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A B S T R A C T 

By x-ray bombardment of metal monocrystals (Fe, Co, Ni, and Cu) , x-rays 

of KLL radiative Auger electrons (KLL RAE) can be observed on the low energy 

side of the K a lines. The energies of the KLL RAE x-rays of each monocrystal are 

the same for different lattice planes and when different kinds of x-ray tubes . Mo, 

W, and Cu target tubes , are used. Therefore, the peak energies detected within 

the KLL Auger electron energy limit are interpreted as KLL RAE x-rays. The 

measured intensity ratios of K L L / K a are about 0.3 % . Additionally, the rat io of 

I (K/9) / I (Ka) and I(Si escape p e a k ) / I ( K a ) are measured. All of these values agree 

well with theoretical values. The beam shapes of KLL RAE x-rays are studied 

by taking pictures on x-ray films. The intensity distribution for Ni and Cu are 

measured by changing the crystal angle with respect to the incident x-ray beam 

near the Bragg angles of the KLL R A E x-rays. It is shown tha t the KLL R A E 

x-rays are very sharp and stimulated when the crystal is set at the Bragg angle 

of the KLL R A E with respect to the incident beam, which contains both the 

pumping radiat ion and Bremsstrahlung of frequencies in the KLL RAE range in 

which the KLL x-rays stimulation is achieved. 
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CHAPTER I 

INTRODUCTION 

1.1 Purpose of Investigation 

The primary motivations for doing this study are to identify the facts that the 

x-rays of the radiative Auger electrons (RAE) in metal monocrystals are produced 

by making ionization of atom by x-ray bombardment and can be amplified when 

the crystal is set at the Bragg angle of the KLL RAE with respect to the incident 

beam. It is believed that the Auger electrons are bound to the nonoccupied 

level close to the Fermi surface and radiate the RAE x-rays. The energies and 

intensities of the RAE x-rays can be measured precisely by utilizing monocrystals. 

A monocrystal has the advantage that the x-rays of the RAE are more detectable 

because it radiates sharp x-ray lines of fluorescences channelled at the angle of the 

Bragg resonance, but until now, no one has used monocrystals to study the x-ray 

of RAE. The intensities of the RAE x-rays can be measured relatively to the Ka. 

To study that the RAE x-rays can be ampHfied in monocrystal, the intensity 

distributions are measured by the detector by rotating the monocrystal near the 

Bragg angle of the KLL RAE with respect to incident beam, and the photographic 

pictures are taken on the Bragg angle. 

The metal monocrystals are selected for this experiment because of good 

endurance for heat, and the x-ray bombardments to excite atoms in monocrystal 

are selected because it can penetrate further through the crystal lattices than when 

electron or proton bombardment; therefore, it is good for studying channelled RAE 

x-rays. 

The KLL RAE x-rays are studied because they are on the low energy side of 

Ka and are distinguishable for the Ka and K/3. 

Before discussing the RAE theory, I will discuss the general theory of x-ray. 



1.2 X-ray Emission Spectra 

1.2.1 Product ion of Bremsstrahlung 

Bremsstrahlung is produced by the deceleration of an electron when it hits an 

a tom of a target . For an x-ray tube which has a thick target , the Bremsstrahlung 

radiat ion is shown under the characteristic x-rays due to target (Figure 1). The 

Bremsst rahlung energy is equal to the change in the electron's kinetic energy, i.e., 

h^* = Ki — Kf, where Kj is the initial kinetic energy and Kf the final kinetic energy 

of the electron. An electron may produce a number of photons with all kinds of 

energy before coming to rest. The most energetic photon possible will occur when 

an electron loses all of its initial kinetic energy in a single interaction, producing 

a single photon with a maximum frequency or minimum wavelength given by 

he 
•'-'inax — n i / m a x ^^ T 

where Emax is the maximum energy of the incident electron and i/max and Amin 

are the max imum frequency and minimum wavelength of emit ted photons . It 

is known tha t the Bremsstrahlung has maximum intensity at approximately 1.5 

Arnin- As Figure 1 shows, the high energy cutoff depends on the max imum kinetic 

energy of the electron in the x-ray tube , i.e., the voltage of power supply. On the 

low energy side, the Bremsstrahlung has low and smooth intensity. 

1.2.2 Product ion of Characterist ic X-ray Spectra 

W h e n a target is bombarded by a sufficiently energetic electron or an x-ray 

beam, ionization occurs in any one of the electron shells. If an electron is knocked 

out from the K shell, the a tom is referred to as being K ionized and a hole in 

the K shell is produced which hole is known as a K hole. W h e n an a tom is K 

ionized, it is no longer stable due to the absence of the electron in the K shell and 

it reorganizes itself in order to become more stable. In the reorganization process. 
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Figure 1: X-ray Emission Spectra. Characteristic x-rays of target rise high above 
the contineous Bremsstrahlung radiation. The Bremsstrahlung reaches a miaxi-
mum at 1.5 Amin. 



the atom becomes more stable by moving the hole out of the atom. We call this 

electron transition. The transition occurs when electron drops down from an high 

shell to the hole in the low energy shell. This electron transition is governed by the 

selection rules. When a transition occurs, a photon is emitted having energy equal 

to the energy difference between the initial and final states of the transition. This 

is the characteristic (Figures 1 and 2) x-ray. The transition processes are occurred 

continuously until the hole is moved to the outer shell of atom. The electron shells 

is known to have some finite energy width. When an electron makes a transition, 

the energy width associated with the shell width is the cause of the fundmental 

line width. 

The selection rules, by which electron transitions within the atom are possible, 

are followed by electric dipole transition rules. These are: 

An 7^0 

Al = ± l 

A j - 0 , ± 1 

As = 0 . 

However, magnetic dipole and electric quadrupole transition are much (10~^ -

10~^ times) weaker than the electric dipole transition. 

Relative intensities of spectral lines depend on the transition probabilities of 

respective electron transitions. These transition probabilities are closely related 

to the selection rules above. If the selection rules are not violated, a transition 

may occur. These possible transition do not occur at the same rate. By Scofield,-^ 

in the case of Ni, the intensity of Ka2 is 51 % of Kai intensity and the intensity 

of K/3i is 13.6 % of Ka i intensity. 
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Figure 2: Electron Transition. The electron transitions produce the characteristic 
x-rays by the selection rule. 

file:///jOL2


1.2.3 X-ray Absorption Edges 

When a beam of x-rays passes through a material, some of the photons may 

interact with the atoms of the material, causing the photons to be removed from 

the beam. The primary interaction processes responsible for the reduction of 

the intensity of any photon beam are the resonance absorption, photoelectric 

effect, Compton scattering and pair production. Because x-rays have energies 

in the 1-100 keV range they cannot produce electron-positron pairs. Therefore, 

the intensity of an x-ray beam will be reduced by only the resonance absorption, 

photoelectric effect and Compton scattering. The high energy photon are less 

likely to produce photoelectrons or undergo Compton scattering; therefore, when 

the x-ray energy just equals the binding energy of one of the core electrons, the 

intensity reduction of the incident x-rays are at the maximum. That is, maximum 

absorption of the incident x-rays occurs. 

To study the absorption edge of K and L shell, the experimental setup is 

in Figure 3. The thin foil of the tested material is set at the x-ray beam. The 

x-rays transmitted through the thin foil have less intensity near the absorption 

edge. The transmitted beam can be analyzed by rotating the LiF crystal near 

the Bragg angle of the absorption edge. The diffracted intensity by the crystal 

drops abruptly at the absorption edge (Figure 3). Table 1 represents the K and L 

absorption edges of the atomic numbers used for the computing the Auger electron 

energies (section 2.3), which are from ESCA^ table. 

1.3 Historical Background 

Bloch^ suggested a type of reorganization of an atom ionized in an inner shell 

involving the emission of both an electron and a photon from an atom. It can be 

regarded as either a partial Auger effect or an internal Compton scattering. For 

example, an atom initially ionized in the K shell may reorganize by the transition 
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Figure 3: The Experimental Setup for Measuring the Absorption Edge and the 
Measured Intensity near the Absorption Edge. 



Table 1: K and L Absorption Edges. These values are from the ESC A table and 
used for computing the Auger electron energies. 

Electron 

Shell 

K 

Ll 

L2 

L3 

Fe 

7115 

8A6 

723 

710 

Absorption 

Co 

7709 

926 

794 

779 

Edges (eV) 

Ni 

8333 

1008 

872 

855 

Cu 

8980 

1096 

951 

931 

Zn 

9660 

1194 

1044 

1021 
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of an L-shell electron leading to the production of a K a photon. In the course 

of emission this photon interacts with an M electron and give up some, but not 

all of its energy to it. As a result the M electron together with the degraded K a 

photon are bo th ejected. This process is therefore a radiative KLM transi t ion. 

Bloch and Ross^ observed this process in Mo, Rh, Pd, and Ag in the form of a 

rise in the intensity of the continuous background extending over a wavelength 

region of K/3. The radiative intensity in the plateau was about equal to tha t of 

the weak K/35 (K-M4,5) line itself. The radiation observed by Bloch and Ross is 

in terpreted as arising from a KM4^5M transition and its observed intensity was in 

rough agreement with est imates made by Bloch. Similarly Cady and TombouHan^ 

interpreted a low energy tail in the L emission bands in Na, Mg, and Al as due to 

a similar effect. The radiation emit ted when conduction electrons fill vacancies in 

the L shell was spread over a band whose shape represented to energy distr ibution 

of the conduction electrons. 

A related observation was made by Hulubei^ who found a satellite, designated 

K a s on the low frequency side of the K a doublet for elements in the range of 

atomic number from 33 As to 42M0. Hulubei et al.^ found a similar line, K/3i, on 

the low frequency side. These observations have been interpreted in a similar way 

to those of Bloch and Ross, except tha t in this case the electron with which the 

radia t ion interacts is not ejected but is raised to a higher bound state in a kind 

of internal R a m a n effect. 

Das Gupta^'® reported tha t the appearance of low energy satellites in soft 

x-ray spectra of insulators like diamond, sulphur, BeO, AI2O3, and Si02 could be 

due to a vir tual R a m a n type process involving Auger electrons in the intermediate 

s ta tes . The low energy satellite in these insulators agreed roughly with the kinetic 

energy of the Auger electron involving the inner K and the outer valence levels of 



the a tom. The uncertainty of such an interpretat ion was due to the large widths 

of the filled and unfilled band of the insulators. 

The occurrence of these processes received convincing confirmation in the 

work of Aberg and Utriainen,^^ and of Cooper and La Villa.^^ Aberg and Utriainen 

observed a s t ructure including several maxima on the low energy side of the K a 

doublet in Mg, Al, Si, and S. They used a gas flow proportional counter containing 

Ar with 10 % methane . The peaks of interest in the s tructure observed in sulfur 

were extending from 200-400 eV on the low energy side of K a . The maxima were 

interpreted as heads of radiat ion continuum corresponding to the ejection of L 

electrons with kinetic energies increasing from zero at the heads of the continua. 

They were to be interpreted therefore as radiative KLL transit ions. The positions 

of these maxima coincided with the energies of the various lines of the K Auger 

spec t rum. The predicted Auger energies were given by Siegbahn^ on the basis of 

the most precise energies derived from electron spectroscopy for chemical analysis 

(ESCA) . The agreement is striking and gives confidence about the correctness of 

the interpreta t ion. 

Cooper and La Villa^^ observed similar structure on the low energy side of 

the L/,n (L2,3 - M l ) doublets of CI, Ar, and K. This s t ructure can be interpreted 

as arising from radiative transit ions of the type L2,3MiM2,3 with the second M 

electron either promoted to a higher bound state or ejected. Similar s t ructure on 

the low energy side of the K/3 spectrum of K was interpreted by Utriainen and 

Aberg"^^ along the same lines. Jamison et al.^^ observed x-rays resulting from one 

photon two electron rearrangement for Mg, Al, and Si by heavy ion bombardment . 

Two types of rearrangement processes, which lead to x-rays below the energy of 

the characterist ic K a fines are the radiative Auger effect and radiative electron 

rearrangement . Bonnet et al^^ showed radiative Auger transit ions in the Ar L x 

10 



-ray spectrum produced by electron impact. This means that new fines and a 

strong relative intensity enhancement have been observed in the LMM radiative 

Auger spectrum of Ar for electron impact. He did the same thing for Ne in 1983. 
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CHAPTER II 

BASIC PROCESSES OF AUGER AND 

X-RAY EMISSION 

2.1 Phenomenological Description 

In this section, I compare the closely related phenomena of the Auger process 

and x-ray emission by photoionization. The photoionization is a one-step process 

for both outer shell and inner shell emission which has a simple relation between 

the measured energy of the emitted electron, the photon energy, and the binding 

energy in the affected shell. Figure 4 illustrates the basic processes of photoion

ization which is a single step, and Auger and x-ray phenomena which are two-step 

processes. In this process, first, a photon or an electron ejects an electron from an 

inner shell. In the second step, an electron drops down to fill the hole and either 

an x-ray or a second electron (an Auger electron) is emitted. For x-ray or Auger 

processes in which an electron drops from a valence shell, the chemical shift tells 

us about binding energies in both shells. 

Inner shell vacancy can be formed either by electron or x-ray bombardment. If 

an electron beam is employed, only a portion of the energy of the impact electron is 

used in the ionization. Both the impact and ejected electrons share the net energy, 

which equals the difference between the initial and final states of the atom and 

ion. The maximum cross section for ionization due to electron impact generally 

occurs when electron impact energies are several times the binding energy. Gulpe 

and Mehlhorn-^^ showed the relative cross section for K ionization in Ne, C, N, 

and O as function of Ep /Ex , which is the ratio of energy of input electron to 

K-binding energy. The maximum crosssection occurred when Ep/Ex was around 

4. 

12 



Photoionization (One-step) 

Outer SheU Inner Shell 

Two-step Processes 

Figure 4: Basic Processes of X-ray and Auger Spectroscopy. Photoionization is 
a one-step process, and x-ray fluorescence and Auger spectroscopy are two-step 
processes. 
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The advantages for using electron impact rather than photons are an electron 

beam can be obtained with many orders of magnitude greater intensity than is 

possible for an x-ray source, and a well-defined focal spot can be achieved with 

an electron beam, of inestimable value in surface topography. However, the soft 

x-rays have their advantages for producing inner shell vacancies. In many appli

cations, the intensity of the x-ray beam is more than sufficient. The production of 

secondary electrons is less, and the peak-to-background ratio is superior to that 

for electron impact. Less radiation damage is incurred and no carbon is stuck on 

the target. 

Protons, a-particles, and heavy ions have also been used for promoting inner 

shell ionization. The chief advantage for using positively charged nuclei rather 

than electrons occurs in the domain of x-ray emission spectroscopy. Ions do not 

create the Bremsstrahlung background that electrons do. Needham et al.^^ have 

used protons in connection with Auger emission to ensure that only surface atoms 

are excited. 

