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ABSTRACT 

By bombarding a poly-crystalline copper target with 15KeV electrons at 

lOmA direct current emission, a continuous spectrum of copper radiation was 

produced and made incident upon a mono-crystal of copper having a purity 

of 0.9999 and produced for the (111) planes. The mono-crystal of copper was 

aligned to produce Bragg reflection of the copper Ka lines, which occur in the 

moderate x-ray region, while simultaneously producing Pseudo-Kossel Ka lines in 

the same direction as that of the Bragg reflected lines. The spectral output was 

analyzed using a two quartz crystal spectrometer and multi-channel analyzer. 

The data shows an unusual increase in the copper Kai to Ka2 ratio, while 

exhibiting line width narrowing in both of the Ka lines, indicative of stimulated 

emission. 

IX 



CHAPTER 1 

INTRODUCTION 

Purpose of Investigation 

The precision measurement of the fundamental width of x-ray lines has at

tained special interest in connection with the development of the x-ray laser. It 

is well known in theory and experiment that the frequency width of the fun

damental line decreases dramatically for optical lasers.^ This is known as "line 

narrowing." Das Gupta '̂̂ '* has reported the observation of line narrowing and 

an unusual ratio of the copper Kai and Ka2 lines using a spherically bent mica 

crystal spectrometer. Conventional high resolution x-ray spectroscopy utilizes 

either two or three crystal spectrometers, as invented by W. Ehrenberg^ and 

developed by J. Dumond.^ (For more discussion on two and three crystal spec

trometers, see chapters 2 and 3 respectively.) 

It is the purpose of this investigation to present an instrumental design 

for investigating Bragg-Pseudo-Kossel lines and to determine the fundamental 

widths of the copper Ka Bragg-Pseudo-Kossel lines emanating from a copper 

mono-crystal whose ( i l l ) planes are parallel to the crystal surface. This investi

gation, conducted to re-examine Das Gupta's^'*'* observations, utilizes the more 

customary crystal spectrometers in order to facilitate unambiguous comparison 

with data obtained by conventional x-ray spectroscopy. 

An experimental set up using a two quartz crystal spectrometer was accord

ingly developed for the study of the fundamental widths of copper Ka Bragg-

Pseudo-Kossel lines. To the author's knowledge, no two crystal spectrometr>' 



studies of these lines have ever been performed. The experimental data indeed 

demonstrate an unusual copper Kai to Kaj ratio while exhibiting unusually 

narrow line widths in both of these lines. 

The experiment incorporates the novel idea of using the Bragg-Pseudo-

Kossel condition to promote stimulation in the emission of copper Ka radia

tion which is in the moderate x-ray region. Because of the unusual nature of 

this approach, this thesis will discuss several (laser) properties that the Bragg-

Pseudo-Kossel radiation adheres to. 

The rest of this chapter and chapters 2-5 are devoted to the background 

necessary for the development and study of the copper Ka Bragg-Pseudo-Kossel 

phenomenon. Chpter 6 discusses the equipment and experimental errors in

volved in producing and measuring the data. Chapter 7 includes the data and 

experimental observations taken as this experiment evolved. Conclusions and 

suggestions for further study are presented in chapter 8 along with a discussion 

of several laser properties that these special copper Ka Bragg-Pseudo-Kossel 

lines exhibit. 

Historical Background 

In 1912, Laue and Knipping^ proved that atoms in a single crystal have 

regular three dimensional lattice structure. In 1913, W. L. Bragg and W. H. 

Bragg®'̂  obtained reflected x-rays from a cleavage surface of mica crystal and 

established the Bragg Law; 

n\ = 2dsme (l) 

where n is the order of reflection (ie., 1,2,3,...), A is the wavelength of the reflected 

radiation, d is the atomic spacing between the Bragg reflecting planes and 6 is 

the angle between the Bragg reflecting planes and the incident (or reflected) 



radiation. This relationship formed the basis for single crystal spectrometry and 

led to the development of x-ray spectroscopy. 

In 1913 and 1914, Mosely^° systematically studied the x-ray spectra of dif

ferent elements. He demonstrated that spectral lines emitted by these elements 

belonged to two distinct series (known as the K and L series lines). The lines of 

any particular element were shown to be quite distinct from the lines of any other 

element. These characteristic radiation lines of an atom are known as it's fluores

cence radiation. In 1917, Kossel^^ demonstrated that x-ray spectra are described 

by energy level diagrams of atoms. (In chapter 4, the energy level diagram of 

copper is shown and the process of copper K fluorescence is demonstrated.) 

In 1916, Albert Einstein^^ published a paper titled "On the Quantum The

ory of Radiation." In his paper, Einstein pointed out that under steady state 

conditions at high temperatures, spontaneous emission could not account for the 

total number of emissions necessary to balance the total number of absorptions. 

Einstein concluded that there must be some other source of emission present. 

This source of emission is known as stimulated emission. 

The physical processes involved in spontaneous and stimulated emission are 

quite different. For spontaneous emission, a normal excited atom will return to 

the equilibrium or ground state by emitting a photon with a specific energy, hav

ing random direction and being emitted at a random time. Stimulated emission 

is characterized by emission of a photon with a specific energy, having a specific 

direction and being emitted at a specific time. (For a more detailed description 

on the process of stimulated emission, the reader is referred to chapter 4 and to 

several references.̂ *'̂ *'̂ ^) 

In 1934, Kossel, Loeck, and Vogeŝ ® demonstrated that a mono-crystal of 

copper bombarded by electrons produces diffraction effects due to the excitation 



of the atoms within the crystal. These diffraction maxima were shown to be due 

to internal Bragg reflection with the maxima being appreciably high in the Bragg 

directions. The projections of these diffraction maxima onto photographic film 

are known as Kossel lines. Two years later, Borrmann *̂̂  produced Pseudo-Kossel 

lines by bombarding a copper mono-crystal with x-rays. (Chapter 5 discusses 

Kossel and Pseudo-Kossel lines in more detail.) 

In the early 1950's, C. H. Towneŝ ® thought of a way to make a device that 

operates on the principle of stimulated emission. In 1954, he and associates at the 

University of Columbia made and demonstrated the first such device. This device 

operated in the microwave frequency range of the electromagnetic spectrum and 

became known as a maser (microwave amplification by stimulated emission of 

radiation). The device produced radiation that was spatially^' (same frequency, 

direction and polarization) and temporally** (same phase and speed) coherent. 

The radiation was also amplified or increased over that of the incident radiation. 

In 1960, T. H. Maiman*® at Hughes Aircraft Companies Electronics Re

search Laboratory produced the first light amplification by stimulated emission 

of radiation (laser). This device brought a tremendous increase (on the order of 

10* to 10^) in the frequency (or energy) of the emitted (stimulated) radiation 

over that of maser devices. Laser devices are characterized by the same spacial 

and temporal coherence as that of maser devices. However, the laser devices 

emit radiation that is of much higher frequency (or energy) than the radiation 

emitted from maser devices. Typically, lasers also have greater amplification and 

less noise associated with their radiation. 

Since 1960, search for devices that provide higher frequency (or energy) of 

the stimulated emission have been sought. Presently, this frontier of research is 



in the x-ray region. The device that produces stimulated emission in this region 

of the electromagnetic spectrum is known as the x-ray laser. 



CHAPTER 2 

THE THEORY OF TWO CRYSTAL 

SPECTROMETERS 

Introduction 

For this project, there must be two requirements met by the measuring 

apparatus. The apparatus must be able to measure radiation in the x-ray region 

and it must be able to give high resolution of any x-ray spectral lines in the region 

of interest. Because of the resolution requirements a two crystal spectrometer is 

used. 

The operation of a two crystal spectrometer is limited by the requirements 

placed on it by Bragg's Law. Bragg's Law dictates the frequency and direction of 

reflected radiation. Once the first refiection of radiation is made all subsequent 

reflections are required (by Bragg's Law) to be reflected into the original plane 

of the first reflection. This plane is deflned by the incident and reflected ray at 

the first crystal. Due to the above requirement, the two crystal spectrometers 

axes must be strictly parallel to each other and strictly parallel to the reflecting 

planes of the crystals which they hold.*^ 

There are many operating positions for the two crystal spectrometer.^^ In 

this thesis only first order refiection positions are discussed. It is assumed that 

the two crystals are identical. For first order reflections there are two possible 

orientations of the crystals which allow reflection. The two positions are illus

trated in figures 1 and 2. They are known, respectively, as the (1,-1) or parallel 

position and the (1,+1) or anti-parallel position. 



Parallel Position 

In the (1,-1) position (Fig. 1), all wavelengths within the range determined 

by the angular divergence of the beam from the source can survive successive 

reflections.^* (The wavelengths are determined by the Bragg conditions.) The 

target in figure 1 is bombarded by an electron beam which produces a continuous 

spectrum of x-ray wavelengths. The continuous spectrum passes through a slit 

system which defines the angular divergence of the x-ray beam. The divergent 

beam that strikes crystal A satisfies the Bragg condition for a continuous set of 

Bragg angles ranging from 6min to Omax- Using Bragg's Law, 

nX = 2dsme (1) 

where n. A, d and 6 are defined in chapter 1, the wavelength and direction for any 

of the rays emerging from crystal A can be determined. Assuming n = 1 (as in 

the actual experimental case) and for the two extreme cases Omin and Omax, the 

corresponding wavelengths are Xmin = 2dsm0min and Xmax = 2dsmOmax' After 

reflection from crystal A, the divergent beam becomes a continuous spectrum 

having a lower and upper cutoff wavelength with wavelengths ranging from Xmin 

to Xmax' The reflected spectrum proceeds to crystal B (which is strictly parallel 

to crystal A). Due to the geometry between crystal A and crystal B, it is seen 

that all Bragg conditions satisfied at crystal A are also satisfied at crystal B 

and the spectrum {Xmin to Xmax ) is reflected from crystal B. If crystal A and 

crystal B are not strictly parallel, it is seen geometrically that crystal B does not 

satisfy the Bragg condition for reflection of any of the rays emerging from crystal 

A (ie. no reflection occurs at crystal B). Thus, only when the two crystals are 

strictly parallel will successive reflections survive whose range of wavelengths are 

determined by the angular divergence of the beam from the source. 
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The (1,-1) spectrometer arrangement (Fig. 1) is not used to study the fine 

structure of x-ray spectra.^* As discussed in the preceding paragraph, crystal 

A acts to reflect and resolve the spectra while crystal B acts either to pass all 

the incoming spectra from crystal A (when the two crystals are strictly parallel) 

or not to pass any of the spectra from crystal A (when the two crystals are 

not strictly parallel). This means the (1,-1) position acts at best like a single 

crystal spectrometer with a significant lose in intensity due to the second crystal 

reflection. Therefore, the (1,-1) position is not used when flnding fine structure 

in an x-ray spectral line. 

