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CHAPTER I 

INTRODUCTION 

Purpose of the Investigation 

The experimental research into the fine structures of chromium 

and cobalt was first undertaken because of the obvious asymmetry in 

the Ka lines of the elements calcium through zinc. Experimental 

research carried out by S. M. Shah and K. Das Gupta using a high 

resolution three crystal spectrometer revealed for the first time 

fine structures in the Ka lines of chromium and cobalt. 

The purpose of this investigation was to confirm the earlier 

work and to determine if a better method of taking and analyzing the 

data existed. From the theory of operation of a two crystal spec

trometer, the resolution of the spectrometer is greatly enhanced if 

the Bragg reflections are in a high order. However, as the resolu

tion increases, the observed intensity of the spectrum decreases; 

therefore, higher order data, while possessing higher resolution, 

may not match the theoretical limits due to an increase in statistical 

error. The same is true for a three crystal spectrometer with the 

third crystal causing an additional loss in intensity. The problem 

reduces to one of determining how large an intensity loss can be 

tolerated and still retain adequate statistics to observe any fine 

structures. 

With these points in mind the two crystal spectrometer was 

operated in the (n,n) position, n = 1, 2 for a pair of quartz crystals 



cut parallel to the (1011) planes, and n = 3 for a pair of quartz 

crystals cut parallel to the (1010) planes. The three crystal spec

trometer was operated in every maximum dispersion position (I,J,K) 

allowed by the Bragg equation and the intensity of the reflection 

from the third crystal. 

Data has been taken concerning the best operating position of 

a two crystal spectrometer, and a three crystal spectrometer. Fur

ther information concerning the fine structures in the chromium Ka 

lines will be presented in this thesis. The crystal configuration of 

the three crystal spectrometer determined to have the highest actual 

resolving power and acceptable statistics will be used to study the 

Ka lines of iron. 



CHAPTER II 

THEORY 

A discussion of the theory of line widths and shapes is neces

sary because the energies of separation of the fine structures are 

comparable to the energy width of the spectrum lines themselves. 

In order to interpret the data, something should be known about the 

line shapes and widths to be expected. 

The Classical Theory of Line Shape 

Radiation damping is the basis for the classical theory of the 

shape and width of the spectral lines emitted by an atom. H. A. 

Lorentz was the first to attempt to explain the origin of the rad

iative damping, and used the self force of one part of the electron's 

radiation on the other regions of the electron as the basis for his 

2 
theory. In 1938 P. A. M. Dirac gave a well defined and relativis-

tically correct description of the force of the radiative reaction. 

In the Dirac theory the radiative force was shown to be proportional 

to the difference between the retarded and advanced fields of the 

particle. In the classical theory, the radiative damping is intro

duced by considering a damped harmonic oscillator as the model for a 

radiation source. Because of the radiation or damping force, the 

amplitude of the oscillator will decrease. The equation of motion, 

3 
as given by W. Heitler is 

2 2e ••• r, s 
mx = -mv X H r- x, Ki.) 

o Q 3 ' 
3c 

3 



where m is the mass of the particle, x its displacement, e the charge 

on the particle, c the speed of light, v is the undamped frequency 

2 3 of the oscillator. If the damping force 2e x/3c is small compared 

to the other forces which cause the oscillations, then the approxi

mation can be made that the damping is proportional to the velocity 

of the electron. This is the same as assuming that the frequency 

is not too high or that 

••2 e 3 
mx >> —r- V . (2) 

o 3 o ^ -^ 
c 

If one solves the equation for the displacement and takes the Fourier 

transform of the solution to obtain the frequency spectrum, then one 

obtains as a solution the equation of the intensity distribution as 

a function of the frequency: 

I(v) = |E(v)|2 = I^X_- i ^ - — . (3) 

(v - v) + y/2 

where y is the damping coefficient, and is given by 

2 e^ 2 

^ 0 = 3 - 3 ^ ' (̂ ) 
mc 

where y is the undamped period of oscillation. The factor I has 
o o 

been chosen so that the integrated intensity is equal to I . 

The width at half maximum is given in terms of the wavelength 

as 

A(2TrX) = J^ YQ = 0.118mA. (5) 

Therefore, classically the spectral lines should have a constant AX 



width independent of the wavelength, and a Lorentzian shape. 

The Quantum Mechanical Theory of Line Shape 

In the previous section it was shown that the classical theory 

predicted a constant value of the line width. Experimental evidence 

does not support the classical theory. For example, the observed 

line widths are wider than predicted by the classical theory, and 

they are not independent of the wavelength. Even lines of approx

imately the same wavelength will have different widths if the spec

tral lines have different initial and final states. For example, 

the wavelengths of the molybdenum Ka line and the uranium LB- line 

are approximately the same; however, the width of the Mo Ka line 

4 0 5 
has been reported to be 0.24 mA and the width of the U L^ line to 

o 

be 0.76 mA. The widths of the initial and final states appear to 

play a part in the width of the lines in contradiction to the predic

tions of the classical theory. The quantum theory attempts to take 

the initial and final states into account. 

Hoyt, and Weisskopf and Wigner developed a quantum mechanical 

calculation of the width and shape of the spectral lines. The theory 

of Weisskopf and Wigner is more general than the method of Hoyt. 

Their results will be given here. The method which they used is 
8 9 

based on the quantum radiation fields developed by Dirac and Weyl. 