The concept of the depth for forming the initial vacancy is important. If the 

electron impact is employed as the initial excitation source the depth is reduced. 

When x-rays produced by fluorescence are measured, the depth of the surface 

being studied increases substantially. Therefore, if photoionization is employed 

as the initial excitation source, the measurements are made well into the bulk 

material. 

Seiber^^ estimated the surface depth studied as a function of analysis. This 

gives a rough idea of the surface depth measured by the various methods. Specially 

the surface thickness to which the x-ray fluorescence can travel in case of excitation 

by x-ray is 6.8 times of it in case of excitation by electron impact. That is, x-ray 

14 



bombardment can excite the a tom in deep bulk material , but electron impact can 

make excitation of atomic surface only. 

If we study the channelled x-ray fluorescence through the monocrystal , we 

should excite the a tom in the crystal deeply. Therefore, x-ray bombardment is 

be t t e r t han electron impact to excite the a tom in the crystal. 

2.2 X-rav Fluorescence and Auger Yields 

The Auger process is in competi t ion with the emission of x-ray fluorescence 

in the relaxing of the initial vacancy. If for a given inner subsheU vacancy. K, 

the number of the K hole states per unit of t ime is N K and the number of Auger 

electrons per unit of t ime is N A ; then the fluorescence yield for this subshell is 

and the Auger yield A K is 

A K = 1 - W K . 

Auger found N K and N A of Kr by using Wilson cloud chamber. In the instances 

in which the incident radiation ejected 223 K shell electrons. Auger found tha t 

109 Auger electrons were accompanied. Therefore, the W K for Kr was 0.51. 

Bambynek-^® showed the experimental and theoretical values for each ele

ments . The K shell fluorescence and Auger yields of Fe, Co, Ni, and Cu are 

represented in Table 2. 

2.3 Auger Electron States and Energies 

In the Auger process an initial hole created in a shell or subshell is transferred 

to an outer shell or orbital , and the energy involved in this t ransi t ion results in 

the emission of a secondary electron. The kinetic energy of the Auger electron is 

related to the final energy s ta te of the a tom, which is governed by the positioning 

15 



Table 2: Fluorescence and Auger Yield for the Crystals Used. Bambynek^^ showed 
the experimental and theoretical values for each element. 

Fe 

Co 

Ni 

Cu 

Fluorescence 
Yield (WK) 

Exp. 
Values 

0.342 

0.366 

0.414 

0.443 

Theo. 
Values 

0.3624 

0.3977 

0.4329 

Auger Yield 

AK 

(1 - WK) 

0.658 

0.634 

0.586 

0.557 

AK / WK 

1.924 

1.732 

1.415 

1.257 
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of the double hole formation and the interaction between remaining electrons. 

The double-vacancy configuration can be used to characterize part icular Auger 

t ransi t ions in a toms. In general te rms, we can consider the radiationless process of 

Auger electron to consist of t ransi t ions involving holes. Hence, an initial vacancy 

characterized by the principal, angular momentum, magnetic, and spin quan tum 

numbers (nlmiiris)' resulting in final vacancies (nlmiiHs)^ and (nlmimg)^ can be 

represented as follows: 

(n 1 mi ms)^ —> (n 1 mi ms)-^(n 1 mi mg)^ . 

This s i tuat ion is normally wri t ten as three consecutive symbols with the arrow 

depicting the transfer of the initial vacancy being omit ted as follows: 

AdBgCf 

where d, e, and f are subshell indices or J values. If the initial vacancy is in the 

K shell, then Auger electrons derived from the filling of the K level from outer 

electrons are of the type KBgCf. 

T h e hole symbols BgCf can also be wri t ten in two different formats. For 

example, in K-series transit ions with bo th holes occurring for n = 2 , the following 

equivalent expressions could be used 

KL1L2 = Is2s2pi 

KL2L3 = I s 2 p i 2 p 3 . 
2 2 

In a similar manner equivalent expressions could be derived for L series electrons, 

where the initial hole is created in one of the L shell: 

L1M4M5 = 2s3d33d5 . 
2 2 

Occasionally, the following types of expression are also used: KL2,3L2,3 and KVV. 

The former nota t ion refers to an inability to distinguish the subshells, with indices 

2 and 3, whereas the lat ter implies t ha t the double hole configuration resides in 

valence levels. 
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As a result of a KLL transi t ion, the L-sheU electrons may be in one of the 

following three configurations 

(2s )° (2p)^ (2s)^(2p)^ (2s )2(2pr . 

Thus we can now correlate configurations with transit ion levels as follows: 

(2s)' '(2p)* KLiL i Is2s2s 

(2s)i(2p)5 

(2s)^(2pr 

KL1L2 

KL1L3 

KL2L2 

KL2L3 

KL3L3 

Is2s2pi 
2 

Is2s2p3 
2 

Is2pi2pi 
2 2 

ls2p 12p3 
"2 2 

Is2p3 2p3 
2 1 

Figure 5 represents the Auger electron process and notat ion. This figure is 

the example of Ni which atomic number is 28. In the initial s ta te , a hole is in the 

K shell. The K hole move to L shell, emitt ing the Auger electron. There are two 

holes in the L shell as a final s tate , which is KLL Auger electron state. Specially, if 

there are two holes in L2 and L3 subshell, this is KL3L2 or KL2L3 Auger electron 

s ta tes . 

The Auger electron energies are calculated by the various methods , empirical 

and semiempirical approaches. The detailed theoretical approaches for calculating 

the Auger electron energy are shown in the Appendix A. The simple way to 

compute the kinetic energy of Auger electrons is to compute the energy differences 

between the energy of the initial hole state and the final two hole s tates . The 

formula is: 

E(KL3L2) = E(K) - E(L3) - E*(L2) 

where E(KL3L2) is the energy of the KL3L2 Auger electron s ta te , E(K) the energy 

of K absorption edge, E(L3) the energy of L3 absorption edge, and E*(L2) the 
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Figure 5: Auger Electron Process. This electron configuration is the example of 
Ni. The initial state has one hole in K shell. The final state has two holes in L 
shell. This is the example of KL3L2(KL2L3) Auger electron state. 
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energy appropria te to an a tom already singly ionized in an inner shell, tha t is, 

L2 absorption edge of next element due to an effective increase of the binding 

energy of L shell electron due to the creation of a L hole s tate . For the final 

two hole states in L2 and L3 subshell, we can express the Auger electron s tate is 

KL2L3 because the final two states are the same states. The calculated energy 

value of KL2L3 is very close to E(KL3L2) by the above formula. This is the 

simplest way to compute the Auger electron energy. In Table 3, the calculated 

values of KLL Auger electron are compared to ESCA values, which are calculated 

by semiempirical approaches. The calculated values are based on the absorption 

edges in Table 1 (section 1.2.3). 

2.4 Radiative Auger Process 

As the results of previous investigators, the radiative Auger process is thought 

to be responsible for some of the observed s t ructure on the low energy side of 

ordinary x-ray emission. In this process, the fiUing of an inner shell vacancy by 

a less tightly bound electron is accompanied by the simultaneous emission of a 

photon and excitation of another electron into a bound or continuum level of 

a tom. Aberg-^^ has shown tha t the simultaneous emission of an x-ray photon 

and electron can accompany dipole allowed transit ions as well, and a t t r ibutes 

the process to the change in the average potential acting on the electrons in the 

a t o m when the inner-shell vacancy moves to an outer shell, and to the interaction 

between single and double-hole configuration in the final s tate . Scofield calculated 

the percentage rates of production of second vacancy relative the t ransi t ion ra te 

o 

of the main fine. He used the same basis of Aberg's calculation. Kostroun and 

Baptista^^ calculated the spectral distr ibution of emit ted photons following K-

MM radiative Auger transit ions in the free argon a tom. The calculation is based 

on second-order per turba t ion theory. 
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Table 3: Auger Electron Energies. The values calculated by the energy difference 
between the initial and final hole state are compared to ESCA values. 

Auger 

KLiLi 

KL1L2 

KI1L3 

T^T T 

KL2L2 

KL2L3 

TTT T 

KL3L3 

Electron State 

Cal. Values 

ESCA 

Cal. Values 

ESCA 

Cal. Values 

ESCA 

Cal. Values 

ESCA 

Cal. Values 

ESCA 

Cal. Values 

ESCA 

Fe 

5343 

5374 

5475 

5480 
5514 

5490 

5519 
5527 

5598 

5598 

5613 

5622 

5626 

5634 
5644 

Energy 

Co 

5775 

5808 

5911 

5923 
5957 

5928 

5964 
5972 

6043 

6049 

6060 

6075 

6075 

6088 
6099 

(eV) 

Ni 

6229 

6264 

6374 

6384 
6419 

6394 

6426 
6436 

6510 

6514 

6530 

6542 

6547 

6556 
6568 

Cu 

6690 

6732 

6840 

6861 
6896 

6863 

6905 
6916 

6895 

7000 

7008 

7030 

7028 

7045 
7059 
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The explanation of radiative Auger process is follows; a single vacancy, for 

instance in the K shell, can be moved to higher level either by emission of a Ka 

or K/3 photon, or by the simultaneous emission of an L or M electron and a lower 

energetic photon (Figure 6). 

If the relaxation occurs through an Li electron accompanied by the emission 

of another Lj electron, the transition is termed KLjLj RAE; if it occurs through 

an Mi electron accompanied by the emission of another Mj electron, the transition 

is termed KMjMj. The KLiLj RAE is less energetic than the corresponding Ka 

emission fine and its energy is given by 

hi/==E(KLiLj)-Ekin(Lj) 

where Ekin(Lj) is the kinetic energy of emitted electron and E(KLiLj) the energy of 

the KLiLj Auger electron. The kinetic energy of the emitted electron varies from 

zero to E(KLiLj) and the photon hi/ has continuous energy values with a maximum 

value equal to E(KLiLj) for Ekin(Lj)=0'^^ this maximum value corresponding to 

the most probable transition. 

As Figure 6 shows there are two Auger electron states, normal Auger state and 

radiative Auger state. Aberg-^®, Scofield^, and Kostroun and Baptista^*^ calculated 

the transition rate for radiative Auger process. 

On the other hand, I make an assumption of RAE process (Figure 7): the 

initial state is a K-hole state. The final state in the reorganization process is 

characterized by two holes in the inner shell: LL or LM, etc, and the Auger 

electron is bound to the nonoccupied optical level close to the Fermi surface and 

radiate RAE x-ray. 

As Figure 7 shows, the whole process of RAE in my assumption is the same as 

the Raman process. In the intermediate state, it is assumed that the characteristic 
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Figure 6: Results of Previous Investigators for RAE Process. It shows (a) X-ray 
emission, (b) nonradiative or Auger, and (c) radiative auger processes. 
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Figure 7: Assumption of RAE Process as a Virtual Raman Process. Auger electron 
is bound to the unoccupied optical level close to the Fermi surface and radiates 
x-ray having the same energy as kinetic energy of it. 
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x-ray is produced when an electron in high energy shell drops down to K hole, 

and is absorbed by the emitted Auger electron by inelastic scattering. The x-ray 

absorbed by an Auger electron is not observable as a virtual photon. Therefore, 

I named this process a virtual Raman process. 

There are differences between the results of previous investigators (Figure 6) 

and my assumption (Figure 7) for the RAE: in the previous results, the photon 

of RAE has continuous energy values with a maximum value equal to E(KLL), 

i.e., the RAE is thought to be simultaneous emission of a photon and excitation 

of another electron into a bound or continuum, but in my assumption, the RAE 

energy is the same as the E(KLL) with no emission of electron in the monocrystal 

as a virtual Raman process. One of my objects in this experiment is to prove this 

assumption of the RAE process as a virtual Raman process. 

2.5 Kossel Lines in Monocrystals 

It is important to study the Kossel lines because the RAE x-rays has the 

characteristics similar to the Kossel lines in a monocrystal. When atoms of a 

crystal lattice are bombarded by x-rays or electrons, the atoms within the crystal 

act as independent sources of radiation.^"^ Each atom produces a spherical wave-

front that spreads to and is diffracted by neighbouring atoms in the crystal. For 

wave-fronts that meet the Bragg criteria (nA=2dsin^) of internal reflection, the 

intensity of these Bragg reflections are appreciably high and spatially coherent in 

the Bragg directions. This is only true for perfect monocrystals. Wave-fronts that 

do not fit the Bragg criteria will be randomly scattered by the crystal, producing a 

relatively high background radiation mostly due to the photoelectric and Compton 

processes. In the Bragg direction (Figure 8) there can be an appreciable reflection 

being spatially coherent and lying on the surface of a cone whose axis is normal 
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Figure 8: Internal Bragg Resonance. Bragg reflected x-ray radiation produce 
Kossel lines. 

26 



to the Bragg reflecting planes. These cones are known as Kossel cones. The 

projection of these Kossel cones onto photographic film appear as Kossel Lines. 

In 1934, Kossel, Loeck and Voges^^ were the first to observe these special fluo

rescence radiat ion interference effects when bombarding a monocrystal of copper 

with electrons. Two years later, Borrmann^^ pubfished a paper showing similar 

interference effects when bombarding a monocrystal of copper with x-rays. The 

projection of these lines onto photographic film are known as Pseudo-Kossel lines. 

The principles of Kossel fines and Borrmann beam are same as based on the Bragg 

diffraction. 

Kossel fines are spatially coherent radiation tha t are seen over the background 

radiat ion which is due to random scattering from the a toms. The lines show 

negfigible spreading of the spectral width over large distances. The intensity of 

these fines is known to falls a function of 1/D where D is the distance from the 

source. On the other hand, the intensity due to random scattering falls as a 

function of 1/D^ from the source. This implies tha t the contrast between the 

Kossel lines and the background radiation is more noticeable at large distance 

from the source. 

Das Gupta^^ observed distinct Kossel lines and additional Kossel type lines 

from a germanium crystal which was cut paraUel to (111) planes. Even though 

the observed Kossel lines were not cone type because the pa t t e rn of Kossel line 

depends on the geometry of the used crystal, the lines were sharp and distinct. 

They were known as K a , K/9, and RAE. 

Originally, K a and K/3 were studied as Kossel lines. Therefore, the KLL 

R A E which has characteristics similar to Kossel lines is referred to here as Auger 

Kossel lines. Auger Kossel lines may be sharp and coherent at the Bragg angle of 

monocrystal . 
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CHAPTER III 

EXPERIMENTAL DETAIL 

3.1 Introduction 

In the experiment, I concentrated the study of KLL RAE x-rays because they 

are on the low energy side of Ka x-ray and are distinguishable from the K a and 

K/3 fluorescent x-rays, using the detector which has high resolution power, but 

other RAE x-rays cannot be separated from the strong Ka and K/3 intensities in 

the Si(Li) detector. 