The spectral output of the (1,-1) spectrometer arrangement is used to find 

the mosaic nature or degree of imperfection in the crystals.^* According to 

Zachariasen^^ a real crystal can be thought of as "an aggregate of perfect crystal 

domains in imperfect alignment." This means that for a real crystal, the spec

trum is reflected through angles other than the true Bragg angle of the perfect 

crystal. This is due to the Bragg condition being satisfied by perfect crystal do

mains in imperfect alignment. The imperfect alignment of these perfect crystal 

domains is known as the mosaicity of the crystal and is usually on the order of 

a few seconds of arc for "good" crystals.^* If crystal A is fixed, and crystal B is 

rotated through angles just smaller than the perfect Bragg condition, to angles 

just larger than the perfect Bragg condition of strict parallelism, the spectral 

intensity refiected from the imperfect crystals yield a spectrum similar to figure 

3.*^ The process and spectrum described above are known as the (1,-1) rocking 

curve.'̂ ^ The (1,-1) rocking curve width is the full width at the half maximum 

of the peak intensity.^^ Thus, the (1,-1) rocking curve is a direct measure of the 

mosaic nature or degree of imperfections in real crystals. 



The imperfections of real crystals will add to the ( l ,+ l ) line profile width 

(the rocking curve of a pair of crystals in the ( l ,+ l ) position); thereby, adding 

to the appearance of the fundamental width of the spectral line. This means 

the (1,-1) rocking curve width must be "subtracted" from the (1,+1) line profile 

width when obtaining the "true" fundamental width of spectral lines. Other 

correction terms for determining fundamental widths of spectral lines are dis

cussed later in this chapter. Ehrenberg and Mark^ in 1927, and Schwarzchild^* 

in 1928, derived a formula for the correction term due to the imperfections of 

a real crystal. They assumed the energy distribution of x-ray line profiles to 

be unidirectional, monochromatic radiation that follow Gaussian distributions. 

From these assumptions, the formula 

WT = (W^-W'^)i (2) 

where WT is the true spectral line width (full width at half maximum of the peak 

intensity), WQ is the observed line profile width in the ( l ,+ l ) position and WR 

is the observed rocking curve width in the (1,-1) position, was derived. 

In 1932, Hoyt^^ suggested that the energy distributions of spectral Unes are 

better approximated by Lorentzian distributions. Richtmyer and Barnes^^ used 

the Lorentzian distribution to obtain the correction term 

WT=WO- WR (3) 

where WT, WQ and WR are defined above. 

Accepted experimental curves show that x-ray lines lie somewhere between 

Lorentzian and Gaussian distributions. Typically, x-ray lines are better fit by 

Lorentzian distributions.^'^ Because the data for this experiment are shown to 

fit well to a Lorentzian distribution, the Lorentzian correction term is used. In 
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summary, the (1,-1) rocking curve width is directly subtracted from the ( l ,+ l ) 

line profile width as a correction term in determining the "true" fundamental 

line width of an x-ray spectral line. 

Anti-parallel Position 

The (1,+1) position (Fig. 2) is the proper operating position of the spec

trometers for the study of x-ray fine structure.^* Crystal A acts to reflect and 

resolve the spectra (as before). Wavelengths ranging from Xmin to Xmax (cor

responding from Omin to Omax ) arrive at crystal B. Geometrically, since crystal 

B is no longer parallel to crystal A, only one wavelength of the spectrum meets 

the Bragg condition for reflection at crystal B with that one wavelength being 

reflected. If crystal B is now rotated through angles corresponding to the Bragg 

condition for reflection of each spectral wavelength coming from crystal A (from 

Omin to Omax)i the spectral intensity can be plotted as a function of the an

gle 0. This graph is known as the (1,-1-1) line profile.̂ ° The full width at the 

half maximum of the peak intensity of a spectral line is known as the spectral 

line width (previously referred to as the (1,+1) line profile width). When the 

spectral line width is adjusted for all the correction terms (discussed later), the 

spectral line width becomes the "true" fundamental width of the line (the origin 

of fundamental line width is discussed in chapter 4). 

For the ideal case, the ( l ,+ l ) spectral line width is the fundamental width 

of the line. However, for a real crystal system, the (1,-1) rocking curve width 

(which is the effect due to crystal imperfections) must be subtracted from the 

(1,+1) spectral line width by using the formula 

WT=WO- WR (3) 

as mentioned earlier. 
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It is mentioned that there are several other factors that add to the funda

mental width of a line to produce the observed (1,+1) spectral line width. The 

more prominent effects are discussed below. 

Geometric Factors 

Merril and Dumond^* derived an expression for geometric factors involved 

in the imperfect alignment of a two crystal spectrometer. They assumed the 

crystals were perfect and that only the divergence of the beam and misahgnment 

of the Bragg reflecting planes contribute to the rocking curve and spectral line 

widths. The dihedral angle ^ that satisfies the reflection condition in the (1,-1) 

position (Fig. 4) derived to second order is 

13 satisfying the reflection condition in the ( l ,+ l ) position (Fig. 5) derived to 

second order is 

o o/) . ^2 X /J _L </>('̂ i - <̂2 - 4(̂ 1 sin 0) 
P(i,+i) =20-\-<i> tan ^ -h -5̂  '-

^ cosO 
H- tan 0(26162 - «J| -h 26l sin^ 0) (5) 

where ^ is the angle of vertical divergence of the beam, î and 62 are the angles 

between the horizontal plane of the beam and the unit normals to the Bragg 

reflecting planes of the respective crystals A and B (Fig. 6). For proper crystal 

alignment, the divergent beam must be symmetric with respect to (t> and sym

metric about 4> =0. The 61 and 62 terms must be minimized as much as possible. 

It is the intention of this thesis only to point out that the spectrometers must be 

aligned as carefully as possible to minimize the effects of window broadening and 

line displacement'̂ ® which are due to crystal misahgnment (alignment procedures 

are discussed later). 
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Darwin's Diffraction Pattern 

The (1,-1-1) line profile of the fundamental width is increased due to diffrac

tion pattern effects.^' Darwin derived a formula to describe the effects that a 

diffraction pattern has on the fundamental width of spectral lines. The deriva

tion basically depends upon the type of material and the material's crystal struc

ture (for more specific details see the references^*''̂ )̂. The width of the (1,-1-1) 

line profile is increased because of the finite width of the atoms in the Bragg 

reflecting planes of the crystal that are contributing to the diffraction pattern. 

The value of these effects vary from one crystal type to another. The values 

are typically about 2 to 3 seconds of arc for most crystals.^* The broadening 

effect of a calcite crystal is shown in figure 7.^' The broadening effects due to the 

diffraction patterns of a crystal should be subtracted from the (1,-1-1) line profile 

width when making fundamental line width determinations. Since no value of 

Darwin's Diffraction Pattern effects were found for the quartz crystals used in 

this experiment, the correction term is not applied to the data of this thesis. 

Thermal Diffuse Scattering 

Until now, it was assumed that the atoms within the crystal are held fixed. 

However, due to thermal agitation of the crystal, the atoms within the lattice 

actually vibrate. It is expected that the fundamental width of the spectral lines 

increase with increasing lattice vibrations or temperature; however, this is not the 

actual case. P. Debye once said "... I came to the conclusion that the sharpness of 

the interference lines would not suffer but that the intensity should diminish with 

increasing angle of scattering, the more so the higher the temperature."^^ R. W. 

James'° shows that the thermal vibrations in a lattice do not affect the sharpness 
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of spectral lines but only decrease their intensity. In conclusion. Thermal Diffuse 

Scattering does not affect the "true" fundamental widths of spectral lines . 

Spectrometer Alignment Procedure 

There are several conditions (previously discussed or implied) which must be 

met for proper alignment of any multi-crystal spectrometer arrangement. These 

conditions are briefly outlined below:*^ 

l)the rotation axes of the crystals must be strictly parallel, 

2)the Bragg reflecting planes of the crystal must be strictly parallel to and con

tained in the rotation axis of the spectrometer, 

3)the central ray must lie in the horizontal plane and normal to the Bragg re

flecting planes of the crystals, 

4) the beam intensities above and below the central ray must be symmetrical 

and equal about (j> =0, and 

5) the central ray must intersect all the axes of rotation. 

