the X-rays €m
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Tungsten target X-ray tube

W L, radiation
&
“
-
3
=
0 16 Bb 40 50
() Tube voltage (kV)

Figure 8.11 (continued) (c) The characteristic radiation from an X-ray tube also varies as the applied voltage
varies. Below 20 kV, the intensity of the tungsten L, line is very low. The intensity of

J this characteristic line increases as the applied voltage increases.
6@. - Ay Kif’((} .

The exit window of the X-ray tube is usually made of beryllium, which is essentially transpar-
ent to X-rays. The Be window is thin, generally OB—QSmm thick, and is very fragile. The window
may be on the side of the tube, as shown in Figure 8.10a, or in the end of the tube (Figure 8.10b
through d). Side-window tubes are common, but an—winQow tubes permit the use of a thinner beryl-
lium window. This makes end-window tubes good for low-energy X-ray excitation by improving the

low-energy output of the tube. To minimize the tu be size, a transmission target can be used. The tar-

ment on the beryllium window. For example, a silver transmission tar-

get is a layer of the targe
fAgona 127 pm thick Be window. Figure 8.12

get can be constructed from a 0.75 pm thick layer o
rhodium X-ray tube.

shows both the schematic of a side and transmission target

(ARTAX)

Spectrum (Rh anode)

x1E3 PULSES

250

200

150

(Tracer)
U keV Anode 100

X-ray 50 [

v 10 20 30 40 50
keV

a modern hand-

-window tube (ARTAX system) and
BRUKER NANO

Figure 812 Schematic diagrams of a Rh target side
held transmission target design (TRACER system). (Courtesy of Roald Tagle,
GmbH, Berlin, Germany. © 2013 Bruker, Inc. Used with permission.)
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Table 8.4 Charnclerlgglcu of Radioisotope Sources for XRF Spectrometry
% Theoretical
Yield (Photons
Primary Half-Life  Useful Photon En
ergies per 100 Decay Typical

lsotope  Decay Mode  (Years) Emitted Transformations)  Activity (mCi)
e EC 2.7 5.9, 6.4 keV Mn K X-rays 28.5 5-100
wCd EC 13 22.2-25.5 keV Ag K X-rays 102 0.5-100

88.2 keV y-ray 4
HAM Alpha 458 14-21 keV Np L X-rays 37 1-50

59.6 keV y-ray 36
YCo EC 0.74 6.4, 7.1 keV Fe K X-rays 51 1

14.4 keV y-ray 8.2

122 keV y-ray 88.9

136 keV y-ray 8.8
Ao Beta 12.3 Bremsstrahlung source, 3000-5000

endpoint at 18.6 keV
WPm Beta 2.6 Bremsstrahlung source, 500
endpoint at 225 keV

Source: Table from Jenkins, R. et al., Quantitative X-Ray Spectrometry, Marcel Dekker, Inc., New York, 1981.
Used with permission.
" Radioactive tritium gas is adsorbed on nonradioactive metal foil, such as titanium foil.

when monochromatic or nearly monochromatic radiation is required, the loss of intensity is more
than offset by the low background from the secondary source.

8.2.1.3 Radioisotope Sources

X-radiation is a product of radioactive decay of certain isotopes. The term gamma ray is
often used for an X-ray resulting from such a decay process. Alpha and beta decay and electron
capture (EC) processes can result in the release of gamma rays. Table 8.4 lists some common
radioisotopes used as XRF sources. 4o ionqe X e

The advantages of radioisotope sources are that they are small, rugged, and portable and do not
require a power supply. They are ideal for obtaining XRF spectra from large samples or field mea-
surements while not requiring any power, enabling small compact units with long operation times.
Examples include the analysis of bulky objects that cannot have pieces cut from them, such as aircraft
engines, ship hulls, and art objects. The disadvantage is that the intensity of these sources is weak
compared with that of an X-ray tube, the source cannot be optimized by changing voltage as can be
done with an X-ray tube, and the source intensity decreases with time depending on the half-life of
the source. In addition, the source cannot be turned off. This requires care on the part of the analyst to
avoid exposure to the ever-gmt’lg—)ﬁ: Isotope sources are more regulated than tube-
based sbur_cgg and although isotope sources are convenient for portable XRF systems, tube-based
portable and handheld devices are more common. Isotope source uses are currently limited to K line
_c_xpi_tg}_ipn‘ approaches as well as for economical dedicated analyzers, such as for Pb in paint.