The relative intensities of KLL RAE x-rays and Ka and K/3 x-rays are mea

sured by using the values measured on the same experimental conditions. It is 

meaningful because all of these have the same initial state which has one hole in 

the K shell. The intensity ratios indicate the probability of Ka x-rays and KLL 

RAE states. Additionally, the intensity ratios of K^ and the Si escape peak due to 

Si(Li) detector for Ka are measured. The Si escape peak comes out when incident 

x-ray excite the Si atoms of the detector and the Si atom radiates the Ka which 

energy is 1740 eV. The energy of the escape peak is 1740 eV less than it of the 

incident x-ray. 

The beam shapes of the KLL RAE x-rays are studied by taking pictures on the 

normal x-ray fllms at the Bragg angle of them and by measuring their intensities 

at different crystal angles near Bragg angle of KLL RAE x-rays. The sharp x-ray 

lines superimposed on the Bremsstrahlung intensities stand for channelled Kossel 

lines from the crystal lattice. 

The intensity distributions are measured by the detector by rotating the 

monocrystal on either side of peak for KLL RAE Bragg angle. The graphs of 

intensity distributions show that the intensity is increased and makes sharp peaks 
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at the Bragg angle of KLL RAE x-ray. The observation of abrupt increase in 

intensity of KLL RAE x-ray as the monocrystal is tuned to the Bragg angle with 

incident beam, is interpreted as the stimulated emission of the KLL RAE. 

Four different kinds of metal monocrystals, 26Fe, 27C0, 28Ni, and 29CU, are 

selected to get a series of results for this experiment and three kinds of x-ray tubes 

are used for excitation of the atom in these crystals. These crystals are selected 

in this experiment, because the endurance of metal for heat is good even though 

the mosaicity is worse than for the semiconductor Ge. 

The x-ray tubes used are molybdenum, tungsten and copper x-ray tubes. The 

x-ray bombardment to excite atoms has many advantages compared to electron 

impact. It is especiaUy good for studying channelled RAE x-ray fluorescence 

emitting from the crystal lattices because it can penetrate further through the 

crystal lattice than when electron or proton bombardments. 

3.2 The Equipments Used 

A commercially-built General Electric Corporation (Model XRD-5) high-

voltage power supply was used to accelerate electrons to the target for x-ray 

production. The power supply was capable of providing both voltage regulation 

and current control with voltage ranging from 10 to 50 kV and current ranging 

from 1 to 30 mA to the poly crystalline molybdenum, copper and tungsten target. 

The manufacturer rated the current uncertainty to within 0.2 % and the voltage 

uncertainty to within 1.0 % of the desired operating point. 

The x-ray tubes used with the system was General Electric Model CA-8L. 

This model is a permanently evacuated x-ray tube with the beryllium windows. 

The detector system used is composed of a Si(Li) crystal cooled with liquid 

nitrogen and a multichannel analyzer (MCA). The detailed function and energy 

calibration procedure is described in the next section. 
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A precision optical spectrometer with a one-minute vernier scale, which is 

modified to hold the crystal at its axis of rotation, is afigned on the x-ray fine both 

horizontally and verticaUy. The procedure of spectrometer afignment is referred 

to the next section. 

The crystals used are Fe, Co, Ni, and Cu monocrystals and a Fe-Si crystal. 

Figure 9 shows the equipment utiHzed in the experiment: the x-ray tube, coUi-

mator, spectrometer with crystal, and Si(Li) detector system. The lower picture 

shows Multichannel Analyzer connected to the detector. 

3.3 SifLi) Detector System and Energy Calibration 

When an x-ray strikes a semiconductor crystal, electrons in the crystal each 

absorb a given amount of energy. The greater the energy of the x-ray, the greater 

the number of electrons excited. The energy absorbed by the electrons is then 

converted to an electrical signal which is emitted and amplified. The strength of 

the current from the crystal is proportional to the x-ray energy. The amplified 

electrical pulses from the semiconductor axe converted to a digital form and then 

fed into a multichannel analyzer (MCA) which sorts these signals and, in effect, 

counts the number of x-rays at each energy level which strike the crystal. This 

information is then plotted to form a representative spectrum. If the incident x-

ray are too strong, there are no more electrons to make additional pulses and the 

system experiences a dead time. The coUected data is the best while the detector 

is operated within 5 % dead time. 

The semiconductor detector crystal is the heart of the energry dispersive 

spectroscopy system. The detector is a piece of very pure semiconductor material. 

The role of crystal is the conversion of an x-ray to a purely electronic signal. 

Therefore, the crystal must have both extremely high charge-collection capabifities 

and extremely low carrier losses during the transmission of the signal through the 
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Figure 9: Equipments Used in the Experiment. The upper picture shows x-ray 
tube, spectrometer and Si(Li) detector and the lower shows the Multichannel 
Analyzer. 
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^^- Charge carrier losses are minimized by the use of crystals that are nearly 

^- Even the purest man-made crystals have some impurities. The detrimen
tal effp. J. 

^̂ ^ of impurities in the crystal lattice can be counteracted by the use of 
1 • J 1 . 

^ni drifting in which Hthum occupies interstitial sites in the crystal. 

en an x-ray strikes the crystal, electrons in the sificon are ionized. Each 
'1 ' 1 

si icon electron may absorb 3.8 eV of the x-ray energy. As a result, an Fe Ka x-

ray, with an energy of 6404 eV will ionize 1685 sificon electrons. The positive and 

negative charge created by this ionization migrate to the contact. The negative 

charge, which is directly proportional to the energy of the incident x-ray, is added 

to the bias voltage. In summary, the effect of the semiconductor detector is the 

conversion of an x-ray signal to an electronic signal. 

The electronic signal generated by the Si(Li) crystal is a minute voltage pulse 

that is separated from the detector through the use of a preampfifier. The first 

stage of the preamplifier is the Field Effect Transister (FET). The FET provides 

the mechaiusm by which the voltage pulse is separated from the bias voltage. The 

F ET functions most efficiently at very low temperatures. In particular, reduced 

temperatures decrease extraneous signals, especiaUy thermal noise, and thus in

crease the signal-to-noise ratio. This is important since the pulse is a very weak 

signal. Low temperature operation of the FET also improves resolution. To ob

tain a low temperature, the FET is cooled in a dewar of fiquid nitrogen (-196°C). 

The liquid nitrogen dewer also cools the Si(Li) crystal. The fiquid nitrogen has 

other effects on the EDS (energy dispersive spectrometer) system. The detector 

crystal and FET are operated in a vacuum and small amount of moisture which 

may leak into the system could contaminate the crystal and short out the FET. 

The extreme cold of Hquid nitrogen causes any moisture in the system to freeze 

harmlessly to the dewar. The output of the preampfifier is an electronic signal 
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which occurs in discrete pulse, with the strength of the pulse corresponding to the 

energy of individual x-rays. At this point, the pulse is an analog signal which would 

be measurable only by using an analog device such as a voltmeter. The pulses from 

the amplifier are processed by a computer system termed a multichannel analyzer 

(MCA). In the first stage of the MCA the signal is converted to digital form by an 

analog-to-digital converter (ADC). The ADC signal is stored in the memeory of 

the MCA. The data stored in the MCA can be displayed on the cathod ray tube 

(CRT) for observation and qualitative analysis. 

The detector system should be calibrated at every times to measure incident 

photon energy precisely. The energy calibration is done with a radioisotopes (Fe-

55 and Cd-109) according to the following; 

• Using the PGT-1000 (MCA) define a field number 0 from 1000 to 25000 eV 

with 5 eV per channel. 

• Place the Fe-55 and Cd-109 calibration sources in front of the Si(Li) detec

tor. These sources has two peaks at 5898 eV and 22163 eV which are used for 

calibration. 

• Using the PGT-1000 call 2 program, place the Bug at the 5898 eV peak 

centroid and enter 5898 eV via the keyboard. Move the Bug to the 22163 eV peak 

centroid and enter 22163 eV. This completes the calibration. The estimated error 

of energy calibration is ±10 eV. Figure 10 shows two peaks of Fe-55 and Cd-109 

used for energy calibration. 

The energy resolution of detector may be verified by using the 5898 eV peak 

of Fe-55 source. The resolution is stated in terms of electron volts at full-width 

half-maximum (FWHM). Half maximum refers to the point in the peak where the 

count level is half the count at the peak maximum. Full-width refers to the energy 
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Figure 10: Two Peaks of Fe-55 and Cd-109 Used for Energy Cahbration. The 
detector system can be calibrated by using two energies, 5898 eV and 22163 eV 
for peak centroid. The estimated error of energy calibration is ±10 eV. 
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spread between the two half-maximum points of the peak. The energy resolution 

is 149 eV at F W H M using an Fe-55 source. 

3.4 T h e Procedure of Spectrometer Afignment 

• Place the desired colfimator on the berylfium window of x-ray tube . The 

length of target in the x-ray tube is 12.5 mm; therefore, the take off angle and 

hole diameter of a colfimator has correlation. To make accurate afignment of the 

collimator, the max imum beam intensity shape should be checked by a fluorescent 

screen. 

• The horizontality of the x-ray should be checked by a fluorescent screen 

a t tached on the vertical ruler. To do this, we check the beam height on the screen 

at different distances. If the height is different the collimator should be adjusted. 

• To draw the x-ray beam line from the collimator in the base plate of the 

exper imental appara tus , the fluorescent screen on the vertical ruler, on which the 

vertical line is marked, is used and two or three marks on the base plate with the 

different ranges are checked to draw the line. 

• The spectrometer which is checked horizontally by bubble level is positioned 

on the beam line and by using fluorescene screen in the crystal holder of spec

t rometer , it is checked tha t the beam is on the centerline, i.e, rotat ion axis of it. 

Though the spectrometer is rotated 90° to 180°, the rotat ion axis should be in a 

center line of the beam. 

• After this , the glue should spread on the bo t tom of spectrometer to set it. 

• The zero degree of setting angle is roughly decided by horizontal ruler on 

the crystal holder and verticle ruler on the beam fine. 

• By the Bragg angle of LiF crystal and Geiger counter, I can decide zero 

angle accurately. To do this, the LiF crystal is positioned on the Bragg angle of 

W L a i (in case of the W tube) and the detector is moved to find out the position 
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of maximum intensity and then this position is fixed and the crystal is rotated to 

get maximum intensity. If it is necessary, we can change the detector position and 

crystal angle again. 

• To identify this procedure, I can take picture of the W L a i . If I can see 

a strong La line and a weak L/3 fine, the afignment is good and zero angle taken 

from this will be correct. 

• I can get the desired angle of a crystal on the base of the zero angle of the 

spectrometer. 

3.5 Experimental Setup 

3.5.1 System I 

This system is designed to measure the energies and relative intensities of 

RAE x-rays. The experimental system shown in Figure 11 consists of an x-ray 

tube, collimator, which makes 1° beam divergence, a spectrometer with crystal, 

and a detector system. 

The power supply is operated at optimum condition to produce the KLL 

RAE x-rays efficiently for the Mo, Cu and W x-ray tube while remaining within 

5 % Dead Time of detector system. It is 30 kV, 1 mA for Mo tube, 20 kV, 1 mA 

for W tube, and 18 kV, 1 mA for Cu tube. The strongest x-ray of the W tube is 

La for this condition because W Ka can come out only over 60 kV. The tungsten 

La energy is slightly higher than K shell electron energies of Fe, Co, and Ni atom, 

but slightly lower than Cu atom. For the Cu x-ray tube, the strongest x-ray is 

K a at this condition and its energy is sfightly lower than K sheU energy of Cu 

and Ni. But for Mo x-ray tube, the strongest x-ray Ka is much higher than K 

shell energies of these crystals. 

The coUimator with platinum slit attached on the berylfium window of x-ray 

tube makes 1° beam divergence. 
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Fluorescence Beam 
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Multichannel 

Figure 11: Experimental System I. The crystals are fixed at 45° and Si(Li) detector 
is set between the Bragg angles of Ka and KLL to avoid the reflected beam of 
incident x-ray. This system is used for measuring the energies and intensities of 
RAE x-rays as well as Ka and K/3 x-rays. The used crystals are Fe, Co, Ni, and 
Cu monocrystals and Fe-Si crystal. 
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A precision x-ray spectrometer with one minute vernier scale which is modi

fied to hold the crystal at its axis of rotat ion is afigned on the x-ray fine horizontafiy 

and vertically. The sofid s tate detector of Si(Li), which is cooled by fiquid nitro

gen, is set at 30 m m distance from the rotat ional axis of the crystals. The display 

of the detector system, which is the Multichannel Analyzer, shows the energy and 

intensity. The energy calibration is done with Fe-55 and Cd-109 radioisotopes 

mater ial at 5898 eV and 22163 eV. The energy cahbration error is within ±10 eV 

because the energy spfitting is 5 eV per channel of display. 

The crystals used under investigation are Fe (110), Fe (111), Co (101), Co 

(002), Ni (111), Ni (200), Cu (200), Cu (111) monocrystals and Fe-Si (110) crystal 

cut parallel to those faces. The crystals excited by molybdenum, tungsten or 

copper target radiat ion to produce x-ray fluorescence acts as a secondary source. 

The crystal is set at 45° from the incident x-ray beam. At this angle some 

of incident x-ray excite a toms and others to be satisfy Bragg condition can be 

diffracted at 45°. The detector is set between K a , K/3, and KLL x-ray Bragg 

angles from the crystal surface. The width of the beryllium window of the detec

tor is 5 m m and the detector is set at 30 m m distance from the rotational axis 

of the crystal , from which the solid angle of the detector is calculated to be 10°. 

Therefore, the detector can absorb the K a , K/3, and KLL RAE x-ray simultane

ously without moving the detector because the differences of these Bragg angles 

are within 6°. Because all the Bragg angles for KLL and K a are less than 34°, 

the detector can absorb only KLL and K a , ^ fluorescence and miss the diffracted 

b e a m of incident x-ray. Therefore, it can avoid tha t the incident x-ray can make 

confusion near to these energy limit. This experimental system is used for mea

suring the energies and intensities of Auger electron x-rays as well as K a and K/3 

x-ray for the different crystals. 
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To study the beam shape of RAE x-rays the Fe and Ni monocrystal, and 

Cu and W x-ray tubes are used. First, Fe monocrystal is set at the Bragg angle 

{6B) of the RAE x-rays and the Si(Li) detector is located at 29B with respect 

to the incident beam angle. Hence the intensities are measured by the detector 

at the slightly different crystal angles from the Bragg angles without moving the 

detector. 

Secondary, regular x-ray film is set a certain distance from the crystal to take 

pictures for studying the beam shape of KLL Auger electron x-rays. The film 

distances are 125 mm for Fe (220) and 254 mm for Ni (111) monocrystals. The 

crystal is set at the Bragg angles of its KLL RAE x-rays and Ka. A Cu x-ray 

tube for Fe crystal and a W x-ray tube for Ni crystal are used. 