For a typical experimental set up, a slit system (usually circular slits) is 

adjusted until the central ray from the source runs parallel to the table top (lies 

in the horizontal plane). Somewhere after the slit system, the beam is checked for 

symmetrical intensity about the central ray. Both of these procedures are easily 

checked by placing photographic film at even intervals (10 to 50 cm.) along the 

path of the beam. These films are used to measure the beam divergence, the 

incline or decline of the beam from the horizontal plane and are used to check 

the beam intensity for symmetry (circular). A small pinhole is punched through 

each film where the central ray passes. A laser light is directed through these 

pinholes and is used to approximately define the central ray. 
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By using the laser light to define the central ray, the first spectrometer is 

more efficiently set up. The first spectrometer is placed on the table top with 

the rotation axis placed perpendicular to the horizontal plane of the table. This 

is accomplished by placing a bubble level on the spectrometer and adjusting 

the spectrometer legs until the bubble is level. Next, the crystal (held by the 

spectrometer) is made as vertical as possible. This is accomplished by placing 

a bubble level on top of the crystal and adjusting the micrometer (Fig. 8) until 

the bubble is level. The spectrometer is placed in a position so that the central 

ray runs along the surface of the crystal and through the spectrometer's axis of 

rotation. This is accomplished by using the laser light which defines the central 

ray. The spectrometer is rotated to the Bragg angle allowing refiection of the 

wavelength under study. This is checked by using a Geiger counter and adjusting 

the spectrometer about the Bragg angle until a maximum peak is obtained. For 

crystals that are cut along the surface rather than cleaved along the surface, there 

remains one more difficulty in properly aligning the crystal. For crystals that are 

cut, the Bragg reflecting planes of the crystal are typically not strictly parallel 

to the crystal surface. This problem occurs for the crystals of this experiment 

(quartz (lOll), d =3.3424A). Therefore, photographic fllms are placed along the 

path of the reflected spectral line. The micrometer (Fig. 8) is adjusted to fine-

tune the crystal and make the refiected spectral line vertical with respect to the 

horizontal plane and to make the central ray of the reflected spectral line be in 

the horizontal plane. When this is accomplished, the flrst spectrometer is set up 

and is not touched again. 

A small pinhole is punched through each film of the reflected spectral line 

where the central ray passes. Laser light is directed through the pinholes and is 

used to approximate the reflected central ray. The second spectrometer is then 
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set up in either the (1,-1-1) or the (1,-1) position (usually the (1,-1-1) position). 

The second spectrometer is set up in the same manner as discussed above. The 

final adjustment of the two crystal spectrometer arrangement requires a very 

small adjustment in the micrometer of the second crystal (Fig. 8) to obtain a 

minimum in the width (full width at half maximum of the peak intensity) of the 

(1,+1) spectral line or the (1,-1) rocking curve . When this is accomplished, the 

spectrometer system is ready for data to be taken. 
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crystal B 

crystal A 

Figure 4. Parallel Position of Crystal A and B. ^ is the solid 
angle between the Bragg reflecting planes of Crystal 
A and Crystal B. 

crystal B 

P^OA-^-OB 

crystal A 

Figure 5. Anti-parallel Position of Crystal A and B. ^ is the solid 
angle between the Bragg reflecting planes of Crystal 
A and Crystal B. 
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Figure 6. Illustration of .̂ ^ is the solid angle between the unit 
normal of the Bragg reflecting planes of the crystal and 
the horizontal plane of the beam. 
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Figure 7. Darwins Diffraction Pattern Broadening. 
The corrected Bragg angle b due to ab
sorption effects in the crystal. (The cor̂  
rected Bragg angle is not important to 
this thesis.) 
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Figure 8. The Crystal Holder. 
1 . Crystal 
2 . Micrometer 
3 . Lateral Slides 
4 . Base of Lateral Slide 
5 . Tangent Arm 
6 . Crystal Bearing Sleeve 
7 . Levelling Stand 
8 . Lateral Slides 
0 . Counterweight 



CHAPTER 3 

THE THEORY OF THREE CRYSTAL 

SPECTROMETERS 

Motivation 

In a three crystal spectrometer arrangement, the three crystals are typically 

identical (same material and crystal spacing) and made of a material different 

from that of the source. When a three crystal spectrometer meets the above 

requirements, it acts as a very high resolution instrument for studying the fun

damental line widths of radiation from the target. For the interested reader. Das 

Gupta and some of his students^^'*^-'^ have studied the fundamental widths of 

Ka spectral lines coming from several different targets (Co, Cr, Fe, Mo). They 

reported observation of fine structure in several of these spectra. 

Because the first crystal (copper mono-crystal) used in the experimental 

set up of this thesis is made of the same material as the bombarded (poly-

crystalline) target, the mono-crystal acts as a Bragg reflector of incident radiation 

(Bremsstrahlung and characteristic copper radiation from the poly-crystalline 

copper target) having energies less than the K ionization energy of copper and 

acts as a fluorescence source of copper K radiation due to K ionization in the 

copper mono-crystal. K ionization in the mono-crystal is produced by incident 

radiation (Bremsstrahlung and tungsten L series lines) having energies greater 

than the K ionization energy of copper. Thus, the experimental arrangement of 

this thesis acts as a two crystal spectrometer of radiation produced at the copper 

mono-crystal and acts as a three crystal spectrometer for the radiation produced 
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at the poly-crystalline copper target. (These conditions are discussed more in 

this chapter and in chapters 4 and 7). In essence, it is possible to "separate" 

the Bragg reflected radiation from the Pseudo-Kossel (or Bragg-Pseudo-Kossel) 

radiation. (This is important to the discussion in chapters 7 and 8.) 

Introduction 

The three crystal spectrometer consists of three spectrometers whose axes 

must be strictly parallel to each other and strictly parallel to the reflecting planes 

of the crystals which they hold.̂ ^ Although there are many possible operating 

positions of the spectrometer arrangement,^^ only the first order refiection po

sitions will be discussed in this thesis. It is assumed that all three crystals are 

identical. As shown in figures 9, 10, 11 and 12, there are only four possible op

erating positions of the spectrometers. With reference to figures 9, 10, 11 and 

12, these operating positions are known respectively as the (1,-1,1) or parallel, 

(1,1,1) or anti-parallel, (1,1,-1) and (1,-1,-1) positions.^^ 

(1,-1,1) or Parallel Position 

Using geometrical considerations and the similarity with respect to the par

allel position of the two crystal spectrometer arrangement, it is reasoned that all 

wavelengths within the range determined by the angular divergence of the beam 

from the source (and restricted by Bragg's Law) survive successive reflections 

(Fig. 9). The (1,-1,1) arrangement is not used for the study of fine structure. In 

analogy with the two crystal spectrometer arrangement, the three crystal spec

trometer at best acts geometrically as a single crystal spectrometer with a severe 

reduction in the intensity due to second and third crystal reflections. Although 

the spectral output of the (1,-1,1) position gives information about the mosaic 

properties of the crystals, the information realized is not as simple a relationship 
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as that of the two crystal spectrometer arrangement.*^ In general, the rocking 

curves for the ( l*,- l , l ) , (1,-1*,1) and (1,-1,1*) positions (where the * indicates 

which crystal (A,B,C) is being rotated to give the rocking curve) are not the 

same (Fig. 13). 

(1,1,1) or Anti-parallel Position 

With a highly significant lose in the intensity of the spectrum (due to multi

ple reflections) and an increase in the difficulty of the experimental technique, the 

resolution (resolution will be discussed later in this chapter) for the (1,1,1) posi

tion is increased over that of the (1,-1-1) position of two crystal spectrometers.'* 

The (1,1,1) position of the three crystal spectrometer is an extension of the 

( l ,+ l ) or anti-parallel position of the two crystal spectrometer. If crystal A and 

B are held fixed while crystal C is rotated through angles smaller than, to angles 

greater than the perfect Bragg condition of the spectrum coming from crystal B, 

the (1,1,1*) profile gives an intensity distribution of a very small range of wave

lengths which is dependent upon the spectral window of the first two crystals.^^ 

This feature makes the (1,1,1) spectrometer arrangement useful in distinguishing 

between target radiation and radiation scattered from the crystal.^^ Using the 

(1,1,1) position, it is possible to study the target spectra reflected by crystal A. 

The usual method employed is to hold crystals A and B flxed while crystal C 

is rotated to give an intensity distribution of the spectral window of crystals A 

and B. Next, crystal B is incremented in as small a step as possible while crystal 

C is again rotated to give the intensity distribution of the spectral window from 

the flrst two crystals. This process is continued until crystal B is swept through 

the angles necessary to give a (l,-M) line profile of the spectrum (as if crystals 

A and B are acting as a two crystal spectrometer). Using the peak intensity 
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of each of the spectral window distributions, a plot is made of these intensities 

as a function of the rotation angle of crystal B. This graph is representative of 

the target spectrum being reflected by crystal A. Although this method is time 

consuming and cumbersome, it does achieve higher resolution. 

(1,1,-1) Position 

Using the spectrometers in the (1,1,-1) position (Fig. 11) is thought of as a 

two crystal spectrometer in the anti-parallel position with a third crystal C being 

added in the parallel position with respect to crystal B. Rotating crystal C to 

give the rocking curve of this position yields a spectral distribution representing 

the spectral window of the flrst two crystals. In this position crystal C acts 

to greatly reduce the spectral intensity and it does not aid in the resolution of 

the spectrum. Therefore, the (1,1,-1) position is not an efficient position for the 

study of flne structure. 

(1,-1,-1) Position 

Using the spectrometer in the (1,-1,-1) position (Fig. 12) is a two crystal 

spectrometer in the parallel position with a third crystal C being added in such 

a manner so as to be in the anti-parallel position with respect to crystal B. 

The three crystal spectrometer in this arrangement is equivalent to a two crys

tal spectrometer with a signiflcant lose in the intensity due to multiple crystal 

reflections. Therefore, this position is inefficient for the study of flne structure. 

It is mentioned that the (1,-1,1), (1,1,-1) and (1,-1,-1) positions are all used to 

find the mosaic nature of the crystals. As pointed out earher, the mosaic nature 

of the crystals is not easily determined because the rocking curves of the various 

crystal rotations are in general not equivalent.*^ 
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Spectrometer Alignment Procedure 

The alignment procedure for the setting of the first two crystals of the three 

crystal spectrometer is the same as the alignment procedure for the two crystal 

spectrometer of chapter 2. The third crystal is set up using the same procedure 

as used for setting up the first two crystals. For final adjustment, the third 

crystal micrometer is fine-tuned to give a minimum (preferably) in the (1,1,1) 

profile line width. Once this is accomplished, the experimental set up is ready 

to take data. 