In order to develop a theory for line widths quantum mechani

cally, the following equation must be solved 

i^|f=H,/., (6) 



where H is the total Hamiltonian of the system, derived from the 

radiation field, from the electrons, and from the interactions with 

the electromagnetic field. Weisskopf and Wigner employed time de

pendent perturbation theory to show that the line width is given by 

the total transition probability per unit time, and that the quantum 

mechanical line widths are of the same shape as the classical theory 

predicts, which is given by 

I U) 

I(v) = ^2 ^ (7) 

27r[(v - v^)^ + (o) /4)] 

where o) is the total probability for a spontaneous transition per 

unit time, and I is chosen so that I is equal to the integrated 

intensity. 

The difference in the quantum width and the classical width 

lies in the necessity of including the width of the initial and final 

states in the transition. Also, to be included in the quantum mechan

ical line widths is the competing Auger process. Ultimately the 

quantum mechanical line shape depends upon the widths of the initial 

and final states, and the transition probabilities from one state 

to another corrected for the Auger transition probabilities. 

Broadening Effects 

Only one aspect of the intrinsic line width of a spectrum line 

has been discussed, that is, the natural V7idth, both classically and 

quantum mechanically. The broadening effects which have not been 

discussed are the Auger effect, the Doppler effect, and the external 

effects, collision damping, asymmetry, and the Stark effect. 



The Auger effect is an internal process of reorganization where 

the atom, initially ionized in a deep shell, rearranges itself with

out radiating energy. The reorganization of holes involving two 

inner levels of the atom occurs by a virtual photon which excites 

an electron from one of the shells as in an internal photoelectric 

process. Through this process the atom is left in an excited state 

in which the atom is doubly ionized. In higher atomic number ele

ments the Auger transition probability decreases but for chromium 

and iron the photoproduction yield (fluorescense yield) of the K 

shell is 0.263 and 0.30, respectively. So that the primary mode of 

extinction of the K hole is through the process of an Auger transi

tion. Since the transition rate determines the half width of a spec

trum line, another competing process for the de-excitation of the 

atom will possibly cause the lifetime of the state to decrease and 

the line width to increase. This is true for the Auger process if 

the process for changing the initial state of one hole into a final 

state of two holes is a one step process. If on the other hand the 

final state is the result of a two step process, then the Auger 

effect will not affect the width of the spectrum line. However, the 

extreme localization of the inner wave functions and the character

istic overlapping of different symmetries seems to demand that the 

Auger process be a one step process, since the virtual photon is 

probably being absorbed almost simultaneously with its emission. 

The Doppler shift occurs only if the atom has an appreciable 

12 
velocity at the time of radiation. If v is the velocity of the 

radiating atom, and 6 is the angle between the velocity and the 



8 

direction of observation, the frequency of the light will be changed 

by an amount given in the expression 

V — V 
Ay _ o _ vcosG _ u. ._v 
V v ~ c ~ c ' 

o o 

where v is the frequency of the line for the velocity equal to zero, 

and V is the observed frequency. If the radiation comes from a gas, 

and a Maxwellian velocity distribution is assumed, then the probabil

ities that the velocity will lie between u and u + du is given by 

the expression 

do) = [—J e du, (9) 
TT 

where 

g = 2^?. (10) 

and y is the molecular weight, R the universal gas constant, and T 

is the absolute temperature. Substituting the Doppler velocity into 

the probability equation (9), the intensity distribution as a func

tion of the frequency v, is given by 

2 2 
6 c 2 

I(v) = constant exp[- (v - v ) ]. (11). 
V 

To find the Doppler width the points of half intensity must be 

determined. The exponential term is set equal to one-half. The 

half width is found by solving the equation for v - v^ and multiplying 

by two for the total line width; 

, = 2 :±[mL i„ 2]l/2. (12) 
V c y 



This equation shows that the Doppler broadening is proportional to 

the frequency, the square root of the absolute temperature, and 

inversely proportional to the square root of the molecular weight. 

Since Av/v is equal to AX/X, the half intensity breadth in terms of 

the wavelength is 

6, = 2 ̂  [^ .„ 2,^l\ a3) 

O 

The Sodium D lines (X = 5893 A average) at a temperature of 500K 
o 

gives a half width of 0.02 A, approximately 200 times the natural 
o 

line breadth 0.000118 A. However, an X-ray line of 2.2 A as a gas 

would have a Doppler breadth of approximately 7.5 x 10 A, or 1/200 
of the natural line width. 

13 
Collision broadening was first proposed by Michelson in 1895, 

14 
and later by Lorentz in 1905. The phenomenon is based on the 

following assumption: If, during the time an atom is emitting or 

absorbing radiation of frequency v it collides elastically with 

another atom, the phase and amplitude of the radiation have a con

siderable chance of undergoing a change. 

The theoretical treatment usually requires the assumptions that 

the mean time between collisions is large compared to the collision 

time, and that with every collision the radiations are either com

pletely cut off, or they are momentarily interrupted during impact, 

only to resume the same frequency with a possible phase shift and 

amplitude change. 

The classical treatment of collision damping can be considered 

for the simple case of undamped oscillation of the form 



10 

x = A cos (w t + (j)), (14) 

which is stopped after an interval of time, T. T is the time interval 

from the time in which the atom begins to radiate, to the time at 

which a collision occurs. If the distributions of the T'S is assumed 

to be the same as the free paths of a gas, then the probability that 

T will lie between T and x + di will be given by 

do) = ̂  e -( —)dT, (15) 
o o 

where T is the mean average time of radiation between collisions. o 

When a Fourier analysis is made, the relative intensity is found to 

be given by the relation 

I(v) = K :r-^ , (16) 

o o 

which is the same intensity contour as the radiation damping. The 

half width for collision broadening is given by 

6 = — . (17) 
V 7TT 

For a gas at room temperature and pressure, the Doppler and collision 

breadths are of the same order of magnitude. For X-rays from a solid 

target the collision broadening effect is less, due both to the 

shorter wavelength as well as the lessened mobility of the atoms. 