8.2.2 Instrumentation for Energy Dispersive X-Ray Spectrometry

In EDXRF spectrometry, there is no physical separation of the fluorescence radiation from the
sample. There is no dispersing device prior to the detector. All the photons of all energies arrive at
he detector simultaneously. Any EDXRF is designed around the following components—a source
of primary excitation, a sample holder, and a detector, seen in Figure 8.14. ‘

e ———
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X-ray tube and 9V AC/DC
i—
power supply adapter je=
[® @ 110/220
VAC

X-123
complete spectrometer

ADMCA Data acquisition and
control software

& Ea Ly
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Figure 8.14 (a) A schematic EDXRF system with an X-ray tube source. There is no dispersion device between the

sample and the detector. Photons of all energies are collected simultaneously. (From Ellis, A.T., in Van

Griekin, R.E.; Markowicz, A.A. (eds.), Handbook of X-Ray Spectrometry, 2nd edn., Marcel Dekker,

Inc.: New York, 2002. Used with permission.) (b) A commercial benchtop EDXRF spectrometer, he

Rigaku NEX QC, setup to measure sulfur in crude oil. (Courtesy of Applied Rigaku Technologies.

Inc., Austin, TX, www.rigakuedxrf.com.) (c) Component-based compact XRF kit, showing relativé

positions of the X-ray tube (top), the sample (right), and the X-ray spectrometer (bottom). (d) The

compact component kit as part of a complete XRF system. (c and d: Courtesy of AMPTEK, [nc.
www.amptek.com.)

Conta0 M >m 3, exctlalion :

All EDXRF systems afe able to modify the primary signal to control the excitation of the sam-

ple. This is achieved by different means, which result in three groups of systems: direct excil: on.

secondary or 3D excitation, and total reflectance XRF (TXRF). D/ g onct & e Lol om: o

In direct excitation systems, the source is directed toward the sample thus exciting the samp™

directly with the radiation from the target or isotope source (Figure 8.15). To modify the excitation

or attenuate undesired parts of the excitation spectra, primary beam filters are used. To reduce[ffi:
vell. s belo

spot size and enable “micro” spot analysis, pinhole masks are in use as well. For micro spot
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X-ray X-ray fluorescence

Filter wheel

-ray tube, 50 W

XFlash detector

Figure 8.15 Schematic 3D view of a direct excitation EDXRF system. (© 2013 Bruker, Inc. www.bruker.com.
Used with permission.)

100 pm in certain units, capillary optics are used. Typical direct excitation units are all handheld
units, isotope-based units, the majority of low-power and medium-power benchtop EDXRF sys-

Vel

U SR e B e .
“total reflectance.” The signal from the sample, whic

tems, as well as the micro-XRF and dedicated plating thickness XRF units. S&¢ &5 Loy exolot]

d to illuminate a selectable secondary target,
beam or to act as a new “source.” The geo-

In secondary excitation units, the source is use
which is made of specific material to either scatter the
metric arrangement is such that th rget illy t
ensures that the X-ray beam is polarized (Figure 8.16). Dlal Replacton ez eéxeile
TXRF systems use a secondary target and theﬁprinciplg of Bragg diffraction to create a more

very low incident angle to the sample to achieve

monochromatic beam. This beam is directed at inc :
h has to be prepared as very thin film or

Nonpolarized fluorescent
target radiation and polarized
scattered tube radiation

Nonpolarized
primary tube
radiation

Secondary
target

Fluorescent
sample radiation

Polarized
scattered target
radiation

Detector

RF system. (Modified from a diagram

Figure 8.6 Schematic drawing of a 3D beam of a secondary target EDX
www.panalytical.com.)

provided by Bruno Vrebos, 2009, PANaltyical Inc., The Netherlands.
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(b)

Figure 8.17 (a) Schematic drawing of a TXRF system. From left to right is the X-ray source, the synthgt_lc
multilayer monochromator (Section 8.2.3.2), the thin sample on a support, the silicon drift
detector (SDD) above the sample, and finally a beam stop. (b) A commercial TXRF spectrometer,
the Bruker S2 PICOFOX with its laptop computer. The displayed spectrum shows the high SN

ratio. (© 2013 Bruker, Inc. www.bruker.com. Used with permission.)

micropowder, will exhibit a very low background and thus an excellent signal-to-noise ratio. These
systems are quite compact, as seen in Figure 8.17b.

8.2.2.1 Excitation Source

Most tubes in EDXRF systems are end-window or transmission target designs. For secqndaf }
target and mobile XRF units, side-window tubes are used. Tube voltage and excitation is limned' o
usually 50 or 60 kV for handheld, portable, and benchtop devices. High voltages (2100 kV) require
more shielding and therefore require large floor units.
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