3.5.2 System II 

This system is designed to measure the intensity distribution of the KLL 

RAE x-rays added to Bremsstrahlung for different setting angles of the crystal. 

The purpose of this experiment is to identify the fact that the KLL RAE can be 

stimulated on its Bragg angle of the crystal with the incident beam by studying 

the intensity distribution. 

In the experimental system which is shown in Figure 12, a beam cofiimator 

with 0.25 mm lead slit is attached at the beryllium window; a tungsten target 

x-ray tube is used, which is operated at 20 - 30 kV and 12 mA. In this region, 

the strongest x-rays of tungsten x-ray series is La. The lead slit with 0.25 mm 

width makes 8 minute of arc beam divergence from the tungsten target. The sharp 

x-ray beam with the narrow divergence is considered to get intensity distribution 

efficiently. The crystals used are Ni (111) and Cu (200) monocrystals. The crystals 

excited by tungsten target x-ray tube act as an analyzer for the incident x-rays 

and act as a secondary source to study the x-ray emission of the crystal. 
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Figure 12: Experimental System II. The crystal angles are changed near the Bragg 
angle of KLL RAE x-rays and the Si(Li) detector is rotated to get majdmum 
intensity at each discrete sets of crystal angles. This arrangement which has 
similarities to conventional [6-20) diffractmeter is used to measure the intensity 
distribution. The crystals used are Ni and Cu monocrystals. 
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A massive baU-bearing device is fixed on the base of rotating axis of a spec

trometer. The Si(Li) detector is connected to bafi-bearing device by a metal frame 

in order to rotate it around the rotational axis of the spectrometer. Small amounts 

of grease is injected on the bottom of the detector system to rotate it smoothly. 

This arrangement has similarities to a conventional (^-2^) diffractmeter, which 

moves the detector at twice the angular displacement of the crystal rotation, so 

that the reflected beam is always in the detector path, but it has an advantage of 

having independent movement of the crystal and the detector. 

A 1.5 mm width lead slit is attached on the beryllium window of the detector 

system, which always points to the axis of the rotation of the crystal to receive the 

Bragg diffracted beam from the crystal for discrete setting angles of the crystal 

respected to the colfimated beam. With this experimental arrangements, it is pos

sible to set the monocrystal at discrete sets of angles [8). The detector is rotated 

around 2^° with incident beam marked on the base plate of the experimental ap

paratus for a fixed position of the crystal until a maximum intensity is registered 

on the display of MCA, and a recording of the energy and the intensity of the peak 

for a specific crystal setting is made. This provides a convenient method to obtain 

the intensity distribution of the Bremsstrahlung and fluorescence x-ray of crystal 

through a specific range of energy. The crystal angles are changed at every 3 to 

5 minutes near the Bragg angle of KLL RAE x-rays. The diffracted beam from 

the crystal with rotating the crystal near the Bragg angle of KLL RAE, makes 

a smooth intensity distribution of Bremsstrahlung which is from the low energy 

side of characteristic x-ray. But when the crystal is set at the Bragg angle of KLL 

RAE with respect to the incident beam, it is expected that the KLL RAE x-rays 

are added to the smooth intensity distribution of Bremsstrahlung. 
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The intensity due to the KLL RAE can be measured by substracting the 

Bremsstrahlung intensity from the total intensity. This intensity is compared with 

the results obtained in Experiment I. The width of the sharp peak at the Bragg 

angle of the KLL RAE is measured, compared with the solid angle of the detector 

with respect to the rotational axis of the crystal. If the KLL RAE intensity is 

higher than it of Experiment I and the width of the sharp peak is more narrow 

than the solid angle of the detector, we will be able to conclude the RAE x-ray 

is amplified when the crystal is set at the Bragg angle of the KLL RAE with the 

incident beam. 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND ANALYSIS 

4.1 Experiment I 

Figures 13, 14, 15, 16 and 17 represent the experimental results displayed on 

MCA for Fe (110), Fe (111), Fe-Si (110), Co (101), Co (002), Ni (111), Ni (200), Cu 

(111), and Cu (200) when the Mo x-ray tube is used to excite atoms in a crystal. 

Figure 18 and 19 shows the results of Fe (110), Co (101), Ni (111), and Cu (200) 

monocrystals when W x-ray tube is used and Figures 20, and 21 are the results of 

the same crystals when Cu x-ray tube is used. The photographic picture for each 

crystal shows x-ray peaks of K/3, Ka , KLL RAE x-ray and Si escape peak of Ka 

fluorescence from right-hand side. Even though the KLL RAE x-ray intensities 

are much weaker than Ka and K/3 intensities, it makes a prominent peak when 

the display is extended vertically. The Si escape peak for Ka fluorescence comes 

out when the incident Ka x-rays excite the Si crystal of the detector and the Si 

atom radiates the Ka x-rays which energy is 1740 eV. The energy of the escape 

peak is 1740 eV less than Ka energy. The Si Ka escape peaks comes out on the 

left-hand side of KLL RAE x-rays in the cursor position. 

The output of Fe crystals, Fe (110), (111), Fe-Si (110) are very similar by Mo 

x-ray excitation and even though different x-ray tubes are used for excitation, the 

results are the same. They are also not influenced by the same kinds of crystals cut 

parallel to different face. That is, the outputs for fluorescences are identical with 

no relation to different excitation x-rays and different crystal faces. It indicates 

that the output is due to only the fluorescences of crystal. The results for Co 

(101), (002), Ni (111), (200), and Cu ( H I ) , (200) monocrystals also show that 

the outputs are actual fluorescences of the crystals. 
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Figure 13: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Fe Monocrys
tal by Mo X-ray Excitation. The upper picture is the result of Fe (110) and the 
lower is the result of Fe (111) monocrystal. The data was coUected during 1200 
seconds. 
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Figure 14: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Fe-Si (110) 
by Mo X-ray Excitation. The data was coUected during 1200 seconds. 
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Figure 15: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Co by Mo 
X-ray Excitation. The upper picture is the result of Co (101) and the lower is the 
result of Co (002) nionocrystal. The data was collected for 1200 seconds. 

46 



Figure 16: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Ni by Mo 
X-ray Excitation. The upper picture is the result of Ni (111) and the lower is the 
result of Ni (200) monocrystal. The data was coUected for 1200 seconds. 
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Figure 17: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Cu by Mo 
X-ray Excitation. The upper picture is the result of Cu ( H I ) and the lower is the 
result of Cu (200) monocrystal. The data was collected for 1200 seconds. 
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Figure 18: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Fe and Co 
by W X-ray Excitation. The upper picture is the result of Fe (110) and the lower 
is the result of Co (101) monocrystal. The data was collected for 600 seconds. 
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Figure 19: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Ni and Cu 
by W X-ray Excitation. The upper picture is the result of Ni (111) and the lower 
is the result of Cu (200) monocrystal. The data was coUected for 600 seconds. 
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Figure 20: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Fe and Co by 
Cu X-ray Excitation. The upper picture is the result of Fe (110) and the lower is 
the result of Co (101) monocrystal. The data was collected for 600 seconds. 
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Figure 21: KLL RAE X-ray and Other Fluorescence X-ray Peaks of Ni and Cu 
by Cu X-ray Excitation. The upper picture is the result of Ni (111) and the lower 
is the result of Cu (200) monocrystal. The data was collected for 600 seconds. 
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It is not necessary to consider tha t any x-ray lines due to crystal impuri t ies 

or reflected x-ray fines of incident beam can come out in the KLL Auger electron 

energy fimit because the ou tpu ts are same for the crystals cut parallel to different 

faces and for different kinds of x-ray excitation, and the purity of the crystal is 

over 99.99 %. If any x-rays due to impurit ies come out , the output wiU be different 

for each of same kinds of crystals. Also, I check the possibifity that some peak due 

to the materials of Si(Li) detector can come out. Si or Li Ka,/3 peak can come out , 

but the energies are below 1836 eV. The K a x-ray of berylfium window is 109 eV. 

Also, the measured peak energies are different for the different kinds of crystals. 

Therefore, the possibifity tha t the peak might be due to the materials of Si(Li) 

detector is none. As the results of these, the peak on the cursor position, which 

energy of peak is in the KLL Auger electron energy limit, can be interpreted as 

the KLL R A E x-ray lines. 

4.1.1 Energies 

The display shows tha t the Auger electron x-rays makes sharp peaks unfike 

the expected results suggested by the previous theory in the respect tha t it shows 

a continuous x-rays with a sharp peak in the Auger electron energy. It indicates 

t ha t the Auger electron radiates an x-ray having the same energy as its kinetic 

energy without making electron continuum. This agrees with the assumption of 

R A E process as a virtual Raman process. 

Table 4 shows the measured peak x-ray energies for Fe crystals when Mo, W, 

and Cu x-ray tubes are used for excitation of atoms in the crystals and the kinetic 

energies of the KLL Auger electrons from the ESCA table. Table 5, 6, and 7 show 

the energies for Co, Ni, and Cu monocrystals . Figure 22 represents the fact tha t 

the square root of the measured KLL R A E energies is linear to atomic numbers 

as in the Moseley diagram. The peak energies on the cursor position for the same 
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Table 4: KLL RAE X-ray Energies of Fe Crystal. This shows the theoretical KLL 
Auger electron energies and measured peak x-ray energies for Mo, W, and Cu 
x-ray tube excitation with Experimental System I (Figure 11). The measurement 
error is ±20 eV. 

Auger 

Electron 

Engergics (cV) 

from 

ESCA 

Observed 

Peak 

Energies 

KLiLi 

KL1L2 

KL1L3 

KL2L2 

KL2L3 

KL3L3 

Mo x-ray tube 

W x-ray tube 

Cu x-ray tube 

Fe(llO) 

F e d 11) 

Fe-Si (110) 

Fe (110) 

F e d 10) 

Most probable Radiative 
Auger State 

Energy (eV) 

5374 

5480 
5514 

5519 
5527 

5598 

5622 

5634 
5644 

5436 

5440 

5429 

5436 

5435 

KLiL2 ,3 
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Table 5: KLL RAE X-ray Energies of Co Monocrystal. This shows the theoretical 
KLL Auger electron energies and measured peak x-ray energies for Mo, W, and Cu 
x-ray tube excitation with Experimental System I (Figure 11). The measurement 
error is ±20 eV. 

Auger 

Election 

Engergies (eV) 

from 

ESCA 

Observed 

Peak 

Energies 

KLiLi 

KL1L2 

KL1L3 

KL2L2 

KL2L3 

KL3L3 

Mo x-ray tube 

W x-ray tube 

Cu x-ray tube 

Co (101) 

Co (002) 

Co (101) 

Co (101) 

Most probable Radiative 
Auger State 

Energy (cV) 

5808 

5923 
5957 

5964 
5972 

6049 

6075 

6088 
6099 

5939 

5933 

5950 

5928 

KLiL2 ,3 

55 



Table 6: KLL RAE X-ray Energies of Ni Monocrystal. This shows the theoretical 
KLL Auger electron energies and measured peak x-ray energies for Mo, W, and Cu 
x-ray tube excitation with Experimental System I (Figure 11). The measurement 
error is ±20 eV. 

Auger 

Electron 

Engergies (eV) 

from 

ESCA 

Observed 

Peak 

Energies 

KLiLi 

KL1L2 

KL1L3 

KL2L2 

KL2L3 

KL3L3 

Mo x-ray tube 

W x-ray tube 

Cu x-ray tube 

Nidll) 

Ni (200) 

N i ( l l l ) 

N i ( l l l ) 

Most probable Radiative 

Auger Slate 

Energy (eV) 

6264 

6384 
6419 

6426 
6436 

6514 

6542 

6556 
6568 

6422 

6422 

6420 

6420 

KLiL2 ,3 
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Table 7: KLL RAE X-ray Energies of Cu Monocrystal. This shows the theoretical 
KLL Auger electron energies and measured peak x-ray energies for Mo, W, and 
Cu x-ray excitation with Experimental System I (Figure 11). The measurement 
error is ±20 eV. y ^ j 

Auger 

Electron 

Engergies (eV) 

from 

ESCA 

Observed 

Peak 

Energies 

KLiLi 

KL1L2 

KL1L3 

KL2L2 

KL2L3 

KL3L3 

Mo x-ray tube 

W x-iay tube 

Cu x-ray tube 

Cu( l l l ) 

Cu (200) 

Cu (200) 

Cu (200) 

Most probable Radiative Auger 
State 

Energy (eV) 

6732 

6861 
6896 

6905 
6916 

7000 

7030 

7045 
7059 

7054 

7054 

7058 

7058 

KL2L3 

KL2,3L3 
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Figure 22: The Graph of Measured Energies of KLL RAE X-rays. This represents 
that the square root of the measured KLL RAE x-ray energies are linear to atomic 
numbers as in the Moseley diagram 
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kind of crystal are nearly the same for three kinds of excitation x-rays and different 

faces of the crystal, and belong within the KLL Auger electron energies. Chen and 

Crasemann^^ calculated the KLL Auger transition probabihties in J-J coupfing, 

intermediate coupfing, and intermediate coupfing with configuration interaction 

for many elements. Early, Asaad and Burhop^® calculated the relative intensities 

in the KLL, KLM Auger electron. They predicted the most probable transitions of 

KLL Auger electrons near atomic number 26 to 29 were KL2L3 and KL1L2 as the 

next most probable state. According to Chen and Crasemann, the probabihties 

of these two states are much higher than other states. As the tables show, the 

detected values are close to KLiL2,3 energies for Fe, Co, and Ni and close to 

KL2,3L3 for Cu. But the energy resolution of Si(Li) detector is 149 eV at full-

width half maximum using an Fe-55 source. Therefore, the detector cannot resolve 

all of KLL RAE x-rays. Only the peak energies are able to be measured for most 

probable KLL Auger states. 

4.1.2 Intensities 

Table 8 shows the measured intensities of KLL RAE x-rays, Ka , K/3 fluo

rescence and Si escape peak for Ka fluorescence, measured for 1200 seconds for 

each crystal when Mo x-ray tube is used. Tables 9 and 10 show the data collected 

by W and Cu x-ray tubes for 600 seconds. The intensity ratios of the KLL RAE 

x-rays and Ka,/3 are mearungful because they are competing decay branches of 

the same initial state which has one hole in the K sheU by x-ray bombardment. 

In the measurements the intensity ratios of KLL/Ka are below 0.5 % for the 

three kinds of x-ray bombardments. If I suppose the background intensities are 

added in the KLL fimit the influence is approximately 30 % of KLL peak (Figure 

13), after being subtracted it from measured vcdues the relative intensities are 

around 0.25 % except Ni (Figure 23). These intensity ratios are close to Scofield's 
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Table 8: Measured KLL RAE X-ray Intensities by Mo X-ray Tube. From the 
measurements with Experimental System I (Figure 11), the intensity ratio of 
K L L / K a , KLL/K/3, Escape peak /Ka , and K/3 /Ka can be calculated. The data 
was coUected for 1200 seconds. 