The Stark effect can lead to both broadening and line position 

shifts. The linear Stark effect leads to a slight broadening of the 

spectral line. The effect of the Stark fields on the inner levels 

depends upon the strength of the external field relative to the 
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field of the nucleus at the vicinity of the electron orbital under 

consideration. For the X-ray levels in the higher energy regions 

only very strong electric fields can cause an observable effect, 

whereas the soft X-ray region may have Stark broadening at much 

lower electric field strengths. The same statements are true also 

for the quadratic Stark effect, with the fields being required to 

have a much higher strength. The Stark fields include the time 

average field at the orbital due to the changes in the electronic 

structure in chemical compounds, as well as the electric fields due 

to crystal polarization. 

Asymmetry Models 

The asymmetry observed in the iron group transition elements 

by X-ray spectroscopists has led to several theories attempting to 

explain the asymmetry. There are three possible types of theories 

which have been proposed: An electrostatic 2p3d exchange interaction 

which may cause splitting of the 2p level and give rise to several 

closely spaced states, exitation states and states in which the 

valence electron configurations are not the same as in the ground 

state, and the X-ray Raman effect in which the X-rays have their 

frequency modified in a scattering process as they exit from the 

X-ray source. 

Fine structures are caused in spectrum lines by small perturba

tions to the basic energy level scheme of the atom, Figure 1. The 

most easily seen fine structure is due to the Zeeman effect. When 

a magnetic field is placed around an atom the energies of the atomic 
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Figure 1. X-ray energy level diagram showing the 

transitions leading to the K and L series 
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levels will change. That is the levels will split with the center 

of the new energy distribution unchanged from its unperturbed value. 

The Zeeman effect will split the spectral line into two or three 

components, depending upon the direction of the magnetic field. The 

energy separation of the levels is independent of the orientation of 

the magnetic field, except that the transition m = 0 is forbidden 

when the atom is viewed perpendicular to the field. The Zeeman effect 

is also symmetrical with the central energy having the greatest 

energy. The large field Zeeman effect is not a contributing factor 

to the line width because the magnetic splitting is large compared 

with the spin-orbit splitting. The X-ray levels are described quite 

adequately by the spin-orbit coupling. The small field strength 

Zeeman effect is illustrated in Figure 2. The m = 0 transition is 

doubly degenerate, resulting in the observed three components. 

Vainshtein, Snyder, and Nefedov proposed that the asym

metry of the Ka lines of the iron group transition elements is due 

to a splitting of the L and L_ levels into sublevels. The split

ting is caused by the electrostatic and magnetic interaction of the 

electrons in the incomplete 3d shell with the electrons in the 2p 

shell, resulting in different energies and also different transition 

20 
probabilities from these sublevels into the K level. Izraileva 

21 
and Nefedov have calculated the splitting of the L and L levels 

5 5 5 5 9 
for the configurations p d , p d, p d , assuming jj coupling in the 

2p shell and considering the electrostatic interaction of 2p3d as a 

perturbation. 
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Figure 2. The effect a v/eak magnetic field would 

have on spectral lines, the Zeeman effect. 
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From t h e i r c a l c u l a t i o n s i t can be seen tha t the Ka l i n e w i l l 

be s p l i t i n to four components, Figure 3, 

T = — 4 - — — 4-— - i l l - A n ? ^ 
2 2 ' 2 2 ' 2 • 2 ' 2 2 ' ^ ^ 

where n is the number of unpaired 3d electrons and I is always posi

tive. The sublevel with the maximum I value will be shifted toward 

the high energy side of the spectrum in proportion to the number of un

paired 3d electrons, possibly resulting in an asymmetry index greater 

than unity for the Ka transition and the variation of the asymmetry 

as a function of unpaired 3d electrons. The L level will be split 

into two components 

I=f±|. (18) 

In the case of the L„ level, the sublevel with the smallest I value 

will be shifted toward higher wavelengths. This theory predicts 

that the asymmetry index for the Ka line will be equal to or less 

than unity. 

It can be seen from the above discussion that the Ka and Ka^ 

levels will generally be split into four and two sublevels respec

tively. For n = 1 and n = 2 there will be two and three levels 

respectively. The transition probabilities predict that the L sub-

levels with the higher energy will have the greater transition prob

ability to the K level, while the theory also predicts that the L 

sublevel with the lower energy will have the larger intensity. The 

observed X-ray lines then will be the superposition of four lines 

for the Ka line and of two lines for the Ka^ line, assuming that 
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there is no splitting of the K level. The predicted K level split

ting is much smaller than the splitting of the L level, for which 

the splitting is expected to be on the order of one electron volt. 

The theory also explains the observed increased doublet separa

tion in the iron group transition elements for the elements with a 

larger number of unpaired 3d electrons. It also explains the dif

ferent signs of the energy shift of the Ka and Ka_ lines in com

pounds, their shift being in opposite directions. 