Resolution 

The resolving power of a crystal is its ability to discriminate between wave

lengths. Resolving power is expressed as the ratio 

— (6) 
AA ^ ^ 

where A is the mean wavelength of a barely resolved pair of spectral lines and 

AA is the wavelength difference between the components. Two spectral lines are 

said to be resolved (Fig. 14) if the separation distance of their maxima is twice 

that of their half width at half maximum (as defined by Allison).** 

Allison has shown that the resolution of a spectrometer reaches its maximum 

when the observed half width at half maximum (rocking curve) is equal to the 

half width at half maximum of its crystal diffraction pattern.** His derivation 

assumes a Gaussian rather than a Lorentzian distribution of the line spectra and 

therefore is not quite appropriate for Lorentzian distributions of line spectra. 

However, this thesis assumes that his derivation is approximately correct for 

Lorentzian distributions of spectral lines. 
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The resolution of one (eq. 7), two (eq. 8) and three (eq. 9) crystal spec

trometers are, respectively,** 
A tan 5 .^. 

(7) A A 2uc 

X _ \/2tang 
A A 2uc 

X tan^ 

(8) 

(9) 
A A <jjc 

where LJC is the half width at half maximum of the peak intensity of the crystal 

diffraction pattern. The results are used to illustrate that the resolution of multi

crystal spectrometers does increase. It is mentioned that resolution only increases 

when each successive crystal is placed in the anti-parallel or dispersive (1,-fl) 

position with respect to the preceding crystal. The resolution of crystals in the 

parallel position does not increase. 
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•onrce 

Figure 9. (1,-1,1) or Parallel Position of a Three Crystal Spectrometer. 

Figure 10. (1,1,1) or Anti-parallel Position of a Three Crystal Spectrometer. 



so 

•onrce 

Figure 11. (1,1,-1) Position of a Three Crystal Spectrometer. 

•ouce 

Figure 12. (1,-1,-1) Position of a Three Crystal Spectrometer. 
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Figure IS. ( l* , - l , l ) , ( l , - l* , l ) and ( l , - l , r ) Rocking Curves of a 
Three Crystal Spectrometer. 
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Figure 14. A Pair of Resolved Spectral Lines. Spectral lines are said to 
resolved when the separation distance of their maxima is twice 
that of their half width at half maximum. 



CHAPTER 4 

BREMSSTRAHLUNG, K IONIZATION 

AND FLUORESCENCE YIELD 

Bremsstrahlung 

Bremsstrahlung radiation is produced by the deceleration of electrons as they 

strike the target. Since the target is made of copper, an intense characteristic 

copper radiation rises high above the Bremsstrahlung radiation (Fig. 15). Char

acteristic copper radiation is produced by the ionization and fluorescence process 

described later in this chapter. It is also known that tungsten is slowly deposited 

onto the poly-crystalline copper target by evaporation of the tungsten fllament. 

The tungsten fllament provides the thermionic electrons which are accelerated 

and bombard the poly-crystalline copper target. The deposit of tungsten onto 

the poly-crystalline target provides the source for tungsten L series lines which 

also rise above the Bremsstrahlung radiation (Fig. 15). These tungsten L series 

lines are used to more efficiently produce copper K ionization in the copper mono-

crystal. K ionization is necessary for the production of Pseudo-Kossel radiation. 

(Pseudo-Kossel radiation is discussed in chapter 5.) The maximum energy that 

the Bremsstrahlung radiation may possess is restricted to the maximum energy 

of the incident electrons. The relationship among the energy, frequency and 

wavelength of a photon is given by 

Emax = hi/max = T (lO) 
^min 

where Emax is the maximum energy of the incident electrons and emitted pho

tons, i/max and Xmin are the maximum frequency and minimum wavelength 
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of emitted photons. Using this relationship and knowing that the tube poten

tial is 15kV, Xmin is approximately 0.827A (Fig. 15). Bremsstrahlung radi

ation is known to rise to a maximum intensity at approximately 1.5A^in or 

1.241A (Fig. 15). The wavelengths of the characteristic copper Ka radiation are 

Kai = 1.540562A and Ka2 = 1.544390A. The energies required to ionize the K 

and L shells of the copper atoms are approximately 9.0kV and l.lkV respectively. 

Ionization of K Shell Electrons 

When a target is bombarded by a sufficiently energetic electron or x-ray 

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

(knocked out) from the K shell, the atom is referred to as being K ionized. In 

essence, a void or hole in the K shell is produced. This void or hole is known as 

a K hole. When an atom 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, the atom becomes more stable by moving 

the hole out of the atom. This is accomplished by a series of steps known as 

transitions. A transition occurs when an electron from a higher shell jumps and 

fills the hole in the lower shell. (These transitions are governed by the selection 

rules of nature which are discussed later.) When a transition occurs, a photon 

is emitted having energy equal to the energy difference between the initial and 

final state of the transition. The transition processes from higher to lower shell 

continue until the hole is removed from the atom. (This process is depicted in 

figure 16.) 

Fundamental Line Widths 

An atom can be described as a nucleus with electrons revolving in shells 

about the nucleus. These electron shells are known to consist of sub-shells. 
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Each shell and sub-shell is known to have some finite energy width associated 

with it. The finite energy widths are due to smearing of the electron energies. 

That is, each electron has a probabilistic location (energy) associated with it 

within the atom. When an electron makes a transition, a photon having an 

energy of exactly the difference between the initial and final state (as discussed 

earlier) of the electron is emitted. When electrons in one or more atoms make 

transitions corresponding to the same shell to shell transition as that of the 

original transition, the effect of the finite shell widths show up in the smearing 

of the spectral line. The energy width associated with this smearing effect is 

the cause of the fundamental (spectral) line width. Figure 17 gives a graphical 

display of the origin of fundamental line widths. If each of the transitions had 

identical energy differences, no fundamental line width would be observed (ie., 

the emitted photons have exactly the same frequency or energy.). 

Transition Probabilities 

The selection rules of nature dictate which electron transitions within the 

atom are possible. These selection rules are described best by five basic quantum 

numbers n, /, m, 8 and j . The magnetic quantum number m is not discussed 

since it has no significance in this discussion. The principal quantum number n 

designates which shell each electron belongs too (ie., n = 1,2,3, . . . correspond, 

respectively, to the K,L,M, . . . shells). Transitions within the same shell are 

forbidden (ie., An 7̂  0) while transitions between different shells are allowed 

(ie., An = 1,2,3, . . . ) . The azimuthal quantum number I (the electron's angular 

momentum) designates the shape of electron orbitals (ie., I = 0 ,1 ,2 , . . . corre

spond, respectively, to 8,p,d,... orbitals). The allowed values of Hie in the range 

0 < / < (M — 1) where n is the principal quantum number. For each transition, / 
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is allowed to change by 1 (ie., A^ = ±1). The spin quantum number 8 indicates 

the direction of the electron rotation. The value of « is restricted to ±|- (ie., + j 

for spin up and - ^ for spin down). The spin selection rule is A« = 0. The inner 

precession quantum number j is the vector sum or total angular momentum of 

the electron (ie., j = I-\- s). The allowed values of j lie in the range j < I -\- 8. 

When an electron makes a transition, the quantum number j can change with 

Aj = ±1 or 0. 

Relative intensities of spectral lines depend upon the transition probabilities 

of their respective electron transitions. These transition probabilities are closely 

related to the selection rules above. Using the selection rules, some transitions 

within the atom can not occur and their probabilities are equal to zero (theo

retically). If the selection rules are not violated, a transition may occur. These 

possible transitions do not occur at the same rate (ie., the transition probability 

is not the same for each transition.). The probability of each transition closely 

depends upon the quantum numbers n and /. The higher n and I are, the smaller 

the probability of transition. 

Copper K Ionization 

When a copper target is bombarded by an energetic particle beam of O.OKeV 

or greater, corresponding to the K absorption energy, ionization occurs in the 

K shell. When a copper K ionized atom reorganizes itself, several transition 

possibilities exist for removal of the K hole. These transition possibilities are 

governed by the selection rules of nature (discussed above). Each of these tran

sition possibilities has a probability associated with it ( discussed above). The 

three most prominent transitions occurring in copper correspond to the release of 

copper Kai, Ka2 and KjSi photons. The Kai photon corresponds to an electron 
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jump from the 2'^P^ state to the l^Sx state (or the Ljjj to K absorption edge). 

The notation n^'+^/j is used. The Kaz photon corresponds to an electron jump 

from the 2'^P^ state to the 1^5^ state (or the L// to K absorption edge). The 

K^i photon corresponds to an electron transition from the Z^Pa. state to the 
3 

1^5i state (or the Mm to K absorption edge). All the possible copper x-ray 

transitions are shown in figure 18. The three most prominent transitions are 

shown again in figure 19. The intensity ratios of these emitted Ka2, Kai and 

K^i photons have been experimentally determined to be 49.7 : 100.0 : 20.0*^ 

respectively. The other photon intensities are neglected since they are experi

mentally shown to be negligible. The reason the transition probabilities are small 

for these transitions is that the change in the principal quantum numbers n and 

/ are not well suited for the transition (the more so the larger the n and /). 