Peak 

Intensities 

Intensity 

Ratios 

(%) 

KLL 

Ka 

KP 

Escape 
Peak 

KLL/Ka 

KLL/KP 

Escape 
Peak/Ka 

Kp/Ka 

Fe 
(110) 

147 

38929 

5950 

170 

0.38 

2.5 

0.44 

15.3 

Fe 

(111) 

168 

48266 

7090 

215 

0.35 

2.4 

0.35 

14.7 

Fe-Si 
010) 

144 

39278 

5999 

179 

0.37 

2.4 

0.46 

15.3 

Co 
(101) 

116 

47886 

7338 

176 

0.24 

1.6 

0.37 

15.4 

Co 
(002) 

112 

51545 

7780 

179 

0.22 

1.4 

0.35 

15.1 

Ni 

(111) 

227 

51289 

7630 

153 

0.44 

3.0 

0.30 

14.9 

Ni 
(200) 

232 

53854 

8200 

181 

0.43 

2.8 

0.34 

15.2 

Cu 

(111) 

94 

51684 

7992 

285 

0.18 

1.2 

0.55 

15.5 

Cu 
(200) 

90 

55231 

8388 

272 

0.16 

1.1 

0.49 

15.2 
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Table 9: Measured KLL RAE X-ray Intensities by W X-ray Tube. From the 
measurements with Experimental System I (Figure 11), the intensity ratio of 
K L L / K a , KLL/K/3, Escape peak /Ka , and K ^ / K a can be calculated. The data 
was coUected for 600 seconds. 

• 

Peak 

Intensities 

(counts) 

Intensities 

Ratio 

(%) 

KLL 

Ka 

KP 

Escape peak 

KLL/Ka 

KLL/Kp 

Escape peak /Ka 

Kp/Ka 

Fe(llO) 

138 

35709 

5166 

165 

0.38 

2.7 

0.46 

14.5 

Co (101) 

96 

38630 

5719 

161 

0.25 

1.7 

0.42 

14.8 

Ni (111) 

178 

36530 

5531 

106 

0.49 

3.2 

0.29 

15.1 

Cu (200) 

54 

25150 

3793 

143 

0.21 

1.4 

0.57 

15.1 
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le mea-Table 10: Measured KLL RAE X-ray Intensities by Cu X-ray Tube. From the 
surements with Experimental System I, the intensity ratio of KLL/Ka , KLL/K/3, 
Escape peak /Ka , and K/3/Ka can be calculated. The data was coUected for 600 
seconds. 

Peak 

Intensities 

(counts) 

Intensities 

Ratio 

(%) 

KLL 

Ka 

KP 

Escape peak 

KLL/Ka 

KLL/Kp 

Escape peak /Ka 

Kp/Ka 

Fe(llO) 

174 

40178 

5858 

169 

0.43 

3.0 

0.42 

14.6 

Co (101) 

101 

40257 

5712 

170 

0.25 

1.8 

0.42 

14.2 

Ni (111) 

101 

15048 

2192 

71 

0.67 

5.2 

0.47 

14.2 

Cu (200) 

47 

10925 

1589 

81 

0.43 

3.0 

0.74 

14.5 
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Figure 23: Measured Relative Intensities I(KLL)/I(Ka). This is compared with 
the theoretical values of Scofield theory. The upper graph shows measured values 
shown in Table 8,9,and 10, and the lower shows the values that the background 
intensities are subtracted from the measured values. 
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theoret ical values,^ which represent the percentage rates of production of KLL 

R A E relative to the t ransi t ion ra te of K a lines (section 2.4 Radiative Auger elec

t ron process). He predicted the percentage ratio for iron is 0.28 %. The agreement 

represents tha t most par t of kinetic energy of Auger electron are changed to x-ray 

without electron cont inuum. Figure 23 shows measured relative transit ion proba

bilities, I ( K L L ) / I ( K a ) with and without background intensity influence, compared 

with Scofield's theory. The values of I (KLL) / I (Ka) are almost same for one kind 

of crystal despite of different x-ray tube used. Even though the measured val

ues, 0.25 %, is close to the theoretical values, it is much lower than the relative 

ra t e of fluorescence and Auger yields, A K / W K , in Table 2. This represents tha t 

the probabifity of normal Auger electron state is much higher than the radiative 

Auger electron s ta te . The most Auger electrons will be changed to lattice vibra

t ion, heat , or Bremsstrahlung. It is noted that the values of I ( K L L ) / I ( K a ) for Ni 

crystals are higher t h a n theoretical values and the values for other crystals. The 

measured KLL Auger x-ray values 6420 eV are close to Fe K a x-ray (6404 eV). 

Even though the puri ty of Ni (111) crystal is marked to 99.999 %, we can assume 

the peaks are influenced very little by Fe impurities. If it is not so, there is a 

magic for the KLL R A E of Ni. 

Additionally, K/3 /Ka intensity ratios are measured. All of them are about 

14 - 15 %. These values agree with Scofield's prediction and the experimental 

values of CampeU.^^ Their results were 14 % for these atomic numbers . Figure 24 

shows the measured values and Scofield's theoretical values. This good agreement 

represents tha t the refiabifity of the collected da ta is high. 

The Cu fluorescence x-ray intensities are lower t han other crystal when W 

t u b e is used. This is caused by the fact that the W La x-rays cannot excite the 
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Figure 24: Measured Relative Intensities I(K/3)/I(Ka). These values, shown in 
Table 8, 9, and 10, are compared with the theoretical vcdues of Scofield theory. 
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K sheU electrons of Cu crystal. For the same reason when the Cu x-ray tube is 

used, x-ray intensities of Ni and Cu are lower than other crystals. 

I consider the Si K a escape peak again. Russ^® showed tha t escape peaks 

result from excitation of Si x-rays tha t leave the active region of the detector. 

The peaks fie 1740 eV below the t rue energy, and have a constant rat io to the 

major peak size. When the incident energy is 6 to 8 keV the intensity rat io of 

(escape peak /pa r en t peak) is 0.3 to 0.6 % according to Russ. In this experiment , 

the fluorescence K a x-rays of used crystal are 6404 eV to 8048 eV. The values of 

I (Escape p e a k ) / I ( K a ) are in 0.29 to 0.57 %. This values agree with Russ's results 

(Figure 25). T h e intensity ratios depend on only atomic number of crystal but do 

not depend on x-ray tube . 

Table 11 represents the measured Si K a escape peak energies and intensities 

due to K a fluorescence of crystal. The energies are close to the values which are 

1740 eV less t h a n K a energy of each a tom. Also, we have to think tha t the Si 

K a escape peak of K/3 fluorescences of incident x-ray and Si K/3 escape peak of 

K a and K/3 fluorescence. If we consider Si K a escape peak for the K/3 we may 

know t h a t the intensity ratio of (Si K a escape peak for K/3)/(Si K a escape peak 

for K a ) follows the intensity rat io of K/3/Ka^® because Si K a intensity escaping 

from Si crystal is proport ional to the s trength of incident beam on the detector. 

Table 11 shows the expected Si K a escape peak due to K/3 x-rays according to the 

rat io of K /3 /Ka . These expected intensities are much lower than the measured 

KLL R A E x-ray intensities and the energies are about 100 eV different from the 

KLL R A E x-ray peaks. If we consider the energy resolution of the detector (149 

eV) some par t of this may be added to KLL R A E x-ray peak. 

T h e Si K/3 escape peak due to K a can be neglected because the energy 

difference between K a and K/3 of Si is 96 eV. Tha t is, this peak comes out in the 
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Figure 25: Measured Relative Intensities I(Escape peak) / I (Ka) . These values, 
shown in Table 8, 9, and 10, are compared with Russ's^® measurement. 
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Table 11: Measured Si Ka Escape Peak due to Ka and Expected Si Ka Escape 
Peak due to K/3 Fluorescence from Mo X-ray Excitation. The latter is followed 
by the intensity ratio of K/3/Ka. The data was collected for 1200 seconds. 

Measured 
Si 

Escape 
Peak due 

toKa 

Energy 
(eV) 

Intensity 
(counts) 

Intensity ratio of 
(KP) 
(Ka) 

Expected 
S iKa 
Escaj)e 
Peak 
due 

toKP 

KLL 

Auger 

X-rays 

Enercy 
(ev)" 

Intensity 
(counts) 

Energy 
(ev) 

Intensity 
(counts) 

Energy Difference 
(eV) 

Fe 
(110) 

4663 

170 

0.153 

Fe 

(111) 

4658 

215 

0.147 

Fe-Si 
(110) 

4658 

179 

0.153 

5318 

26 

5440 

147 

+122 

32 

5440 

168 

+122 

27 

5429 

144 

+111 

Co 
(101) 

5185 

176 

0.154 

Co 
(002) 

5190 

179 

0.151 

5911 

27 

5939 

116 

+28 

27 

5933 

112 

+22 

Ni 

(111) 

5734 

153 

0.149 

Ni 
(200) 

5734 

181 

0.152 

6525 

23 

6422 

227 

-103 

28 

6422 

232 

-103 

Cu 

(111) 

6355 

285 

0.155 

1 
Cu 

(200) 

6355 

272 

0.152 

7164 

44 

7054 

94 

-110 

41 

7054 

90 

-110 
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limit of Si K a escape peak due to K a but this intensity may be very poor. The Si 

K/3 escape peak due to K/3 can be neglected also because its intensity is reduced 

doubly according to K a and K/3 intensity rat io. 

As shown in Figure 23 the intensity ratios of K L L / K a after the background 

intensity is subt rac ted are close to the Scofleld prediction. If we consider the Si 

K a escape peak due to the K/3 x-ray is added near to the fimit of KLL R A E x-ray, 

we may know the experimental values except values of Ni are sfightly lower than 

the theoretical values. 

Additionally, the da t a is collected in different experimental situations by Mo 

x-ray tube . The detector is set at 90° with incident x-ray line and the crystals 

are set at the Bragg angle of their KLL RAE x-ray with detector position. To do 

this , the crystal angles are changed with different crystals. The purpose of this 

experiment is to identify tha t the energies and intensties of KLL RAE x-rays are 

changed or not when incident beam and detector make 90° because the diffracted 

beam can be polarized^^ at 90° with incident beam. The measured energies for 

KLL R A E x-ray (Table 12) are the same as previous results for every crystals 

and the intensity ratios of K L L / K a , K/3/Ka, and Escape p e a k / K a (Table 13) are 

almost same. As it shows, the fluorescence x-rays which make 90° with incident 

x-ray beam do not make change in energy and intensity. 

4.1.3 Beam Shapes 

The beam shape of KLL R A E x-rays which was measured in the previous 

chapter was studied by two methods . Figure 26 represents the intensity distribu

tion of Fe KLL on the a fittle different crystal angles near the Bragg angle {9B) 

of Fe KLL with the incident beam. The detector was flxed at the 29B wi th the 

incident beam. The b e a m from the crystal makes a Gaussian shape but the sharp 

peak on the Bragg angle of the crystal is shown. It means the sharp x-ray lines 
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Table 12: Measured KLL RAE X-ray Energies by Mo X-ray Tube. Experimental 
System is the same as Figure 11. But the detector is set at Bragg angle of KLL 
RAE x-ray with the crystal and makes 90° with incident x-ray. The measured 
energies are same as the previous results. The measurement error is ±20 eV. 

Fe(llO) 

F e ( l l l ) 

Fe-Si(110) 

Co (101) 

Co (002) 

N i d l l ) 

Ni (200) 

C u d 11) 

Cu (200) 

5429 

5429 

5429 

5950 

5950 

6427 

6422 

7054 

7048 
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Table 13: Measured KLL RAE X-ray Intensities by Mo X-ray Tube. Experimental 
system is the same as Figure 11. But the detector is set at Bragg angle of KLL 
RAE x-ray with the crystal and makes 90° with incident x-ray. The measured 
intensities are same as the previous results. The data was coUected for 1200 
seconds. 

Peak 

Intensities 

Intensity 

Ratios 

(%) 

KLL 

Ka 

Kp 

Escape 
Peak 

KLL/Ka 

KLL/Kp 

Escape 

Peak/Ka 

Kp/Ka 

Fe 
(110) 

155 

41475 

6374 

187 

0.37 

2.4 

0.45 

15.4 

Fe 

(111) 

191 

49610 

7320 

207 

0.39 

2.6 

0.42 

14.8 

Fe-Si 
dlO) 

144 

41629 

6213 

180 

0.35 

2.3 

0.43 

14.9 

Co 
(101) 

108 

45026 

6804 

158 

0.24 

1.6 

0.35 

15.1 

Co 
(002) 

102 

46538 

6911 

175 

0.22 

1.5 

0.38 

14.9 

Ni 

(111) 

207 

45452 

6974 

157 

0.46 

3.0 

0.35 

15.3 

Ni 
(200) 

234 

48808 

7376 

164 

0.48 

3.2 

0.34 

15.1 

Cu 

(111) 

69 

43126 

6706 

207 

0.16 

1.0 

0.48 

15.5 

Cu 
(200) 

83 

47540 

7182 

243 

0.17 

1.2 

0.51 

15.1 
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Figure 26: Intensity Distribution of Fe KLL RAE X-rays on the Dilierent Crystal 
Angles near the Bragg Angle of Fe KLL. The sharp peak on the center shows that 
the sharp KLL RAE is added to Bremsstrahlung reflected from x-ray tube. 
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channeUed from the crystal latt ices, which are KLL RAE x-rays, are added to 

Bremsstrahlung intensities reflected from x-ray tube . For this experiment, power 

supply was operated at 20 kV and 5 mA for Cu x-ray tube . At each crystal angle, 

the da ta was collected during 300 seconds. 

By mass absorption coefficients / / /p of the elements^^ I can calculate the 

dep th for half intensity transmission of incident beam (half value layer) to crystal. 

The formula of energy transmission is 

where It is t r ansmi t t ed intensity, IQ incident intensity, t crystal thickness, /x mass 

absorpt ion coefficient, and p density of material . I can calculate t value for It /Io 

= 1/2 for Cu K a of incidence beam because I know the values of fi/p^ and p 

from the table. This formula is applied tha t the incidence beam angle to the 

crystal is not the Bragg angle of its wavelength because at the Bragg angle the 

transmission intensity is increased abruptly due to no photoelectric effect and 

Compton scattering. 