The theory that excitonic states might be responsible for the 

22 
observed asymmetry was first proposed by Parratt.. He assumed that 

the formation of excitonic states could, by their formation, affect 

the K and L levels in the atom by their effect on the potential field 

observed in the lower levels of the atom. In this process the K 

electron which is ejected to form the K shell hole for the X-ray 

transition is not ejected to infinity, but rather to some bound 

state. That is, it is ejected into an excitonic state, irzhere the 

electron is bound to the hole left in the atom; hence the named 

bound ejected electronic states, BEE. The excitons thus formed would 

have the effect of changing the screening of the crystal field, and 

of the atomic field in the excited atom. If an atom had several 

different possible excitation states, then it is conceivable that 

these states might lead to excited state transitions of different 

energy and result in a splitting of the X-ray levels. The direction 

and magnitude of the splitting as well as the relative probabilities 

would depend on the available excitation states, their energy, pro

duction probability, and their effect on the K and L levels. Accord-
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ing to Parratt this excitonic level splitting is not the most proba

ble cause of X-ray emission fine structures, because the probability 

of forming this type of exciton is small in the case of electron bom

bardment. However, this type of perturbation plays an important 

role in the observed structure of absorption and ultraviolet spec

troscopy. 

23 

Parratt also proposed another scheme for a cause of the split

ting, the possibility of excited states of the atom. He proposed 

that the K electron is ejected to infinity or to the continuum. In 

the time for the electronic transition to quench the K hole, the 

outer electrons will, as a result of the perturbation caused by the 

ejection of the K electron, undergo a rearrangement in which the 

electrons will change their energy and state. The time required for 

a K transition is on the order of 10 seconds. The time in which 

—18 

the Hamiltonian of the system changes is on the order of 10 sec

onds. It is this changed Hamiltonian (an electron has been removed 

from the atom) into which the outer electrons must try to fit them

selves. From time dependent perturbation theory it is known that a 

time dependent perturbation can cause the system to undergo a change 

of state. As the electrons are rearranged some of the electrons 

will find themselves in higher energy states, due to transitions 

caused by the perturbation. The energy of the system will depend on 

the final configuration attained in the time required before the 

extinction of the K hole. This final configuration would probably 

be unique if the initial vacancy were created slowly enough and the 

electrons were granted a sufficiently long time to readjust to the 
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—1 8 
altered field. Such is not the case as the times involved are 10 

seconds and 10 seconds, respectively. 

In addition to the possible shifts of the atomic electrons to 

orbitals closer to the nucleus, many of the systems valence elec

trons may also move closer to the nucleus. This influx of electrons 

is in direct competition with the electron configuration state. 

Their effect would be to shield the outer valence electrons of the 

atom. This effect is expected to be more significant in the metals 

than in the insulators because of greater electron mobility. It is 

also possible for an outer electron to undergo a transition to a 

lower level before the extinction of the inner level to create a 

new valence electron configuration state, VEC. However, the likeli

hood of such a transition may be negligibly small unless it involves 

an Auger type transition in which another electron in the system is 

24 
shifted farther away from the nucleus. Good metals are especially 

interesting in this regard because of the high probability of Auger 

transitions of small energy across the Fermi surface. 

When a photon strikes a bound electron the photon, if it has a 

high enough energy, it may be scattered and cause the bound electron 

to be ejected from the atom in which it is bound in an electronic 

Raman effect. The photon will suffer a loss of energy dependent 

upon the binding energy of the electron. The result is an X-ray 

which is scattered with a modified energy and no angular dependence 

25 
on the energy. The only angular dependence is that the intensity 

of the scattering decreases as the angle deviates from the Bragg con

dition of reflection 



20 

nX = 2dsin0, (19) 

where n is the order of the reflection, X is the wavelength of the 

reflected radiation, d is the lattice spacing of the crystal reflec

tor, and e is the glancing angle of the radiation to the planes of 

the crystal. The existence of this effect was first predicted by 

")(•% 9 7 

Du Mond and later by Sommerfeld. 

There are three types of Raman scattering which have been pre

dicted or observed. The first is the phonon Raman effect first pre-

dieted by C. Y. Raman and Negrenda Nath. In this theory the X-ray 

is expected to produce local phonon oscillations in the lattice with 

a subsequent change in the energy of the X-ray. The energy of the 

acoustic phonons is probably too small to be observed because of the 

limits of resolution of X-ray spectometers. The optical phonons 

which may have wavelengths in the infrared and energies approaching, 

in some crystals, 0.1 to 1 ev may be observable with the highest 

resolution instruments. However, these higher energy phonons do not 

have a very high probability of being excited, and consequently are 

probably not the cause of the observed fine structures. 

The electronic Raman effect could be a possible cause if the 

probability for exciting the valence electrons as the X-ray leaves 

the atom is great enough. The probability of exciting the valence 

electrons in normal scattering processes is quite low and not high 

enough to account for the asymmetry. However, if the perturbation 

caused by the emitted photon has already created an unstable situa

tion in the process of emitting the photon, then the probability for 
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the electronic Raman effect might well increase. 

The energy relations for photon-electron scattering with a photon 

30 
of energy hv has been given by Compton as 

hv - hv' = V^ + mc^[(l - 3^)"^/^ - 1] + Mv^/2, (20) 

where h is Planks constant, V is the potential of the crystal and 

atomic field, m is the mass of electron which scattered the photon, 

c is the speed of light, 3 is the velocity v divided by c, and M is 

the mass of recoiling atom. The first term on the right represents 

the energy of an electron, the second term is the relativistic kinetic 

energy of the electron after ejection, and the last term, which is 

very small, the energy of recoil of the atom due to the collision 

with the photon. 