Auger Process Associated With Copper K Ionization 

In a physical picture of the above process, it is expected that for each K 

ionized atom a transition occurs with a corresponding K photon being ejected 

from the atom. However, it is possible that not every K transition photon escapes 

from the atom. In many cases, the K photon that is produced, simultaneously 

collides with a higher shell electron (higher than the K shell) before leaving the 

atom. In these collisions, the photon gives its energy to the electron; thereby, 

knocking the electron out of the atom and leaving the atom doubly ionized. The 

doubly ionized atom results from the K hole being moved from the K shell to 

a higher shell (due to the transition) and from the virtual photon knocking out 

a higher shell electron. In this process, the virtual photon acts as an ionization 

agent of the higher shells. The above process is known as the Auger process.*^ 
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In copper, the Auger process has been experimentally shown to occur about 56% 

of the time.*^ 

In a KLL Auger process, the initial state of the atom is a K hole; while, the 

final state of the atom is characterized by 2 L holes and the ejection of a KLL 

Auger electron with a definite kinetic energy as the observable parameter. The 

Auger process, in Quantum Mechanics is characterized by the uncertainty time 

At on the order of 10"^^ to 10"^^ seconds between the initial and final state 

of the atom. The physical process described before as an internal photoelectric 

process with the virtual Kai or Ka2 photon helps correctly compute the kinetic 

energy value of the KLL Auger electron. The reorganization of the 2 L holes 

following the KLL Auger process leads to L series satellite lines because of the 

doubly ionized L state of the atom.*^ 

Fluorescence Yield of K Ionized Copper Atoms 

Assuming an electron beam of sufficiently high energy for copper K ioniza

tion (run at 10mA d.c. current) bombards a copper target and assuming that 1 

out of every 10,000 electrons striking the target is able to produce one K ionized 

atom, then the number of K ionized atoms produced by the electron beam per 

second is 

N^ = ^-Q^^^"' ^ = 6.25 X 10^1 (11) 
^ 1.6 X 10-^9 X 10^ ^ ^ 

where NK is the rate of K ionization. Defining the fluorescence yield as 36 

NK-NA (.^S 
^K = ^ ^ ^ — - (12) 

where UK is the fraction of K photons being emitted per K ionized atom, N^ is 

the rate of K ionized atoms produced per second and NA is the rate of Auger 
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electrons produced per second. For copper, u has been experimentally deter

mined to be about 0.44.*^ Therefore, only about 44% of the K ionized atoms will 

actually produce Kai , Ka2 or K̂ î photons as measurable parameters. If UK 

is defined as the the rate of K fluorescence photons, the number of K photons 

produced per second is 

^K = ^KNK = 2.75 X 10^^ (13) 

Of these K photons produced per second, the Kai, Ka2 and K̂ î photons pro

duced per second are, respectively, 

RK<^2 = ^ ^ = 0.81 X 10" (15) 

RKh = - ^ = 0.34 X 10" (16) 

where RKai , RKa2 and RK^i are the rate of Kai , Ka2 and K/9i photons 

produced per second. The rate of Auger electrons produced per second is 

NA =NK{1- cc/r) = 3.50 x 10^^ (17) 

where NA ^^ is the rate of Auger electrons. Using the formula*^ 

E = Kai(Cu) -Lj{Zn) (18) 

where E is the energy of the emerging Auger electron, Kai(Cu) is the energy 

associated with the copper Kai (»=1,3) or Ka2 (i=2) virtual photon (where t 

is limited to 1,2,3) and Lj(Zn) is the energy associated with the zinc Li ( i=l ) . 

Lg (i=2) or Ls («=3) absorption (or ionization) edge energies, the energy of 
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each emerging KLL Auger electron is determined. The wavelength of the Auger 

electron is found using De Broglie's wavelength equation 

where A is the wavelength of the electron, h is Plank's constant and p is the 

electron momentum. For a free particle the momentum and energy are related 

by 

^ = £ (20) 

or 

p = ±V2mE (21) 

where E is the energy, p is the momentum and m is the mass of the Auger 

electron. Substituting p into (using -{•2mE for the real physical world) the De 

Broglie wave equation gives 

Therefore, the energy and wavelength of all the emerging KLL Auger electrons 

(KLiLi , KL1L2 , KL1L3 , KL2 L2 and KL2L3 ) are computed. These values 

are summarized in table 1. 

Emission and Absorption 

As discussed in the introductory chapter, spontaneous emission is charac

terized by emission of radiation having specific energy, random direction and 

emission at a random time. An excited atom decays to a lower energy state by 

the emission of radiation. The time it takes for the atom to spontaneously emit 

this radiation is governed by the uncertainty relation AEAt>h. The emitted 

radiation has a speciflc energy which is the energ}' difference between the initial 
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and final state of the electron transition. The radiation is randomly directed 

because the atom has an equal probability of emitting radiation in any direction. 

If radiation which is equal to the energy difference of the electron transition 

described in the above spontaneous emission is passed through the excited atom 

before spontaneous emission occurs, the incident radiation has a high probabihty 

of inducing the excited atom to emit radiation at exactly the time the incident 

radiation passes through the atom. If the excited atom emits at this time, the 

radiation emitted by the atom has exactly the same energy, direction and phase 

as that of the incident radiation. This process is known as stimulated emission. 

If this radiation passes through large numbers of these particular excited atoms, 

the stimulated emission process continues and narrowing of the fundamental 

line width is observed due to the exact nature of the radiation (ie., the energy 

distribution is no longer smeared as discussed earlier in this chapter). 

Absorption is characterized by an inverse process of emission. In a regular 

absorption process, an atom in the ground state absorbs radiation by the emission 

of an electron. The kinetic energy of this electron is equal to the energy of the 

absorbed radiation minus the energy difference between the initial and final states 

of the atom. It is possible for an atom to undergo stimulated absorption. Such 

a process takes place when an atom is initially in an excited state. If radiation 

equal to the energy difference between a more excited state and the initially 

excited state is passed through the atom, the atom has a high probability of 

absorbing that radiation. This process effectively pumps an atom into the more 

excited state. The processes of emission and absorbtion are shown in figure 20. 

(For more detailed descriptions of these processes see the references.̂ *'̂ '̂̂ )̂ 
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Figure 15. Copper Teirget Radiation (ISKeV). Characteristic copper wave
lengths rise high above the continuous Bremsstrahlung Radiation. 
Tungsten L lines (due to- evaporation of the tungsten fllament 
onto the copper target ) also rise above the Bremsstrahlung Ra
diation. The Bremsstrahlung reaches a maximum at 1.5 Xmin* 
The tungsten L lines are not in proper proportion with respect 
to the rest of the figure. 
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Figure 16. Ionization and Emission. The copper atom a)is in the 
ground state, b)b K ionized, c)emits radiation and be
comes L ionized, d)emits Lfi radiation and becomes N 
ionized and e) is removed from the atom. 
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Figure 17. Origin of the Fundamental Line Width, a.The electron tran-
•itions between the smeared shells, b. The fundamental line 
width (photon distribution) produced by the process in a. 
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Table 1. Auger Electrons 
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Cu Auger 
ElectronB 

KLsLs 
KL2L2 
KL3L2 
KL2LS 
KLsLi 
KL2L1 

Energy of 
ElectronB(eV) 

7025.77 
6982.56 
7002.65 
7005.78 
7098.28 
7078.29 

Wavelength 
(A) 

0.1431645 
0.1436064 
0.1434013 
0.1433683 
0.1424311 
0.1426320 
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CHAPTER 5 

KOSSEL AND PSEUDO-KOSSEL LINES 

When atoms of a crystalline lattice are bombarded by electrons, the atoms 

within the crystal act as independent sources of radiation.'^ Each atom pro

duces a spherical wave-front that spreads to and is diffracted by neighboring 

atoms in the crystal. For wave-fronts that meet the Bragg criteria of internal 

reflection (Fig. 21), the intensity of these Bragg reflections are appreciably high 

and spatially coherent (same frequency, direction and polarization) in the Bragg 

directions.'^ This is only true for "perfect" mono-crystals or regions of "perfect" 

mono-crystals. 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. For any set of Bragg planes, 

there can be an appreciable reflection (in the Bragg direction) with the reflection 

being spatially coherent and lying on the surface of a cone whose axis is normal 

to the Bragg reflecting planes (Fig. 22).'^ 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 

fluorescence radiation interference effects when bombarding a mono-crystal of 

copper with electrons. Two years later, Borrmann^*^ published a paper showing 

similar interference effects when bombarding a mono-crystal of copper with x-

rays. The projection of these lines onto photographic fllm are known as Pseudo-

Kossel lines. 
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Kossel and Pseudo-Kossel lines are spatially coherent radiation that are seen 

over the background radiation which is due to random scattering from the atoms. 

The lines show negligible spreading of the spectral width over large distances. 

The intensity of these lines is known to fall as a function of l / D where D is 

the distance from the source. Knowing that the Kossel cone radiation is limited 

to the surface of a cone and assuming that the radiation is evenly distributed 

throughout the surface, it is seen (with the help of Fig. 23) that the intensities 

through cross sections 1 and 2 are, respectively, 

'^ = 2 ^ (2^) 

and 

h = ^ (24) 

where I is the intensity (defined as the energy transferred across a given area 

per unit time), R is the rate of photons (number of photons crossing each cross 

section per unit time), E is the energy associated with each photon and 2;rr is 

the circumference of the cross section. From the above, we get 

h r2 
(25) 

Using fl = di sin 0 and r2 = d2 sin ,̂ (25) changes to 

11 di + <f 2 

For small di and large ^2, the above equation can be approximated as 

(26) 

ilc^— (27) 
h ^2 

Therefore, the Kossel Cone radiation intensity falls as 1/^2 from the source. This 

implies that the Kossel Line intensity must fall as a function of l /D from the 

source.'^ 
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The background radiation is known to fall as a function of l /D^ from the 

source. It is assumed that for random scattering of the atoms, the photons 

emitted are evenly distributed through all possible angles of the cone and have 

an even energy distribution. Using figure 24 and an analogous derivation as 

above, it is shown that 

RE 
^^ = ::Z2 (28) 

7rr[ 

and 

^2 = - 2 - (29) 
irr^ 

where Trr^ is the cross-sectional area of the cone and / , R and E are previous 

defined. Thus, 

and for large d2 and small di , this becomes 

(30) 

Therefore, the intensity due to random scattering falls as a function of l /D^ from 

the source.*^ This implies that the contrast between the Kossel or Pseudo-Kossel 

lines and the background radiation is more noticeable at larger distances from 

the source. 
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Figure 21. Internal Bragg Reflected Wavefronts. 
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Figure 23. Kossel Radiation. Kossel radiation emit
ted from a crystal faUs as l /D from the 
crystal. 