As the Table 14 shows, fluorescence x-rays emit ted from the atoms excited 

by the half intensity of incident x-ray can be channelled through IC^ numbers of 

lat t ice distance. Therefore, KLL R A E x-rays can be channelled through crystal 

to the direction of Bragg angle. It is well known in the x-ray l i terature tha t 

an excited monocrystal emits sharp characteristic x-ray fluorescence lines due to 

internal Bragg resonance of strong K a and K/3 photons by the latt ice. These are 

weU known characteristic Kossel lines. 

To show the sharp x-ray fluorescence lines of KLL RAE x-rays and K a , the 

pictures were taken on x-ray films for KLL and K a x-rays at their Bragg angles of 

the crystals. Figure 27 shows the results of Fe and Ni monocrystals . The upper is 
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Table 14: Depth for Half Intensity Transmission of Cu Ka for the Crystals. In 
here, /x is mass absorption coefficient for Cu Ka , p density of crystal, t half value 
layer, a the lattice constant, and t / a the number of lattices for the half value layer. 

' Cm2^ 

< g J 

P 

I g \ 
\ On-̂  J 

t (A) 

a (A) 

t/a 

Fe 

308 

7.87 

2.86 X 10^ 

2.87 

0.996 X 104 

Co 

313 

8.9 

2.49 X 104 

2.51 

0.992 X 104 

Ni 

45.7 

8.9 

17x10* 

3.52 

4.83 X 104 

Cu 

52.9 

8.96 

14.6 X 10* 

3.61 

4.04 X 10^ 
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Figure 27: The Sharp X-ray Lines on the X-ray Film. The upper is the picture 
of Fe KLL and Fe K a , showing the negative which is enlarged and the positive 
which is in the original size and the lower is them of Ni. The sharp x-ray fines 
on the Bremsstrahlung intensities shows that the KLL RAE and Ka are added to 
the Bremsstrahlung reflected from incident beam. 
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the pictures of Fe KLL and Fe Ka, showing the negative which is enlarged doubly 

and the positive which is in the original size, and the lower is them of Ni. The 

sharp x-ray lines (the positive pictures show them) for KLL RAE and Ka x-rays 

on the Bremsstrahlung intensities shows that the fluorescence of them are added 

to the diffracted background intensities of incident x-ray. The physical meaning 

for the sharp x-ray fines will be discussed in Experiment II (section 4.2). 

For the picture of Fe, the fUm distance from the rotational axis of the crystal 

is 125 mm, which angular dispersion on the film is 27.50 nunutes/mm. The sharp 

KLL RAE x-ray lines is 24.5 mm apart from the sharp Kai x-ray line. This 

distance can be transferred to angular difference and energy difference by Bragg 

formula. The energy of the sharp line in the KLL RAE x-ray fimit is measured as 

5440 eV by sharp Ka reference line. This value is very close to the energy value 

measured in 45° crystal angle. 

On the picture of Ni, there are two sharp lines which are Ka and KLL RAE 

x-rays. A semicircular cassette to hold the x-ray film centering the rotation axis 

of the crystal, is used. The angular dispersion is 13.53 minutes/mm. By the same 

method, the energy of the Ni KLL RAE x-ray can be calculated. This energy is 

6417 eV. Even if we consider error sources for this photographic method when 

the fUm distance and x-ray fine distance are measured this energies of sharp x-ray 

fines in the KLL fimit agree with the experimental results in Tables 4 and 6. 

I measured the dispersion of the sharp KLL RAE x-rays. The beam width of 

the sharp KLL RAE fine of Fe is 0.3 mm and the film distance from the rotational 

axis of the crystal is 125 mm. Therefore, the calculated dispersion of the KLL 

RAE is 8 minutes of arc. The beam width of the sharp KLL RAE fine of Ni is 

0.5 mm. By using the same method, the dispersion of the KLL RAE of Ni was 7 

minutes of arc. 
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I checked the possibifity of coincidence of an impurity fine under investigation 

of W L series and Cu K series because the Cu x-ray tube for Fe picture and W 

x-ray t ube for Ni picture were used. Fortunately enough, the observed sharp fines 

of KLL fimit of Fe and Ni monocrystals can not be identified with any known 

lines pubfished in the Bearden 's x-ray table.^^ 

4.2 Exper iment II 

4.2.1 Ni Monocrystal 

T h e incident x-rays of tungsten to Ni crystal, which La (8398 eV) has the 

strongest intensity, make holes on K sheU of Ni (8333 eV). The electron transit ion 

from L sheU to K shell produces a K a fluorescence of Ni or an Auger electron 

which makes two holes in the L sheU in the case of KLL Auger electron. The 

Bragg resonance angle for the x-rays of KLL RAE, which are shown in Experiment 

I, is calculated. The crystal is set at every 3-5 minutes {9 with the incident 

beam) within ± 2 ° from the Bragg angle and the detector is rotated around 29 

with incident beam to check the best position to detect the maximum intensity 

from the crystal . The da t a was collected at 12 mA, 20 kV and 25 kV during 

300 seconds at each crystal angle. Tables 15 and 16 presents the energies and 

intensities measured at different crystal angles, and Figure 28 shows the intensity 

dis t r ibut ion at the different angles of Ni (111) monocrystal . 

T h e diffracted Bremsst rahlung intensity of the tungsten x-rays by the crystal 

ro ta t ion is very smooth in the KLL R A E energy fimit because it is on the low 

energy side of L a of tungs ten . But , two prominent peaks appear at the crystal 

angle at which x-ray energy is close to Ni KLiL2,3 and Ni KL2,3L3 energies. One 

peak which energy is 6551 eV at 20 kV and 6553 eV at 25 kV is close to Ni KL3L3 

and KL2L3 energies. Another peak with 6391 eV at 20 kV may be Ni KLiL2,3-

This energy limit is checked thoroughly at 25 kV. The highest peak at 6404 eV 

77 



Table 15: Energies and Intensities Measured at Different Crystal Angles of Ni at 
20 kV. The data was collected at 12 mA, 20 kV for 300 seconds. 

Crystal angle 

25« 

25" 10' 

25° 20" 

25° 25' 

25° 30* 

26° 

26° 30" 

27° 

27° 10" 

27° 20' 

27° 25' 

27° 30' 

27° 32' 

27° 35' 

27° 40' 

27° 50' 

28° 

28° 5' 

28° 10' 

28° 15' 

28° 20' 

28° 30* 

29° 

Energies (eV) 

7163 

7108 

7097 

7047 

7030 

6892 

6777 

6644 

6622 

6578 

6562 

6551 

6545 

6528 

6506 

6473 

6424 

6413 

6391 

6369 

6357 

6330 

6214 

latensities (Counts) 

7904 

7879 

8286 

7639 

7577 

7104 

6452 

6139 

5874 

5878 

6008 

6391 

5865 

5631 

5517 

5332 

5423 

5733 

7058 

6340 

6078 

4950 

4604 

NiKL2,3L3 

N i K L i L 2 , 3 
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Table 16: Energies and Intensities Measured at Different Crystal Angles of Ni at 
25 kV. The data was collected at 12 mA and 25 kV for 300 seconds. 

Crystal angle 

27° 

27° 10' 

27° 20' 

27° 25' 

27° 30* 

27° 35* 

27° 40' 

27° 50' 

28° 

28° 5' 

28° lO* 

28° 15' 

28° 25' 

28° 40" 

29° 10' 

Energies (eV) 

6686 

6647 

6592 

6570 

6553 

6542 

6525 

6475 

6437 

6431 

6404 

6387 

6348 

6287 

6182 

Intensities (Counts) 

5950 

5666 

5484 

6066 

6182 

5945 

4587 

5053 

5845 

5881 

6308 

5654 

4761 

3894 

3543 

' 

1 
i 
1 
1 

1 

NiKL2,3L3 

NiKLiL2,3 

FcKaj 
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Counts 

7500 H 

7000-

6500-

6000-

5500-

5000-

6500 

6000-

5500-

5000-

4500-

4000-

6391 eV 
NiKLiL 

20 kV, 12 mA 

300 seconds 

6404 eV 
Fe Ka 

6431 eV 

Ni KLiL2,3 

6553 eV 
Ni KLo a 

25 kV, 12 mA 

300 seconds 

—I 1 1 1 1 1 1 1 I I 
290 28*' 28* 28* 27* 27* 27* 26* 26* 26* 

40' 20' 40' 20' 40' 20' 
Crystal Angle 

Figure 28: Intensity Distribution Collected in MCA at the Different Angles of Ni 
(111) Monocrystal. The data for each crystal angle was collected at 12 mA, 20 
kV and 25kV for 300 seconds. 
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and the second peak are appeared at 6431 eV. The peak with 6431 eV is close to 

KLiL2,3 with energy of 6420 eV in Experiment I, but the highest peak at 6404 

ev IS close to Fe Ka. Therefore, we have to consider the posibility of obtaining 

a Fe Ka diffracted beam. Ni (111) monocrystal has 99.999 % purity; hence, it 

is thought not to contain such amount of iron impurity. However, the tungsten 

target of the x-ray tube or brass colfimator may contain iron impurity. The iron 

x-ray line can come out from these, and, if so, when the Ni crystal is set at the 

Bragg angle of Fe Ka , the Fe Ka intensity wiU be checked and make a peak in the 

intensity distribution. Therefore, I use LiF (200) crystal to get relative intensity 

of Fe Ka and Bremsstrahlung in the W x-ray tube. The LiF is set at around the 

Bragg angle of Fe Ka . The crystal angle is selected from 27°30' because its Bragg 

angle is 28°45'. As Figure 29 shows the measured energies and intensities, a peak 

at 6410 eV is developed. This means that iron impurity is contained in the W 

x-ray tube. The intensity ratio of Fe Ka and Bremsstrahlung is 

3667counts/2950counts = 1.24 

where 2950 counts is the intensity of the average of Bremsstrahlung and 3667 

counts is the peak intensity. In Figure 28, the intensity ratio at 20 kV is 

7058counts/5100counts = 1.38 . 

5100 counts is average Bremsstrahlung intensity and 7058 counts is peak intensity 

on this limit. Therefore, the intensity ratio contributed by Ni KLiL2,3 x-rays is 

1.38 - 1.24 = 0.14 . 

That is, 14 % of Bremsstrahlung on this limit is due to Ni KLiL2,3. The intensity 

ratio due to Ni KL2,3L3 is 

6391counts/5650counts = 1.13 . 

The graph measured at 25 kV of power supply presents that the intensity ratios 

of Ni KL2,3L3 and Ni KLiL2,3 are: 
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Figure 29: Intensity Distribution at Different Angles of LiF (200) Crystal. The 
data for each crystal angle was coUected at 12 mA and 20 kV for 300 seconds. 
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6182counts/5400counts = 1.14 

and 

5881counts/4600counts = 1.28 . 

The Ni KLiL2,3 intensity ratio at 25 kV is higher than the values, 14 % measured 

at 20 kV, after removing Fe Ka influence. It may be caused by that even though 

two peaks are separated; the KLiL2,3 peak is influenced by Fe Ka of W tube. 

The Bremsstrahlung intensity measured at 25 kV is less than at 20 kV, as 

shown in Figure 28. This is caused by the fact that the peak of Bremsstrahlung 

intensity move to high energy side at the higher voltage of power supply (Figure 

! ) • 

The diffracted Bremsstrahlung on the tested energy limit do not reveal any 

sharp peaks because the energy limits are on the low energy side of L series x-ray 

of tungsten target. Surprisingly, the peaks are strong only when the crystal is set 

for the Bragg angle of KLiL2,3 and KL2,3L3. 

In Experimental Setup II, the detector with 1.5 mm width of slit was rotated 

at the 95 mm distance on the marked protractor on the base plate. By this, the 

detector makes 1° sofid angle with respect to the rotational axis of crystal. But 

the width of the KLL RAE peak (Ni KL2,3L3 in 25 kV, Figure 28) is 10 minutes 

of arcs. This result indicates that the KLL RAE x-rays are amplified only at the 

Bragg angle {9B^^') and have very weak intensity at the other angles, and the 

KLL RAE x-rays are very sharp because the width of the KLL RAE peak is much 

less than the sofid angle of detector. If the KLL RAE is not very sharp and is 

not ampfified at only the Bragg angle it makes a wider peak than the sofid angle 

of the detector. The beam shape has studied in Figure 27, in which the original 

picture shows a sharp fine in the KLL RAE fimit. The sharp KLL RAE x-ray 

lines (Figure 27) and sharp peaks (Figure 28) represents that the KLL RAE is 
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stimulated when the crystal is set at the Bragg angle of the KLL RAE with the 

incident beam. Das Gupta studied the KLL RAE by the photographic method. 

He observed sharps fines for KLL RAE by using Ni and tungsten target x-ray 

tube at SRS Laboratories in 1986 but he did not report the result. 

To calculate amphcation of the KLL RAE at this condition, I consider Ni 

KLiL2,3 in case of 20 kV. The peak intensity removed the average Bremsstrahlung 

intensity is 714 counts. I compare it with the results of Experiment I. The KLL 

RAE intensity measured in Experiment I (Figure 19) are 178 counts. I cannot 

compare the intensities directly because the data was coUected under the differ

ent experimental conditions. To compare the experimental conditions between 

Experiments I and II, the detector distance from the crystal is compared in Ex

periments I and II because the intensity of the Auger Kossel line is proportional to 

the 1/Distance. The incident beam divergence, coUecting time and current of the 

power supply are considered. The factor due to the energy resolution of the de

tector is compared. The measured intensity in Experiment I might be the sum of 

Ni KLiL2,3 and Ni KL2L3 because of the limited energy resolution of the detector 

but in experiment II, the two Auger lines are seperated by the crystal rotation. 

The beam dispersion (7' — 8') is less than the solid angle (1°) of the detector in 

Experiment II and the beam height is less than the height of the beryllium window 

of the detector in Experiment II. Therefore, I do not need to consider these factors 

because all the intensity of the RAE is absorbed to the detector. The calculated 

intensity ratio of Experiment II, with respect to Experiment I according to the 

different experimental conditions, is shown in Table 17. The total intensity ratio 

factor of Experiment II due to the different experimental setup is 0.1248 relative 

to the Experiment I. 
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Table 17: Comparison of the Experimental Conditions Between Experiments I 
and II. The intensity ratio of Exp. II with respect to Exp. I according to the 
different experimental conditions, is calculated. 

Detector Distance 

Beam Divergence 

Collecting Time 

Current of 
Power Supply 

Energy Resolution 
of Detector 

Total 

Exp. I 

30 mm 

60' 

600 sec. 

1 mA 

2 

Exp.II 

95 mm 

8' 

300 sec. 