31 
The scattering equation was first confirmed by Das Gupta, and 

32 
later by Faessler and Muhle, for scattering from the lighter elements, 

where the energy lost to the electronic levels was on the order of 

50 to 300 ev. The observed intensity (related to the probability of 

transition) was very low compared to the normal Compton effect, which 

is low compared to the original X-ray line intensities. For this 

effect to explain the fine structures, the probability for Raman 

scattering must increase greatly in order to attain a sufficient 

intensity to explain the observed fine structures of the emission 

lines. An increase in probability would require some sort of reso

nance effect. 

33 
The plasmon Raman effect was predicted by Nosieres and Pines 

34 
and treated theoretically by Ohmura and Matsudaira. The condition 
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pointed out by the theory is that the momentum -fik transferred to 

the excited plasmon should be less than to /V„, v/here to is the plas-
P F P ^ 

mon frequency, and V^ is the Fermi velocity. The low angle component 

of X-rays scattered by solids may be represented by the following 

35 
dispersion relation 

2 2 
k V 

AE(k) =fia3 (1 +jQ—^)y (k = (Y^)sin(e/2)). (21) 
^ to 

P 

The energy loss is given by AE(k), X is the wavelength of the inci

dent photon, and G is the scattering angle. The plasma oscillations 

which have been observed in conductors, have been shown to be capable 

of being excited by X-rays. This effect is similar to the electronic 

Raman effect in that the plasma energy is subtracted from energy of 

the photon which excites the plasmon mode. The plasmon Raman effect 

3fi "̂ 7 

has been observed by Suzuki, Tanokura, Hirota, Suzuki, and 

38 

Prifitis, Theodossiou, Alexopoulos. The energy of the plasmon os

cillations which have been reported for beryllium is 22.5 ± 1.5 ev. 

This large energy coupled with the low intensity would also make 

this effect less likely than the previous non-Raman theories. For 

chromium and iron the plasmon energy could be smaller because of the 

dependence of the plasma frequency on the number and mobility of the 

free carriers in the conductor. Both the number of free carriers 

and their mobility is expected to be less than for beryllium. 

In general the X-ray Raman effect is a very unlikely cause for 

the observed fine structures because of the small scattering cross 

section for the Raman effect. However, since the Raman effect may 

be a coherent phenomenon there is a possibility that in a particular 
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configuration the Raman transition probability might increase to a 

level in which the Raman process might be the chief contributor to 

the fine structures. Also to be included in the Raman effect, although 

at present there is no experimental evidence, is the possibility of 

magnon scattering, or scattering from other quasi-particles. 



CHAPTER III 

PRESENTATION OF DATA 

The Experimental Apparatus 

A multipurpose spectrometer which could be operated in the two 

and three crystal configuration was used for the experiments in this 

39 
thesis. The instrument is described by S. M. Shah. The spectrom-

40 

eter was aligned according to H. E. Welch and Shah, using the pro

cedure they described. 

The axes of all rotating parts were aligned so that they were 

parallel to within thirty seconds of arc, fifteen seconds of arc off 

perpendicular for each axis, as determined by a spirit level (Tamaya 

and Co., No. 1281), and checked by the use of a Nikon 6B autocollima-

tor. After the axes were aligned, the crystal holders were adjusted 

so that the face of the crystal was over the axis of rotation of the 

crystal holder. The procedure for adjusting the crystal holders was 

to observe the front face of the crystal holder through a low power 

microscope, and to rotate the crystal holder. The position of the 

crystal holder was adjusted until the face of the crystal holder passed 

through the center of rotation of the bearing supporting the crystal 

holder. 

The X-ray beam was collimated using two square slits 1mm on a 

side, separated by 15 cm. There was also a horizontal slit at the 

detector of 1 mm which was used in the alignment procedure for ad

justing the crystal tilt, and in all spectral measurements. 

24 
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The next step in the alignment procedure was to center the X-ray 

beam over the center of rotation of the first crystal (the first 

crystal being the first crystal to be irradiated by the X-ray beam 

as it travels to the detector, the second crystal is the next crys

tal in the path of the X-ray, and similarly for the third crystal). 

The positioning proceeded in the following manner, the crystal holder 

with an absorbing block mounted in the crystal holder was positioned 

in front of the X-ray beam. The block was rotated until the face of 

the block was parallel to the X-ray beam as determined by obtaining 

a maximum count in the detector. The count level was noted, and the 

crystal holder was rotated by 180° and the counts again noted. If 

the count observed in both positions was observed to be the same, 

then the crystal holder x̂7as in the correct position. Also the ob

served intensity, when the crystal holder was positioned correctly, 

was one-half of the total beam intensity. 

The reflecting planes of the crystals \<iere also adjusted so that 

the planes were parallel to the axes of rotation of the spectrometer. 

The first crystal was adjusted by placing a slit at the detector, 

parallel to the horizontal slits which were used to collimate the 

X-ray beam, and at the same height as the collimating slits. Once 

the slit was set, the tilt of the first crystal was adjusted to give 

the maximum counts for the first order Bragg reflection. 

The procedure for aligning the second crystal was the same as 

for the first crystal until the final step of tilt alignment, where 

the tilt was adjusted to the minimum width and maximum amplitude for 

the Bragg reflection. 
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The third crystal alignment procedure was the same as for the 

second crystal. This alignment procedure was valid for all positions 

of the three crystal and two crystal spectrometers. 