55 

Figure 24. Background Radiation. Background radi
ation emitted from a crystal falls as I /D' 
from the crystal. 



CHAPTER 6 

THE EQUIPMENT AND EXPERIMENTAL 

ERRORS 

Power Supply and Detection Equipment 

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

voltage power supply was used for x-ray production. The power supply was 

capable of providing both voltage regulation and current control with voltage 

ranges from 10 to 50 kV and current ranges from 1 to 30 mA to the poly-

crystalline copper target. The manufacturer rated the current uncertainty to 

within 0.2 percent and the voltage uncertainty to within 1.0 percent of the desired 

operating point. For this experiment the current was set at 10mA while the 

voltage was set at 15kV. 

The x-ray tube used with the system was the General Electric Model CA-

8L. The Model CA-8L is a permanently evacuated, anode grounded, hot cathode 

Coolidge x-ray tube with beryllium windows. In these experiments, the tube 

was fit with a poly-crystalline copper target and operated at 15kV and 10mA for 

all (1,+1) line profiles. For single crystal analysis, the voltage supply was set at 

15kV while the current was varied from 1 to 20 mA. 

The detector used was a proportional counter with an Ortec Model 109 PC 

preamplifier (set on xl) . The detector was fed into an Ortec Model 451 spec

troscopy amplifier (the gain was set on 16) which was then fed into an Ortec 

Model 441 rate meter and a Ortec Model 4100 multi-channel analyzer. The pro

portional counters bias voltage was supplied by an Ortec Model 456 high voltage 
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power supply. The proportional counter was biased at 2kV. The proportional 

counter was placed as shown in figure 25 while data was collected for the ( l ,+l ) 

line profiles. The proportional counter was moved to the position in figure 26 

when data was taken using the single crystal spectrometer. Because the resolu

tion of a two or three crystal spectrometer is much higher than the resolution 

of the detector system, the integrated peak of the entire spectrum found on the 

multi-channel analyzer was used for each data point of the ( l ,+ l ) line profiles. 

The two crystal spectrometers were driven by micrometers with movement 

of 2.54x10"'* cm. per division. The divisions of the micrometer were easily read 

to one-half of a division or 1.27x10"^ cm. per division. The tangent arm of each 

spectrometer was 29.0cm long. This means that the first spectrometer was driven 

accurately to give increments of 0.90 seconds of arc. The second spectrometer 

was driven accurately to give increments of 0.45 seconds of arc (8 = rO for the 

first spectrometer, 8 = 2r0 for the second spectrometer). 

Although the second spectrometer was driven accurately enough to give 

increments of 0.45 seconds of arc, the uncertainty in the spectrometer angle was 

not the limiting factor in the resolution of the (1,+1) spectral line widths. The 

statistical uncertainty in the intensity due to both the number of counts and the 

uncertainty in the production of photons at the poly-crystalline target were the 

real limiting factors in these measurements. 

Statistical Treatment of Data '^ 

When counting random events over a specific time interval, the total number 

of events occurring will vary statistically. The statistical error in the measure

ment of a large number of events NM can be expressed as 

(TD = 
=ti (32) 
W M 
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where a^ is the uncertainty about the number of measured events TVM- There

fore, the experimentally observed count N^ has an uncertainty associated with 

it and can be expressed as a range of possible numbers, 

NM-(TD<N <NM-\-(TD (33) 

where N lies in the range of numbers. 

Besides the statistical error of the counting process, other errors may occur. 

One such important error is the error introduced by the current and voltage 

regulation system. The intensity of an x-ray line as a function of current and 

voltage can be expressed aŝ ® 

I = kia(Va-Vo)^ (34) 

where ^ is a constant of the material, VQ is the excitation potential of the line 

under study, Va is the anode potential and ia is the anode current. Therefore, 

the error in the intensity of the x-ray lines due to the power supply fluctuations 

can be expressed as'^ 

/ la • 2 1 - ^ 

A / Ala . 3 V, 

where / is the intensity, and i^, Vo, and Va are defined above. From this ex

pression and using the operating point (l5kV, 10mA), it can be found that the 

maximum variation in the line intensities due to the power supply fiuctuations 

is 3.4 percent. Therefore, the number of counts measured can vary by 

N = ±0m7NM (36) 

due to the power supply system. 

The width of a spectral line is measured at the half maximum point of the 

peak intensity. In order to determine the width of the line profile at half maxi

mum intensity, both the peak and half maximum value of the peak intensity must 
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be determined. For counted data, both these points have statistical uncertainty 

associated with them. In order to find the maximum error in the fundamental 

width of a spectral line, the statistical errors due to both the uncertainty in the 

count and uncertainty in the power supply system must be "added." 

For the experimental error of the measurements in this thesis, a qualitative 

graphical method is used. The presentation of the error is as follows. First, the 

entire spectrum is shown by plotting the raw data. Second, the raw data are 

corrected for statistical error obtained from both the count number and from 

the power supply system. These data are then plotted from the peak intensity 

to just below the half maximum of the peak intensity for the Kai and Ka2 

spectral lines, respectively (see figures 27, 28 and 29 for an example). Next, the 

maximum value of each peak (due to statistical error) is divided in half and is 

then plotted as a straight line across the graph. Next, the measured value of 

the peak intensity is divided in half and plotted as a straight line across the 

graph. Finally, the minimum value of each peak intensity (due to statistical 

error) is divided in half. This number is then plotted as a straight line across the 

graph. Now, the maximum, minimum and measured (1,+1) profile line widths 

are determined from the graph. These three widths are shown in figures 28 and 

29. A statistical deviation of the widths about the mean value is taken in order 

to determine the spectral width of the line and approximate the uncertainty in 

this value. This same type of procedure is used in determining the Kai to Ka2 

ratio and uncertainty involved in the measurement. 
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Figure 25. Experimental Set Up 1. Data of the (1,+1) line profiles 
were taken in this position. 
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CHAPTER 7 

THE EXPERIMENT 

The radiation from the poly-crystalline copper target passed through the 

beam collimator and double slit system of figure 25. The divergence of the beam 

after passing through this system was approximately 3.1" vertically and 1.2** 

horizontally. The beam was made incident upon a mono-crystal of copper whose 

(111) planes were placed for Bragg reflection of the incident beam. The mono-

crystal was held in a vacuum and was water cooled. The d spacing is 2.088A 

for the (111) planes of the copper mono-crystal. The copper mono-crystal's 

( i l l ) planes were rotated to a Bragg angle of approximately 15° with respect 

to the incident beam. In this position, photographic films were taken of the 

radiation coming from the mono-crystal (in the Bragg refiection direction). A line 

appeared on this film corresponding to a Bragg refiection angle of approximately 

22** with respect to the copper mono-crystal. This line does not correspond 

to a "true" Bragg reflection of the spectrum because the incident and reflected 

Bragg angles are not the same. The 22* Bragg reflection angle does correspond 

to the angle expected for copper Ka Pseudo-Kossel lines produced by internally 

Bragg reflection from the (111) planes of the copper mono-crystal. These internal 

reflection angles are determined by Bragg's Law with d=2.088A, A = 1.540562A 

for Ka i radiation and A = 1.544390Afor Ka2 radiation. From this, the reflection 

angles are determined to be approximately 21.65° and 21.70° respectively. As 

compared with "true" Bragg reflection of copper Ka radiation, the line on the 

photographic film is very weak. The film is described by a weak line superimposed 
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over a heavy background. This line vertically spans the entire film with the line 

having a slight curvature. The line appears to have little or no divergence of its 

spectral width. The line possesses all the characteristics seen in photographic 

films of typical (Borrmann) Pseudo-Kossel lines. This line is shown in figure 30. 

There is no doubt that this line is the copper Ka Pseudo-Kossel line produced 

by internal Bragg reflection from the ( i l l ) planes of the copper mono-crystal. 

By using a Geiger counter, the intensity of the spectrum from the mono-

crystal (in the Bragg reflection direction) was observed while the copper mono-

crystal was rotated toward the Bragg-Pseudo-Kossel angle. It was noticed that 

the intensity of the radiation from the mono-crystal stayed approximately the 

same until the mono-crystal was rotated to the vicinity of the Bragg-Pseudo-

Kossel angle. Near this angle, the intensity of the radiation from the mono-

crystal went up drastically. This was checked by using the proportional counter 

connected to the rate meter. It was observed that the intensity of the radiation 

went up by a factor of 300 to 500. This result was expected because in "normal" 

Bragg reflections (for most crystals) the copper Ka reflected radiation is known 

to rise by orders of magnitude above the background radiation. The copper 

mono-crystal was rotated until a maximum in the intensity of the Bragg-Pseudo-

Kossel radiation was found from the copper mono-crystal. Both the incident and 

reflected Bragg angles were approximately 22° which correspond to the copper 

Ka Bragg-Pseudo-Kossel angle. 