12 mA 

1 

Intensity Ratio 
Factors 

Exp.II/Exp.I 

0.32 

0.13 

0.5 

12 

0.5 

0.1248 
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The measured intensity ratio, 714/178, and total intensity ratio factor, 0.1248, 

due to different experimental conditions, represent that the amplification of the 

KLL RAE is 32 times. That is, the intensity of the KLL RAE measured in 

Experiment II (incident angle with the crystal and the detector angle with the 

crystal are the Bragg angle of the KLL RAE) is 32 times of the intensity measured 

in Experiment I (incident angle with the crystal surface is 45° and the detector 

angle with the crystal is the Bragg angle of the KLL RAE). This means that the 

KLL RAE x-ray is amplified with 32 times when the crystal is set at the Bragg 

angle of the KLL RAE with respect to the incident beam. 

Ni KLiL2,3 and KL2,3L3 are resolved, but they were not resolved in Exper

iment I due to the fimitation of the detector's resolution. This means that the 

resolved Ni KLiL2,3 and KL2L3 are the most probable KLL RAE states. This 

results agree with the theoretical prediction by Crasemann. 

4.2.2 Cu Monocrystal 

The same experiment was done by using the Cu (200) monocrystal. Tungsten 

La (8398 eV) can not excite K sheU electrons of copper which have 8980 eV 

but tungsten L/3 and Bremsstrahlung can excite them. But their intensities are 

much weaker than La. Therefore, we expect not only Cu Ka, but Auger electron 

radiation are very weak by tungsten x- ray tube. Table 18 and Figure 30 show 

smaU peaks of RAE x-rays. In the graph measured at 20 kV, strong reflected 

tungsten L; whose energy is 7388 eV, comes out. There are humps in 7062 eV and 

6997 eV. 6997 eV is close to Cu KL2L2,3 and 7062 eV is close to Cu KL3L3 or Fe K/? 

(7058 eV) caused by Fe impurities of W target x-ray tube. The measured intensity 

of Cu KL2L2,3 was 54 counts in Experiment I and 189 counts in Experiment II 

after removing the average Bremsstrahlung intensity. The amplification of Cu 

KL2L2,3 is: 
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Table 18: Energies and Intensities Measured at Different Crystal Angles of Cu. 
The data was collected at 12 mA and 20 kV for 300 seconds. 

Crystal angle 

22° 30' 

23" 

23° 30* 

23° 40" 

23° 45" 

23° 50" 

23° 55' 

24° 

24° Iff 

24°3ff 

24°4ff 

24°5ff 

24° 55' 

25° 

25° 5' 

25° Iff 

25° 15' 

25° 20 

25°25' 

25°3ff 

25° 40' 

26° 

26° 30' 

Energies (eV) 

7808 

7685 

7478 

7427 

7416 

7405 

7383 

7383 

7349 

7250 

7176 

7137 

7097 

7062 

7053 

7036 

6997 

6952 

6924 

6913 

6874 

6812 

6683 

Intensities (Counts) 

3633 

3200 

2962 

4123 

4198 

4725 

4270 

4027 

2884 

2137 

1928 

2050 

2074 

2219 

1932 

1931 

1989 

1905 

1812 

1728 

1680 

1547 

1327 

1 

CUKL3L3 

CuKL2L2,3 
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Figure 30: Intensity Distribution CoUected in MCA for Different Setting Angles 
of Cu (200) Monocrystal. The data for each crystal angle was coUected at 12 mA 
and 20 kV for 300 seconds. 
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H5.-i-=28.0. 
54 0.1248 

It is shown that the Cu KL2L3 RAE x-ray is amplified 28 times when the crystal 

is set at the Bragg angle of the Cu KL2L3 RAE with respect to the incident beam. 
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C H A P T E R V 

SUMMARY AND CONCLUSIONS 

5.1 Summary of the Exper iments 

The purposes of this investigation are to identify that the x-rays of the ra

diative Auger electrons (RAE) in monocrystals of metal are produced by making 

loruzation of a tom by x-ray bombardments and can be ampfified at the Bragg 

angle of KLL R A E . There are many kinds of Auger electrons. However, the KLL 

R A E was selected for s tudy because the KLL RAE fimit is distinguishable from 

other fluorescence x-ray limits. 

For meta l monocrysta ls , two different lattice planes of Fe, Co, Ni, and Cu 

monocrysta ls were selected. Three different x-ray targets . Mo, W, and Cu, were 

used to excite a toms in these crystals. The detector system in the experiment has 

a high resolution power, which F W H M has 149 eV. The detector is operated by 

Si(Li) which is cooled by liquid nitrogen. An x-ray spectrometer and a high voltage 

power supply are used. The experiments are accomplished by two methods . In 

sys tem I, the crystal is set at 45° from the incident x-ray beam and detector is set 

at a position in which to cover the Bragg angles of KLL RAE x-ray and K a , K/3. 

The incident x-ray b e a m to crystal makes 1° divergence by collimator a t tached 

on the beryl l ium window of x-ray tube . Therefore, the detector at the position 

can miss the diffracted b e a m from the incident x-ray and absorb only fluorescence 

x-ray from the crystal . Moreover, the detector can avoid the incident x-ray which 

can cause confusion near the Auger electron energy limits. By this set-up, the 

energy and intensities for KLL R A E x-rays are measured for each crystal and 

each x-ray tube . 

To s tudy the beam shape of KLL R A E x-rays, Fe monocrystal is set at the 

Bragg angle ( ^ B ) of the measured energy of KLL R A E x-rays from the incident 
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Cu x-ray fines and the Si(Li) detector is located at 29B with respect to incident 

beam. The intensity distributions are measured by the detector by rotating the 

monocrystal on either side of peak for KLL Bragg angles. As another method to 

study the beam shape of RAE x-ray, regular x-ray film is set at a certain distance 

from the crystal to take the pictures at the Bragg angles of KLL and Ka for the 

Fe and Ni monocrystals. 

The system II is designed to measure the intensity distribution of the KLL 

RAE x-rays added to Bremsstrahlung for different setting angles of the crystals. 

The purpose of this experiment is to identify that KLL RAE can be ampfified on 

its Bragg angle of the crystal with the incident beam. The Ni and Cu monocrystals 

and W target x-ray tube are used. The crystal is set at every 3-5 minutes {9 with 

the incident beam) in certain fimits near the Bragg angle of KLL RAE x-rays and 

detector is rotated near the 29 with incident beam to attain the best position to 

detect the maximum intensity coming out at each crystal angles. After finding the 

best position of the detector, the data was collected. This arrangement is similar 

to a conventional 9-29 diffractmeter. 

5.2 Overview of the Key Results 

In Experiment I, the fluorescence output for a kind of crystal are the same 

despite of using the different x-ray tube. The output of Fe (111), Fe (110), and Fe-

Si (110) in Mo tube are the same. Moreover, the results of Fe by W and Cu tube 

have the same results as Fe by Mo tube. This indicates that the output x-rays in 

this fimit are due to Fe fluorescence only, but no impurity. If these crystals have 

any impurities, the output wiU be different for each crystal. The crystal used has 

over 99.99 % purity. These situations are the same in Co, Ni, and Cu crystals. 

Also, there is no possibility that any x-ray peaks by Si(Li) detector can come out 

in this limits. 
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There are four prominent peaks in the energy fimits. Three peaks among 

them are known as K/3, Ka and Si escape peak, but the peak in the cursor position 

(Figure 13) is unknown until now. The peak energies of this fimit are within KLL 

Auger electron energies for every crystal and there is no possibifity for other x-ray 

fluorescence of the crystal by Bearden's x-ray table. Therefore, I conclude that 

this peak is due to KLL RAE x-rays. As shown in flgures the RAE x-ray peak 

IS sharp. It is different from the theory of the previous investigators that RAE 

makes continuous x-rays with a sharp peak in its kinetic energy. Therefore, it 

can be explained by the fact that the RAE in the monocrystals radiate a x-ray 

without making electron continuum. This agrees with the assumption of the RAE 

process as a virtual Raman process. 

The peak energies are close to KLiL2,3 energy for Fe, Co, Ni and KL2,3L3 

for Cu monocrystals. This is comparable with Chen and Crasemann's prediction 

that the most probable transitions of KLL Auger electrons near atomic number 26 

to 29 is KL2L3 and KL1L2 as the next most probable state. The Si(Li) detector 

energy resolution is 149 eV. Therefore, it cannot resolve aU of KLL RAE x-rays. 

Only one peak energies are measured for most probable KLL Auger state. 

The relative intensties of KLL, K/3, and Si escape peak for Ka are measured. 

K a x-ray and KLL RAE have same initial state and competing decay branches. 

Therefore, the intensity ratios of the KLL RAE x-rays and Ka,/3 are important. 

The measured values of I (KLL)/I(Ka) are approximately 0.25 % for three kinds 

of x-ray bombardments. The intensity ratios are close to Scofield's theoretical 

values for the rate of (KLL RAE) / (Ka) . The agreement represents that most 

kinetic energy of Auger electrons are changed to x-ray without electron continuum 

in the monocrystals. As the experimental results shows, the KLL RAE in the 

monocrystal radiates an x-ray without making electron continuum. This result 
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represents that the KLL RAE process matches with the assumption of the RAE 

process (section 2.4 radiative Auger Process). But the relative intensities of KLL 

R A E / K a agree with the theoretical values. This result represents that the KLL 

RAE process match with the general theory of the RAE, in which very fittle part 

of the produced Auger electrons are changed to the RAE (sections 2.2 and 2.4). 

Additionally, I(K/3)/I(Ka) values are measured. AU values for the crystals are 

14-15 % These agree with Scofield's prediction for these atomic numbers. Good 

agreement indicates that the refiabifity of the coUected data is high. The measured 

Si Ka escape peak due to Ka x-ray energy agrees with calculated energy values. 

The intensity ratios of them are 0.29 to 0.57 %, depending on crystals. These 

values agree with Russ's values. The Si Ka escape peak due to K/3 x-ray are 

considered. Those energies are near KLL RAE x-ray limit but the intensities are 

very low because the I(Si Ka escape peak for K^)/I(Si Ka escape peak for Ka) 

follows the ratio of I(K;5)/I(Ka) of fluorescence. These intensities and energies are 

calculated. It is identified that they influence the KLL RAE x-ray limit a little. 

Even if I consider this influence additionaUy, the intensity ratio, I(KLL)/I(Ka), 

agrees well with theoretical values. 

Si K/3 escape peak due to Ka and K/3 can be neglected because of weak 

intensity. 

The beam shape of KLL RAE x-ray is studied by taking picture and coUecting 

data different crystal angles near Bragg angle of KLL RAE x-rays. From these two 

results, it can be known that the KLL RAE x-rays are added to Bremsstrahlung 

sharply. 

In Experiment II, the reflected intensities are measured at discrete crystal 

angles near Bragg angle of KLL RAE x-rays. The graphs of intensity distribution 

at different angles of Ni monocrystal shows that at the Bragg angle of KLL RAE 
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x-ray, intensity is increased and makes a sharp peak. The KLL RAE x-rays are 

added to Bremsstrahlung with abrupt increase of the intensity at only its Bragg 

angles. This is approved in photographic picture in Experiment I; it shows tha t 

the sharp lines come out at only Bragg angle of KLL x-rays. 

T h e intensity in Experiment II (incident angles with the crystal and the 

detector angle with the crystal are the Bragg angle of the KLL RAE) is 30 times 

of the intensity of KLL R A E measured in Experiment I (incident angle with the 

crystal surface is 45° and detector angle with crystal is the Bragg angle of the KLL 

R A E ) . The KLL R A E peak is very sharp at only the Bragg angle, comparing with 

sofid angle of detector. These results are interpreted by the fact tha t the KLL RAE 

x-rays are amplified sharply as the crystal is tuned to have the Bragg resonance 

angle wi th the respect to the colfimated beam of tungsten and the monocrystal 

acts as an x-ray ampfifier. 

In this experiment , Fe impuri ty of x-ray tube confuses the output because 

the Fe K a energy is close to Ni KLiL2,3 and Fe K/3 is close to Cu KL3L3, but the 

advantage of this system lies in the fact tha t the energy is resolved widely even if 

the Si(Li) detector can not resolve the KLL RAE x-ray. 

5.3 Suggestion for Further Study 

• The theoretical concept should be studied for the ampfification of the KLL 

R A E when the crystal is set at the Bragg angle of the KLL RAE with the incident 

beam. 

• T h e interference effect for the R A E x-ray should be studied to prove the 

KLL R A E is in the same phase. The original beam of the KLL RAE wiU be spfit 

into two beams by a th in crystal. When these two beam reunite they may produce 

interference effect. 
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• In the experimental system II, the intensities were checked at the discrete 

set of crystal angles. I tried to find best position of detector to get maximum 

intensity at each crystal angle by rotating the detector around the rotational axis 

of crystal, but there can be error. Therefore, if I have 9-29 diffractmeter I can get 

continuous intensity distribution. But I have a problem again because the Si(Li) 

detector is too heavy for the diffractmeter to rotate the detector stably. 

• I found an x-ray which has twice the energy of Ka x-ray at each experiment. 

For example, when I collect the data for Ni crystal the Ka whose energy is 7478 

eV comes out, of course, but the x-ray whose energy is 14956 eV comes out in 

display with very weak intensity. When I did an experiment for Fe, Co, and Cu 

crystals, I found that these kinds of x-rays came out. It should be studied why 

the x-rays having double energy of Ka fluorescence come out. 

• The amplification of RAE x-ray should be studied more precisely at the 

same conditions of experimental setups I and II. The mosaicity of Ge crystal is 

better than metal crystals, therefore, the result of Ge wiU be much better than 

that of the metal crystals. 
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APPENDIX A 

CALCULATION OF AUGER ENERGIES 

The interpretation of an Auger spectrum is simplified by working from an em

pirical formula and comparing calculated with observed values. Two basic meth

ods has been employed in energy calculation. These are the theoretical approaches 

involving nonrelativistic, relativistic calculation, and secondary, the totally empir

ical techniques based on simplified equations. In studies of atomic transitions the 

relativistic model assumes that the transition of one electron from its initial state 

to the positive energy continuum is caused by the interaction of that electron 

with the electromagnetic radiation emitted by the other electron when it fUls the 

atomic vacancy. The Auger transition is thereby considered to be one of internal 

absorption of radiation. The nonrelativistic approximation considers two electrons 

moving in their initial states in both the field due to the nucleus and the average 

field due to the other atomic electrons. The coulombic interaction between the 

two electrons involved in the Auger transition is considered to be the perturbation 

that causes one electron to undergo a transition from its initial bound state to a 

final state in the positive energy continuum, whereas the second electron fUls the 

iiutial atomic vacancy. 

Before outlining the theoretical and semiempirical approaches, we shall first 

introduce the simplified concepts and equations used in the calculation of Auger 

energies. 

A.l Empirical Methods^^ 

One of the most well-known simplified equations is that of Burhop : 

E^(VXY) = E^(V) - E^(X) - E^(Y') (A.l) 

where E^(VXY) is energy of the ejected Auger electrons from element with atomic 
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number Z, E^(V) energy of level in which initial core hole is created, E^(X) energy 

of level from which an electron falls to fill the iiutial vacancy, and E'^(Y') the energy 

appropr ia te to an a tom already singly ionized in an inner shell (Y is the level from 

which the Auger electron is excited). Note that E^(V) and E^(X) can certainly 

be approximated as the atomic binding energies of electrons in the V and X levels. 