Experimental Results, Chromium 

The experimental results obtained by Shah and Das Gupta, and 

42 
Das Gupta and Gott showed the presence of fine structures in chro-

43 

mium. Shah also reported fine structures in cobalt. The pre

viously mentioned theories are all attempts to explain the existence 

of asymmetry in the Ka lines of the iron group transition elements. 

The theories assumed that the asymmetry was caused by the superposi

tion of several fine structure components, which were unresolved. 

This study was undertaken to confirm the earlier work of Shah, 

Das Gupta, and Gott. In addition to the confirmation of the earlier 

work, the secondary objective was to compare the data available from 

a two crystal spectrometer to the data from a three crystal spectrom

eter in all positions of both spectrometers allowed by the Bragg 

equation and the intensity of the last reflection. The spectrometer 

position judged to have the best resolving power would be used to 

examine the fine structure of ion Ka lines. Data were taken in the 

(1,-1), (2,-2), (3,-3), (1,1), (2,2), (3,3) positions of the two 

crystal spectrometer. Data were also taken in the (1,1,1), (1,1,2), 

(1,1,3), (1,2,2) positions of the three crystal spectrometer. All 

of the data sets used the same set of quartz crystals ((1011) planes, 

o 

d = 3.343 A) except the third order reflections were from different 

crystals (quartz (1010), d = 4.26 A), since the Bragg equation, 

nX = 2dsine, (19) 
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does not allow a reflection in the third order by the quartz crystals 

cut parallel to the (1011) planes. 

The two crystal data sets were all taken by counting intensity 

as a function of angle, with an angular increment of two seconds of 

arc for each intensity data point, and timed for 100 seconds, except 

for the (n,-n) curves where the intensity was high enough for ten 

second counts to give adequate statistics. For each data point on 

the two crystal spectrum, the second crystal was rotated two seconds 

of arc toward the long wavelength end of the spectrum. The first crys

tal was kept fixed in the same position for all of the data sets. 

The Ka lines of chromium, using one crystal and a divergent beam of 

X-rays (angle of horizontal divergence of 1°30') was unresolved, and 

gave a broad asymmetrical peak, due to the relative intensities and 

the superposition of the Ka and Ka peaks. The first crystal was 

set in a position somewhere near the center of this broad peak, so 

that it would be approximately at the center of the region between 

the Ka lines. 

The three crystal data were taken in much the same manner, 

except that for each setting of the second crystal, when the second 

crystal was stepped by two seconds of arc, the third crystal was 

swept through the spectrum passed by the first two crystals. The 

third crystal intensity distribution curve, as the spectrum was swept 

by a synchronous motor, was recorded simultaneously on a linear chart 

recorder. Zrom the chart record, which showed the spectrum of the 

second crystal output, only a particular frequency was of interest, 

the desired frequency was the frequency which an ideal crystal would 
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have reflected if the rays striking the second crystal were perfectly 

parallel. However, the X-rays were not parallel, and the crystals 

were not perfect; therefore, the second crystal would reflect a band 

of radiation which was not perfectly monochromatic. As a result of 

these other frequencies which may be reflected by the second crystal, 

only the peak value of the third crystal sweep spectrum was selected, 

since this would correspond to the frequency for which the second 

crystal was set, in much the same manner as the operation of two 

band pass filters in various stages of stagger tuning. 

The line widths measured by the tx̂ o crystal spectrometer com

pared favorably with the published widths (Appendix 1), in both the 

parallel (n,-n) positions, and in the dispersive (n,n) positions. 

A proper alignment was essential for studies of the asymmetry be

cause the misalignment of the spectrometer would cause both instru

mental asymmetry and broadening. Proper alignment assured that the 

asymmetry was not due to the instrument, but was a characteristic of 

the spectrum line itself. The condition for alignment was minimum 

line width and maximum peak count. 

The spectrometer was first set in the (1,-1) position. Figure 

4, and the tilt of the crystal was adjusted until the width at half 

maximum was a minimum. The minimum width was found to be 12 seconds 

of arc. The two crystal spectrometer was next set in the (1,1) 

position. The tilt settings of the crystals were tested and set for 

minimum line width, since the axes were known to be parallel only 

to within 30 seconds of arc. Once the tilt was adjusted properly, 

the line profile was recorded. The Ku^ and Ka^ line widths at half 
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maximum were 64 and 67 seconds respectively. Figure 5 and Figure 6. 

The spectrometer was set in the (2,-2) position, and the width 

at half maximum was minimized to 6 seconds of arc. The spectrometer 

was set in the (2,2) position, Figure 7, and the tilt was adjusted 

until a minimum width was obtained. The width vas found to be 130 

and 181 seconds of arc for the Ka and Ka lines respectively. The 

crystals were removed and replaced by the crystals (quartz (1010), 

d = 4.26) which had a large enough spacing to allow a third order 

spectrum. The spectrometer was set in the (3,-3) position and a 

minimum width of 10 seconds of arc was obtained. The spectrometer 

was then set in the (3,3) position, and the tilt adjusted to give a 

minimum line width, and the spectrum was recorded. Figure 8. The 

line widths for the Ka and Ka lines were found to be 216 and 270 

seconds of arc respectively. 