With the copper mono-crystal in the above position, photographic films 

were taken of the radiation coming from the mono-crystal (in the Bragg refiected 

direction). The photographic films are characterized by a weak line that runs 

vertically (with a slight curvature) across the entire film. This weak line appears 

to be slightly stronger than regular Pseudo-Kossel lines having the same time 
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exposure. The weaJc line has little or no appreciable spreading of its spectral 

width. This line runs through and is lost in two very intense and fairly broad 

lines of radiation. These two very intense Unes of radiation he just above and 

just below the refiected central ray. The two intense lines are fairly symmetric 

with respect to each other and symmetric about the central ray. Using the 

photographic films and ray tracing methods, the two intense lines were seen to 

vertically diverge from the poly-crystalline target. The vertical divergence of each 

intense line is approximately 1.50° from the poly-crystalline copper target. The 

spectral width divergence of each of these intense Unes is approximately 0.35° 

from the poly-crystalline target. The intense Une above the refiected central ray 

runs at an inclining angle of approximately 0.7°. The background radiation on 

the film is very weak compared with these intense lines. A representation of this 

film is shown in figure 31. The most intense area on the photographic film is 

found in the Une of radiation lying just below the central ray. This radiation 

runs at a declining angle of approximately 0.7° relative to the central ray. It is 

this area of radiation that is spectroscopically studied. 

The first quartz crystal ((lOll) planes, d=3.343A) spectrometer was aUgned 

in the dispersive (1,+1) position with respect to the copper mono-crystal. The 

spectrometer was aligned to Bragg refiect the most intense area of radiation 

coming from the copper mono-crystal. Since this area of radiation did not lie in 

the horizontal plane, alignment was difficult and the alignment procedure was 

slightly modified. A base plate was placed on the table top and made to run at a 

decUning angle of approximately 0.7° with respect to the central ray. After this, 

the basic procedures outUned in chapter 2 were foUowed with the final restrictions 

met by the spectrometer system remaining the same. Once aUgnment procedures 
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were complete, the first quartz crystal spectrometer was rotated until a maximum 

in the reflected intensity was obtained. 

A second quartz crystal ((lOil), d=3.343A) spectrometer was aligned in the 

dispersive ( l ,+ l ) position with respect to the first quartz crystal spectrometer. 

With the spectrometers in a (1,1,1) configuration, the spectrometer system effec

tively acts as a two crystal spectrometer for the study of Bragg-Pseudo-Kossel 

radiation emanating from the copper mono-crystal and effectively acts as a three 

crystal spectrometer arrangement for study of the radiation emanating from the 

poly-crystalline copper target. Using knowledge of two and three crystal spec

trometers, one is able to distinguish between the radiation emanating from the 

poly-crystalline copper target and radiation emanating from the copper mono-

crystal (see chapters 2 and 3). By holding the first two crystal spectrometers 

fixed while rotating the third crystal spectrometer, a ( l ,+ l ) line profile of the 

Bragg-Pseudo-Kossel radiation emanating from the copper mono-crystal is ob

tained. As long as the first two crystals are not rotated, the background radiation 

from the poly-crystalline target seen by the detector is constant. Therefore, effec

tive study of Pseudo-Kossel and Bragg-Pseudo-Kossel radiation from the copper 

mono-crystal is obtained by using this method. If the second and third crystals 

are appropriately rotated, an effective study of radiation emanating from the 

poly-crystalline target is also obtained. 

Once the second quartz crystal spectrometer was aligned, it was rotated in a 

manner to give the ( l ,+ l ) line profile of the spectrum emanating from the copper 

mono-crystal. The observed line profile is shown in figures 27, 28 and 29 (end 

of chapter 6). With the ( l ,+ l ) line profile plotted as a function of a two cnstal 

spectrometer, the energy separation between the two peaks corresponded ven' 

weU to the known energy separation of the Kai and Ka2 peaks. It is seen that 
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the higher energy peak is the more intense peak. The higher energy peak was 

realized by rotating the spectrometer from smaller, to larger Bragg angles (ie.. 

smaller Bragg angles imply higher energies). It is seen that the Kai to Ka2 peak 

ratio is in the vicinity of the accepted 2.01 to 1 ratio of copper Kai to Ka2 peak 

intensities. The higher energy peak has a spectral line width that is in the vicinity 

of the accepted fundamental line width of copper Kai (3.0eV). The lower energy 

peak has a spectral line width that is in the vicinity of the accepted fundamental 

Une width of copper Ka2 (4.0eV). Because the energy separation between the two 

peaks of the (1,+1) line profiles corresponded very well to the accepted energy 

separation of the copper Kai and Ka2 peaks and because the Bragg angles for 

refiection from the crystals also corresponded very weU to the expected Bragg 

angles for reflection of copper Kai and Ka2 radiation, it was concluded that 

the ( l ,+ l ) line profile was a two crystal resolution of modified copper Kai and 

Ka2 Pseudo-Kossel radiation. These modified copper Ka Pseudo-Kossel lines 

are known as Bragg-Pseudo-Kossel lines (or radiation). 

Of particular interest in the two crystal spectrometer line profiles of figures 

27, 28 and 29 are the unusual Kai to Ka2 ratio and the correspondingly smaller 

fundamental widths of both the Kai and Ka2 lines. It is seen that the Kai 

to Ka2 peak ratio is 2.71 to 1. The accepted ratio value is 2.01 to 1. The 

fundamental widths (corrected spectral line widths) of the Kai and Ka2 peaks 

are 2.62eV and 3.51eV respectively. (These fundamental line widths have not 

been corrected for the line broadening due to Darwin's Diffraction Pattern.) 

The accepted values for the fundamental widths of copper Kai and Kaj lines 

are 3.0eV and 4.0eV respectively. These results are summarized in table 3 along 

with the uncertainties associated in the measurements. 
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The results in table 3 have been corrected for the (1,-1) rocking curve width 

of the two quartz crystals. The rocking curve width was obtained in preparation 

for this experiment. The best sample of one of the actual (1,-1) rocking curves 

is shown in figures 32 and 33. The value obtained compares favorably with the 

values stated by previous authors using these same two quartz crystals (see table 

2). 

Because of both the unusual Kai to Ka2 ratio and the unusually narrow 

fundamental line widths, it was thought that the spectrometers might perhaps 

be improperly aUgned. Having taken only one line profile of the spectrum, the 

spectrometers were removed and reset up. (The process of setting up takes 

from one or two days to one week.) While in the process of resetting up, the 

high voltage power supply controls were moved by another student performing 

another experiment. Once the experiment was reset up, the high voltage power 

supply controls were returned (as closely as possible ±0.1 kV and ±0.1 mA) to 

their original positions. 

Three final sets of data were collected (without the power supply being 

touched). These data are plotted in figures 34, 35, 36, 37, 38, 39, 40, 41 and 

42. AU data sets were analyzed as discussed in chapter 6. The results are 

summarized in table 3. The (1,+1) line profile of data set two is compared with 

both a Lorentzian and Gaussian distribution in figures 43 and 44, respectively. 

It is seen that data set two fits fairly closely to the Lorentzian distribution. This 

is true for the spectral lines of each data set. 

After completion of these data sets, the second quartz spectrometer was 

removed and data were coUected as shown in figure 26 using the single crystal 

spectrometer. The high voltage on the power supply was held fixed at 15kV while 

the current was varied from 1mA to 20mA. These data are plotted in figure 45 
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with the error bars representing the standard deviation of seven data sets. It is 

seen that the intensity stays fairly Unear over a large range of values. The linear 

rise begins to faU off at about 10mA. The intensity of the spectrum coming from 

the poly-crystalline target and incident upon the copper mono-crystal is known 

to be linearly dependent upon the current applied at the poly-crystalline copper 

target. It is expected that the spectral intensity coming from the copper mono-

crystal has a linear dependence upon the intensity of the incident radiation from 

the poly-crystalline copper target. Therefore, it is expected that the intensity 

of radiation coming from the copper mono-crystal is linearly dependent upon 

the current applied at the poly-crystalline target. A summary of the experimen

tal observations, conclusions and suggestions for further study are discussed in 

chapter 8. 
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Figure 32. (1,-1) Rocking Curve of the Two Quartz Crystals. 
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Figure 33. Determination of the (1,-1) Rocking Curve Width 
for the Two Quartz Crystals. 
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Figure 36. Determination of the Copper Kaa Spectral Line Width 
for Data Set 2. 
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Figure 37. Line Profile of Data Set 3. 
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Figure 38. Determination of the Copper Kai Spectral Line Width 
for Data Set 3. 
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Figure 39. Determination of the Copper Kaa Spectral Line Width 
for Data Set 3. 
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Figure 40. Line Profile of Data Set 4. 
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Figure 41. Determination of the Copper Kai Spectral Line Width 
for Data Set 4. 
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Figure 42. Determination of the Copper Kag Spectral Line Width 
for Data Set 4. 
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Figure 43. Lorentzian Line Shape. Spectral lines of data set 2 are 
compared with a Lorentzian distribution. 
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Figure 44. Gaussian Line Shape. Spectral Unes of data set 2 are 
compared with a Gaussian distribution. 
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of Current AppUed at Target. 
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Table 2. Rocking Curve Width of the Two Quartz Crystals Used 
in This Experiment 

Name of 

Investigator 
(1,-1) Rocking 
Curve Width 
(Seconds) 

Welch 
Armstrong 
Shah 
Priest 
Tidrow 

6.4 
4.6±1.0 
10.0 
12±2 
6.4±0.5 



88 

Table 3. Copper (l,H-l) Line Profile Data 

Data 
Set 

1 

2 

3 

4 

Kai 

Kaa 

Kai 

Kaa 

Kai 

Kaa 

Kai 

Kaa 

Spectral 
Line 
Width 
(Sec) 

22.3±1.4 

27.8±1.9 

22.0±1.2 

28.6±1.7 

23.0±1.5 

30.3±1.7 

22.7±1.4 

28.4±1.9 

Fnnd.line 
Width(eV) 

2.62±0.30 

3.61±0.38 

2.72±0.26 

3.64±0.34 

2.88±0.31 

3.02±0.34 

2.69±0.30 

3.61±0.38 

Separation 
of 
Kai to Kaa 
(•V) 

20.64±0.33 

20.64±0.33 

20.54±0.33 

20.38±0.33 

Ratio 
of 
Kai to Kaa 

2.71±0.14 

2.26±0.11 

2.32±0.12 

2.32±0.12 

The accepted fundamental line widths of copper Kai and Kaa are 3.0 eV and 
4.0 eV respectively. 