Berg and Hilp4 modified eq. (1.1) by suggesting that E^(Y' ) probably fies 

between E^(Y) and E^+i (Y) (binding energies of level Y in the a tom of interest , 

Z, and in a tom of Z + 1 , respectively). Thus , eq. (1.1) becomes 

E^(VXY) = E^(V) - E^{X) - E^(Y) - AE^(Y) (A.2) 

where A E 2 ( Y ) = A Z [ E 2 + 1 ( Y ) - E 2 ( Y ) ] The empirically determined quanti ty AZ 

is caUed the effective incremental charge and accounts for the change in binding 

energy of an electron in shell Y of an a tom Z ionized in shell X. Thus , 

AE^(Y) 

^ ^ " E ( z + i ) ( Y ) - E Z ( Y ) • ^^'^^ 

The pa rame te r AZ only varies slowly with Z and, hence, can be used in quite 

a wide range of elements, a l though different values of AZ may be expected for 

a different shells. Equat ion (1.2) implies that after ioiuzation of electron V an 

electron in level X is then t r apped by the vacancy in V and the excess energy 

causes the ejection of an electron in Y. If we consider that the electron Y is t r apped 

by vacancy V and the electron X is ejected, then a question arises concerning the 

equivalent expression 

E^(VXY) = E^(V) - E 2 ( Y ) - E^(X) - AZ[E^+ ' (X) - E^(X)] . (A.4) 

In b o t h cases the experimental kinetic energies must be the same, but expres

sions do not predict the same values if X and Y are different (unless AZ varies 
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drastically35'36^ Q^^ ^^^ make the kinetic energy of the Auger electron inde

pendent of the manner of the transition (since the transition is a symmetrical 

process with respect to both X and Y) by taking the average of expression (1.2) 

and (1.4)37 

E^(VXY) =E^(V) - E^(X) - E ^ ( Y ) - A Z ' [ E ( ^ + ^ ) ( X ) - E^(X)] 
(A.5) 

- A Z ' [ E ^ + 1 ( Y ) + E 2 ( Y ) ] 

AZ' is a new parameter adjusted to fit experimental data and has a value of 0.5 

when X and Y are equivalent. Several works have attempted to predict Auger 

energies based on modifications of the expressions mentioned above by computer 

techiuques. The difference between calculated energies based simply on the bind

ing energies of level V, X, and Y, and the experimental energies is generally con

sidered, at least from a semiempirical point of view, to involve electron coupling 

and relaxation energy components as a result of the coulombic redistribution of 

electrons that occurs on ionization. 

In the next section, we shall review the theoretical work carried out on atomic 

transitions, mention semiempirical data, and outline the calculations carried out 

the data on molecular systems. 

A.2 Theoretical and Semiempirical Methods^^ 

We consider the KLL Auger electron, which has been most extensively stud

ied, and confine our attention to atoms with an initial K vacancy and L sheU 

completely filled. After an Auger transition the Hamiltoiuan of the six electrons 

remaining in the L shell may be simply written as 

i = l ^ 

In this central field approximation the electron may be in one of the following 

three configurations 
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(2s)°(2pf, (2s)(2p)^ (2s)^(2pr • 

The degeneracy of the motion of the electrons in the non-closed L shells is removed 

by the perturbation 

e2 
Hi= E - + EC(^i)li-Si (A.7) 

arising from the electric interaction of pairs of electrons and the coupfing between 

the spin and orbital motion of the individual electrons, where 

^, , e 1 ^V 

V being the potential in the central field. 

For atoms with small Z the spin-orbit coupling is weak since the dependence 

on V implies a proportionafity to Z. On the other hand, the total electrostatic 

interaction between the electrons may not be small compared with the central 

field so that the first term is dominant in (1.7). The coupling is then called Russel-

Saunders or LS coupling, since the orbital and spin motions couple separately. 

For atoms with large Z, on the other hand, the electrostatic interaction be

tween the electrons is much less important in comparison with the central force but 

the spin-orbit interaction assumes increased importance. If only this term in (1.6) 

is taken into account the coupling is j j . Neither of these extreme approximations 

is very satisfactory, however, and for most values of Z both term in (1.7) should 

be taken into account.^6 The coupling is taken referred to as "intermediate." 

A.2.1 The LS Coupfing 

For the lighter elements (10<Z<25) the coupfing is predominantly LS. The 

electrostatic interaction J^ (e^/rjj) commute seperately with the total orbital 

angular momentum L and the total spin S so that both remain good quantum 

numbers. Six terms are: 
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ip 3p 

^S, ^D, pP) . 

The last term, 3p of the third configuration is written in bracket as it gives no 

contribution to Auger transition rates when the coupling is purely LS from parity 

conservation considerations.^®'4*^ 

There are then five possible final states. Their energies can be written4i in 

terms of the binding energies E(Li) and E(2p) of the 2s and 2p electrons and 

the Slater integrals F and G. These latter matrix elements of the electrostatic 

interaction between electrons in the (nl) and (n'l') shells are defined by 

F'^(nl,nT) = < Rni(ri)Rn'i'(r2)i/.(ri,r2)Rni(ri)Rn'i'(r2) >, 

G^(nl ,nT) = < Rni(ri)Rn'i'(r2)z/.(ri,r2)Rn'i'(ri)Rni(r2) > , (A.9) 

where 
r'̂  

v,, — 
^2 

V 

^ for ri < r2 

for r2 < Tl 
Tl 

the angular brackets indicate an integration over ri and r2, and v takes positive 

integral values or zero. The function Rni(r) is the radial part of the wavefunction 

of an electron in the (nl) sheU. The energy levels of the atom doubly ionized in 

the L shell are 
^ S : 2E(Li) + F«(2s,2s) 

^P : E(Li) + E(2p) + F°(2s,2p) + ^G'(2s,2p) 

P : E(Li) + E(2p) + F«(2s,2p) - ^G'(2s,2p) 3 

^S : 2E(2p) + F«(2p,2p) -f ^F2(2p,2p) 

^D : 2E(2p) + F«(2p,2p) + ^ F « ( 2 p , 2 p ) 

pP] : 2E(2p) + F°(2p,2p) - iF2(2p,2p)[forbidden] 

5 
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The energies of the KLL Auger lines on the basis of the Russel-Saunders 

coupling scheme, are immediately obtained by subtracting the above expression 

from E(K); E(K) is the binding energy of the Is electron and represents the energy 

of the initial state of the singly ionized atom. 

A.2.2 The jj Coupling 

The spin orbit interaction X)C(ri)li • Sj commutes seperately with the total 
i 

angular momentum j j , of each electron so that for each individual electron the 

j values is conserved. The degeneracy of the 2p subsheU is removed giving two 

subsheU, L2 = 2pi and L3 = 2p3. In addition Li = 2s 1. The final states are then 
2 2 2 

specified by naming the two subsheUs. The six energy levels that result are LiLi , 

L1L2, L1L3, L2L2, L2L3, and L3L3. 

A.2.3 The Intermediate Coupling 

The actual situation cannot be described satisfactorUy by either of the above 

two extreme coupfings. The whole perturbation. Hi, should be taken into consid

eration. We write the matrix of the total Hamiltonian 

H = Hc + H i . (A.IO) 

To write these matrices, we first note that the states of the nearly closed sheU 

configurations (2s)0(2p)6, (2s)(2p)5, (2s)2(2p)4 can be expressed in terms of those 

of the two-electron configurations (2s)^, (2s)(2p), (2p)^. The states of the two 

systems are equivalent, provided the sign of the spin-orbit coupling term is re

versed and certain additional terms added to the diagonal elements of the matrix 

of the electrostatic interaction.4^ The reqmred matrices for the two electron con

figurations can be obtained from the electrostatic energies given by Condon and 

Shortly and spin-orbit matrices given in the same book for different values of 

the total angular momentum J. The energies of the nine KLL Auger fines can be 
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given by Asaad and Burhop. 

KLiLi(^So) : E(K) - 2E(Li) - F°(2s,2s) 

KLiL2(^Pi) : E(K) - E(Li) - E(L2) - F0(2s,2p) + 0.75C2p 

- [ [ iG^(2s ,2p) -0 .25C2 'p]2+0.5Cy^/2 
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APPENDIX B 

AUGER TRANSITION RATES43 

The nonrelativistic theory of the Auger effect was first given by Wentzel.44 

The theory has been summarized by Burhop and by Bergstorm and Nordfing. 

Two electrons 1 and 2 are initially in the bound state -i/) and -0'. They make 

transitions to the states V'l and -^i such that the total energy is unchanged. One 

of these final states, say V'l, is more bound, and the other V'l is in the continuum. 

Clearly, owing to the indistingmshabifity of the two electrons, one should consider 

the two posible transitions (usuaUy caUed "direct" and "exchange") 

V ' ( i ) -V ' i ( i ) v ' ( 2 ) - v ; ( 2 ) (B.i) 

and 

V''(l)-V'i(l) V(2)-V'i(2). (B.2) 

Here 1 and 2 specify the electrons in whose coordinates the wavefunction is to be 

expressed. Bound single-electron wavefunctions are assumed to be normalized to 

unity, while the continuum wave function is assumed to be normalized to represent 

one ejected electron per unit time per unit energy range. In the nonrelativistic 

approximation, we can write the Hamiltonian for the two electrons in the form 

H = - ^ [ V ^ D + Vf,)] + [V(l) + V(2)] + £ . (B.3) 

Here the potential energy terms V( l ) and V(2) arise from the assumption that 

the two electrons (in their initial state) are moving in the field due to the nucleus 

and the average field of the remainder of the electrons of the atom. Following 

Wentzel, the Coulomb interaction between two electrons [the electrostatic energy 

terms e / r i2=(e / | r i — r2|)] is regarded as the perturbation. The number of ra

diationless transitions occuring in time dt given by time-dependent first-order 
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perturbation theory can be written by Matt and Massey45 

b^Mt = ^ 1 / / ^ * ( 1 . 2 ) - ^ ^ ( l , 2 ) d r i d r 2 p d t . (B.4) 
n J J Ti2 

Here ^(1,2) and ^ i ( l , 2 ) represent the total initial and final wavefunctions for 

the two electrons and the superscript nr stands for nonrelativistic. Ignoring for 

the time being the effect of the Pauli exclusion principle and considering only the 

"direct" transition, i.e., taking the total wavefunction for the two electrons simply 

as the product of the single-electron wavefunctions; 

*(1,2) = V(1)V''(2) *i( l ,2) = Vi(l)V';(2) 

then the nonrelativistic Auger transition rate will be given by 

: y | / / v r ( l ) V ' ; ' ( 2 ) £ v ' ( l ) V ' ' ( 2 ) d r i d r : 

= fiD"'r 
(B.5) 

In (2.5) we may call D^'' a nonrelativistic "direct" Auger transition amplitude. 

Expression (2.5) will be valid provided that b̂ [j.ĝ ,̂ T <C 1, r being a time of the 

order of 1/v, where i/ is the frequency of the x-ray photon which would have been 

emitted in the radiative transition V' ^ V'l- For the "exchange" transition (2.2), 

where the initial (or final) states of the two electrons are interchanged, we get the 

transition rate 

beich =1^1 |y"^:*(l)V'r(2);^'^'(l)^(2)dridr2 

2'r|„ni|2 

2 

(B.6) 

In (2.6), Enr is the "exchange" Auger transition ampfitude corresponding to D""̂  

in (2.5). The condition for the validity of expression (2.6) is that bg ĵ.î T' <C 1 with 

r ' being of the order of l / i / ' , where i/' is the frequency of the x-ray quantum for 

the radiation transition V'' -^ V'l-
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Taking the Pauli exclusion principle into account, the total wavefunction 

^ ( 1 , 2 ) and ^ i ( l , 2 ) of the two electrons must be antisymmetrized in their coordi

na tes . Thus for the nonradiative transit ion under consideration, we have 

*(1,2) = -^1V'(1)V''(2)-V'(2)^'(l)] (B.7) 

and 

1 
* i ( l , 2 ) = - ^ [ V ' i ( l ) V ' i ' ( 2 ) - V i ( 2 ) V ' i ' ( l ) ] (B.8) 

On making this subst i tu t ion in (2.4), the nonrelativistic Auger transit ion rate 

becomes 

27r 

h 
(B.9) 

In (2.3) we considered for the two-electron system, we should really consider the 

Hamil tonian 
.2 N N 

H = 
2ine 

(B.IO) 

of N orbi tal electrons ( N < Z ) of which two electrons undergo a radiationless t ran

sition and where av(e^/rij) is the averaged screening field of the atomic electrons 

which has been taken into account in V(i). In place of (2.4) we now have 

b " M t = ^ | / / ^ I ( l , 2 , . . . , N ) y - * ( l , 2 , . . . , N ) d r i d r 2 . . . d r N | 2 d t ( B . l l ) 
n. J J HIT' î ij 

since the te rms involving av(e^/rij) vanish. Hence the irutial and final states are 

represented by the tota l wave functions ^ and ^ j , each of which may be wri t ten in 

the form of a Slater determinant (or a linear combination thereof) whose elements 

are the N orbitals V''^(i) for ^ and V'^(i) for * i : 

^ ( 1 , 2 , . . . , N ) = 
V/N! 

V'"(l) V'"(2) . . . V'"(N) 
V'^(l) V^(2) . . . V^(N) 

r{i) r{'^) r{^) 

(B.12) 
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with a similar expression for ^ i . The per turbat ion is now X^(e^/rij) with the 

operator l/rjj operat ing on electrons i and j . 

Wentzel was the first to give the theory of the Auger effect and showed tha t 

the individual Auger t ransi t ion rates should be independent of the atomic number 

Z. The first detailed computat ions were done independently By Burhop46 and 

Pincherle.4^ The other persons who developed the nonrelativistic Auger transi t ion 

are Ramberg and Richtmyer,4® Callan,4^ Kostrounei al.^^ and McGuire.5i 

In the nonrelativistic limit, the Auger process is regarded as a raditionless 

t ransi t ion, the pe r tu rba t ion being the Coulomb interaction between the two elec

t rons . In addit ion to the Coulomb electrostatic interaction terms, however, the 

relativistic expression contains a t e rm arising from the interaction of the mag

netic fields of the two electrons produced by their spin. Moreover, the expression 

contains a re ta rda t ion factor that becomes 1 in the nonrelativistic limits. 

The first relativistic calculations of the Auger transit ion rates were car

ried out by Massey and Burhop,5^ and Asaad,53 Listengarten,54 and Bhalla and 

Ramsdale55 developed it . 
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