The (n,-n) V7idths of the two crystal spectrometer are summarized 

in Table 1. The dispersion and resolution increases as the order 

of reflection increases; therefore, the angular widths must be con

verted into energy or wavelength for comparison of the results of 

different orders of reflection. Table 2. Table 2 also includes the 

asymmetry index, v̂ hich is the half width at half maximum when meas

ured on the long wavelength side of the spectrum line divided by the 

half width at half maximum when measured on the short wavelength 

side of the spectrum. Table 3 gives the corrected line widths for 

the (n,n) position of the two crystal spectrometer. The corrected 

line width was given by Brogren in terms of the observed widths 

and the rocking curve width (n,-n) as 
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Quartz 
Crystal 
Plane 

(1011) 

(1011) 

(1010) 

Table 1 

(1,-1) Widths of Crystals used for Measurements 

Spectrometer 
Position 

(1,-1) 

(2,-2) 

(3,-3) 

Width 
Sec. 

12 ± 2 

6 ± 1 

10 ± 3 
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Table 2 

Uncorrected Two Crystal Line Widths 

Spectrometer Width Width Asymmetry 
Line Position sec ev Ratio 

Cr Ka 

Cr Ka 

(1,1) 

(2,2) 

(3,3) 

(1,1) 

(2,2) 

(3,3) 

64.0 ± 

130.0 ± 

216.1 ± 

77.2 ± 

180.1 ± 

270. ± 

2.5 

5.0 

9.9 

3.1 

5.9 

12. 

2.27 ± 0.09 

1.96 ± 0.07 

2.07 ± 0.10 

2.72 ± 0.11 

2.52 ± 0.08 

2.59 ± 0.11 

1.3 

1.5 

1.3 

1.0 

0.9 

0.9 
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Table 3 

Corrected Two Crystal Line Widths 

Line 

Cr Ka^ 

Cr Ka 

Spectrometer 
Position 

(1,1) 

(2,2) 

(3,3) 

(1,1) 

(2,2) 

(3,3) 

Width 
sec 

52.0 ± 

133.8 ± 

208.2 ± 

65.1 ± 

174.8 ± 

258. ± 

3.0 

5.5 

9.9 

3.0 

6.5 

13. 

Width 
ev 

1.84 ± 0.10 

1.81 ± 0.08 

1.94 ± 0.10 

2.30 ± 0.11 

2.44 ± 0.08 

2.45 ± 0.12 
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W^ = W^ - \ (22) 

where W is the true line width, W is the measured width, and W is 
i o R 

the rocking curve width. 

The reason for utilizing a three crystal spectrometer was first 

45 
indicated by H. E. Welch. The radiation from the second crystal 

is a narrow frequency band centered about the Bragg frequency for 

which the crystal is set. The width of this reflected radiation is 

determined by the collimation of the X-ray beam from the target, by 

the physical properties of the crystal, and by the geometrical reso

lution of the spectrometer. If the crystals were perfect and the 

X-ray beam was perfectly collimated, then the width of the reflected 

radiation would be minimum. The reflected radiation width would be 

minimum and would have a well defined direction in space. For real 

crystals and real X-ray beams there is a finite width associated 

46 

with the measurement. There is also another factor beside the nor

mal instrumental effects, viz. TDS, crystal imperfections, and tem

perature of the crystal. Unmodified scattering of X-rays from the 

first and second crystals do not follow the Bragg relation. The rad

iations are scattered in a solid cone about the Bragg direction, with 

the intensity of the scattering decreasing as the angle with respect 

to the Bragg angle increases. This type of scattering is usually re-

47 

ferred to as thermal diffuse scattering, TDS, and within the resolu

tion of X-ray spectrometers is frequency unmodified. The diffuse scat

tering is superimposed on the background radiation to give a nonuni

form background. Now it is this scattering which occurs at both the 
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first and second crystals that diminishes the actual resolution of 

a two crystal spectrometer. The effect can be explained in the fol

lowing manner. If the first and the second crystal are set to the 

same frequency, and the frequency is that of one of the characteristic 

X-ray lines, then the effect is negligible, as far as the energy 

resolution of the spectrometer is concerned. However, if the second 

crystal is moved to a position to reflect a different frequency, 

then a different situation arises. The spectrometer is now set for 

a frequency different from the characteristic X-ray emission line, 

and the reflected intensity is therefore lower than the peak inten

sity. Now, however, the primary ray is being scattered by the first 

crystal in a direction which is different from the Bragg direction, 

but which is frequency unmodified. Any radiation which is scattered 

from the first crystal at an angle toward the second crystal which 

will satisfy the Bragg condition will be reflected by the second 

crystal. The effect of this type of scattering is to cause the 

second crystal to reflect two beams of radiation, one of the same 

frequency as the primary X-ray line, and one of the frequency of the 

continuum for which the second crystal is set. It is the scattering 

component due to TDS of the reflected radiation which must be elimi

nated in order to improve the resolution of any spectrometer. 

The three crystal spectrometer is ideally suited for the separ

ation of the unwanted scattered radiation. The scattered radiation 

can be separated by the use of a third crystal because the third 

crystal separates the different rays which have the same frequency, 

but have different directions in space. For rays lying in directions 
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which differ by only a few seconds of arc, the overlap of the two 

distributions is such that one cannot be separated completely from 

the other. Since the TDS follows in many inorganic crystals a more 

or less Gaussian distribution the effect of the scattering at small 

angles can be predicted to a certain extent. Although the scattering 

will probably prevent observing, with confidence, any structures very 

near the center of the characteristic radiation line, it will not hind

er the investigation of the spectral line a few seconds of arc off 

the center of the line. The third crystal removes the ambiguity in 

the spectral output of a two crystal spectrometer. This is a summary 

48 
of the effect reported by Das Gupta and Welch. The net effect of 

this scattered radiation is to broaden the spectrum line as seen by 

two crystals, and to smear out any fine structures which might be 

present. 