CHAPTER 8 

CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER STUDY 

Summary of the Experiment 

The copper Ka Pseudo-Kossel lines emanating from the (111) planes of the 

copper mono-crystal were seen. The intensity of this radiation was sUghtly above 

the background radiation from the mono-crystal. The mono-crystal was rotated 

to the Bragg-Pseudo-Kossel angle. The intensity of this spectrum went up by 

several orders of magnitude. The radiation coming from the copper mono-crystal 

consisted of two parts, the Pseudo-Kossel line and two intense radiation lines that 

ran at inclining and declining angles of approximately 0.7" with respect to the 

central ray. The intense radiation lines caused the spectral intensity from the 

copper mono-crystal to behave like Bragg refiection of copper Ka radiation. This 

intensity increase may or may not be from a "true" Bragg refiection. The ray 

tracing method suggests that the origin of the intense radiation Unes are from 

the poly-crystalline target. This suggests that the radiation is a "true" Bragg 

refiection. On the other hand, the slight and barely noticeable increase in the in

tensity (photograph) of the Pseudo-Kossel radiation at the Bragg-Pseudo-Kossel 

angle suggests that at least part of the Bragg radiation may be "channeled" into 

Pseudo-Kossel radiation. Photographic films also showed smaU areas of more 

intense radiation within the two lines of intense radiation. The most intense 

region of radiation was studied by a two quartz crystal spectrometer. The spec

trum was resolved into a line profile that revealed the radiation to be modified 

89 
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copper Ka Pseudo-Kossel (Bragg-Pseudo-Kossel) radiation. This modification 

took on two forms. First the fundamental widths of the copper Ka^ and Ka^ 

lines were shown to be from 4.0 to 12.7% (for copper K a ^ and from 2.0 to 12.2% 

(for copper Ka^) smaller than the accepted copper Ka^ and Ka^ fundamental 

Une widths. The fundamental line widths do not include Darwin's Diffraction 

Pattern correction term which would make the line narrowing even more notice

able. Secondly, the ratio of the Ka^ to Kaj Une intensities were shown to be from 

11.9 to 34.8% larger than the accepted value of 2.01 to 1. It was shown that the 

spectral lines fit fairly weU to a Lorentzian distribution. It was also shown that 

the intensity of the radiation from the copper mono-crystal at the Bragg-Pseudo-

Kossel angle had a fairly linear relationship with respect to current appUed at 

the poly-crystalUne copper target. 

Conclusions 

The experimental data of this thesis confirms several observations previously 

made by Das Gupta.^'*'* Das Gupta's experiment and observations are briefiy 

described below. 

Das Gupta reported observation of a non-Unear rise in intensity and nar

rowing of the copper Kai and Ka2 hues when a poly-crystalline copper target 

(with the crystals having preferential alignment of (111) planes) was excited by 

a micro-focus high density electron beam. The observed line narrowing was 40% 

in the copper Kai and 30% in the copper Ka2 spectral Unes. An unusual Kai 

to Kaa ratio was also observed. This ratio was 10% higher than normal. By 

using this high density electron beam, Das Gupta observed that the intensities 

of the Kai and Kaa lines rise non-linearly with increasing current density. The 

experiment of this thesis confirms both the observation of line narrowing in the 
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copper Kai and Kaa lines and observation of an unusual copper Kai to Kaa 

ratio for the Bragg-Pseudo-Kossel radiation emanating from the ( i l l ) planes of 

a copper mono-crystal. The non-linear rise in the intensity of the Ka radiation 

was not examined in the experiment of this thesis. 

From the data and experimental observations in chapter 7, it is possible to 

conclude that a special interaction is taking place within the copper mono-crystal. 

The unusual copper Kai to Kaa ratio and the unusually narrow copper Kai and 

Kaa fundamental line widths are direct evidence of this special interaction with 

the interaction appearing to be between the Bragg and Pseudo-Kossel radiation. 

(This interaction results in the modified Pseudo-Kossel or Bragg-Pseudo-Kossel 

radiation.) It was stated that the intensity of the refiected radiation went up 

by a factor of 300 to 500 at the Bragg-Pseudo-Kossel angle. It was not conclu

sively determined where this radiation emanated from. The ray tracing method 

suggests that the radiation is purely Bragg reflected. Comparison of photo

graphic films of the Pseudo-Kossel (Bragg-Pseudo-Kossel) line from the copper 

mono-crystal at the Bragg-Pseudo-Kossel angle with photographic films of the 

Pseudo-Kossel line from the copper mono-crystal at arbitrary (incident) Bragg 

angles, indicates that the Pseudo-Kossel (Bragg-Pseudo-Kossel) line from the 

copper mono-crystal at the Bragg-Pseudo-Kossel angle is slightly more intense 

for films having the same time exposure. Therefore, it appears that part of the 

Bragg radiation is "channeled" into the Pseudo-Kossel (Bragg-Pseudo-Kossel) 

radiation. The author means the Bragg radiation is stimulated by the Pseudo-

Kossel radiation by "channeled". This "channeling" of Bragg radiation results 

in the modified Pseudo-Kossel (Bragg-Pseudo-Kossel) radiation. 

It is very important to conclusively determine whether the intensity increase 

in the radiation coming from the copper mono-crystal at the Bragg-Pseudo-
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Kossel angle is due to Bragg reflected radiation or Pseudo-Kossel radiation or 

a combination of the two. If the intensity increase is due entirely to Bragg re

flected radiation, this is evidence that Bragg radiation is not being stimulated 

and evidence that the two events (Bragg reflected radiation and Pseudo-Kossel 

radiation) are two distinct and separate processes. If the intensity increase of 

the radiation coming from the copper mono-crystal at the Bragg-Pseudo-Kossel 

angle is at least partially due to an increase in the Pseudo-Kossel (Bragg-Pseudo-

Kossel) radiation, this means that the Pseudo-Kossel (Bragg-Pseudo-Kossel) ra

diation is ampUfled with this ampUfication taking place at the expense of the 

Bragg radiation. If this is occurring, the two events, Bragg refiected radiation 

and Pseudo-Kossel radiation, are no longer separate events. If these processes of 

Bragg refiection and internal Bragg reflection are not separate events, then one 

could use this built-in process of Pseudo-Kossel radiation stimulating the Bragg 

radiation to effectively produce a Bragg-Pseudo-Kossel x-ray laser. 

Even without conclusive proof that amplification of the Bragg-Pseudo-Kossel 

Une is taking place at the expense of the Bragg radiation, the data suggest that 

when the copper mono-crystal is placed at the Bragg-Pseudo-Kossel angle, stim

ulation of the copper Ka Pseudo-Kossel (Bragg-Pseudo-Kossel) radiation occurs. 

If this Bragg-Pseudo-Kossel radiation can be further amplified, one can in effect 

produce a "good" quality x-ray laser.̂ ^ These qualities include directionaUty, 

spatial and temporal coherence, amplification and Lorenztian line shape. Pseudo-

Kossel radiation is known to be directional with the direction being determined 

by Bragg's Law of internal refiection. The unusual copper Kai to Kaa ratio and 

Une narrowing in both the copper Kai and Kaa lines suggests stimulated emis

sion of copper Ka Pseudo-Kossel (Bragg-Pseudo-Kossel) radiation. This impUes 
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ampUfication of these narrower copper Ka lines. Stimulated emission also implies 

spatial and temporal coherence. The final property of Lorenztian line shape 

was previously demonstrated. Lorenztian line shape is a well known feature of 

"quality" lasers.^ 

Suggestions For Further Study 

This thesis has given some basic information about two and three crystal 

spectrometers. From this information, an experimental set up was designed and 

developed for determination of Pseudo-Kossel (Bragg-Pseudo-Kossel) fundamen

tal line widths. Using the experimental set up of this thesis, one can effectively 

separate and determine both the Bragg refiected and internal Bragg reflected 

intensities and fundamental line widths of copper Ka radiation emanating from 

the copper mono-crystal. With this same set up, it is possible to determine if the 

Bragg and Pseudo-Kossel radiation are actually interacting. The experimental 

data presented in this thesis on the fundamental widths of, and unusual ratio 

in the copper Kai and Kaa Bragg-Pseudo-Kossel lines warrants enthusiasm for 

further studies. 

This author suggests that an exploration into the origin of the intensity in

crease of the radiation coming from the copper mono-crystal be undertaken. If 

it is shown that interaction between the Bragg and Pseudo-Kossel radiation is 

occurring, then one can effectively produce an x-ray laser by using this built-in 

stimulation process. Das Gupta has suggested bombarding the copper mono-

crystal with an electron beam to produce Kossel lines in the same direction as 

the Bragg-Pseudo-Kossel radiation to further promote stimulation and amplifi

cation of the copper Ka radiation. This idea was attempted in the experiment 

of this thesis. Due to instability of the power supply for the electron gun. no 
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data were collected. It is suggested to place the electron gun behind the mono-

crystal so that damage does not occur in the mono-crystal at the region where 

the stimulation process is taking place. Das Gupta has suggested several other 

interesting ways to bombard the copper mono-crystal to promote further stim

ulation and amplification of the Bragg-Pseudo-Kossel radiation. These methods 

should be explored. It is also suggested that other mono-crystals be studied for 

modification of Pseudo-Kossel (Bragg-Pseudo-Kossel) radiation at the Bragg-

Pseudo-Kossel angle of these mono-crystals. Since the tungsten L lines are effec

tively ionizing the copper mono-crystal which in turn produces the Pseudo-Kossel 

(Bragg-Pseudo-Kossel) radiation, P. Seibt suggests to study the copper Bragg-

Pseudo-Kossel fundamental line widths as a function of tungsten layered onto 

the poly-crystalline copper target. 
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