The resolution of the two crystal spectrometers compared to the 

resolution of the three crystal spectrometer is a function of the 

orders of reflection available, and the number of crystals. If the 

geometrical resolving power of a spectrometer is much greater than 

the physical resolving power, then the resolving power of a single 

49 
crystal instrument is given by 

^ = — ^ , (23) 
AX to ' 

and that of a two crystal spectrometer by 

X ^°2 
AX to„ ' 

is. 

(24) 

where to is the width at half maximum of the single crystal diffrac-
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tion pattern, and lô^ is the width of the (n,-n) rocking curve, and 

D^ and D^ are the angular dispersions dG/dX of the single and double 

crystal spectrometers respectively. 

A similar expression describes the resolving power of the three 

crystal spectrometer, where tô  is the rocking curve width of the 

three crystal spectrometer, and D^ is the dispersion of the three 

crystal spectrometer, 

ix";r~- (25) 

r 

The dispersion relations for the one, two, and three crystal 

spectrometers respectively are given by 

D - ^ "̂ 1 
1 dX 2d cose ' (26) 

de "l ^2 
^2 " dx" " 2d^cose^ "̂  2d^^^Ie^» (27) 

^Q ^1 2n n_ 

D = ^ = 1 + 2 3 
3 dX 2d^cos0^ 2d2cos02 2d^cos0^' ^^^^ 

where n^, Q^, and d^; n^, O^, and d^; n , 9 , and d are the param

eters for the Bragg equation for the first, second, and third crys

tals respectively, and used only where applicable. 

The geometrical resolving power as determined by the vertical 

limiting slits was 1 x 10 for all measurements as calculated from 

X 4 
-—- = —T-, where 6 is the vertical divergence of the X-ray beam. The 
AX ^2' ^ o J 

calculated resolution of the two crystal spectrometer was 13,000, 

28,800, and 49,200 for the first, second and third orders respec-



42 

tively. The theoretical resolution of the three crystal spectrometer 

was calculated to be 19,500, 27,400, 36,000, and 41,800 for the 

(1,1,1), (1,1,2), (1,1,3), and (1,2,2) positions of the three crys

tal spectrometer. The geometrical resolving power is at least one 

full order of magnitude greater than the physical resolving power. 

From the above calculated values of the resolution it would appear 

that the theoretical resolution of the two crystal spectrometer is 

better than that of the three crystal spectrometer for the positions 

listed. In reality, the actual resolution of the two crystal spec

trometer is less than the actual resolution of the three crystal spec

trometer. The reason for this apparent discrepancy is due to the 

two beams of radiation which are reflected by the second crystal; 

the target continuum radiation from the X-ray tube, and the TDS radi

ation scattered from the first crystal at an angle equal to the angle 

by which the second crystal has been rotated from the Bragg angle 

for the primary exitation line of the X-ray target. The lower reso

lution (of the (1,2,2) position, for example, compared with the (3,3) 

position) of the three crystal spectrometer is made acceptable due to 

the elimination of the radiation which is scattered in directions 

other than the direction of the Bragg reflection for which the spec

trometer is set. 

The data taken with the two crystal spectrometer did not reveal 

any fine structures even in the highest orders. The dispersion and 

resolution of the instrument V7as enhanced, but the scattering effects 

still covered any fine structures. The effect of the scattered radi

ation is to wash out the fine structures, making them unobservable, 
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except for a residual asymmetry in the spectrum line. The results 

of the three crystal experiments show that the fine structures are 

capable of being resolved. 

The operation of the three crystal spectrometer is complicated 

by the mechanics of rotating the second crystal two seconds, and 

then rotating the third crystal by four seconds of arc. If the steps 

are not in exactly the ratio of 2:1, then the spectrometer will 

gradually slip out of tune, and the spectrometer will not be observ

ing the correct frequency, and can lead to incorrect results. The 

method of correction of the difficulties of this type is to rotate 

the second by its fixed increment, then leave it fixed for the dura

tion of a sweep of the third crystal over the spectrum passed by the 

second crystal. The continuum peak for which the first two crystals 

is set will correspond to the position of the third crystal which 

receives the maximum counts. In order to obtain the line profile 

of a spectrum line the second crystal must be stepped through the 

entire spectrum, and for each position of the second crystal, the 

third crystal must sweep out the transmission profile of the second 

crystal. The total line profile is contained in the peak count of 

the output of the third crystal. That is, the data point that best 

represents the amplitude of the maximum count position of the third 

must be plotted against the angular position of the second crystal. 

The spectra which is plotted in the manner above has removed 

from it the radiation which is of the same frequency, but which is 

scattered in the other directions. As a result of the separation of 

the scattered radiation, the fine structure becomes obvious- In the 
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(1,1,1) position of the spectrometer the resolution of the instru

ment is not quite high enough to give any indication of the fine 

structures, Figure 9, Figure 10. Wlien the spectrometer is set in 

the (1,1,2) position the fine structures begin to appear. Figure 11. 

Only two fine structure peaks were observed in this position. The 

fine structures were located at 0.91 and 3.12 ev separation from 

the position of the primary (strongest) spectral line. In the (1,1,3) 

position three fine structure peaks were observed. Figure 12. Their 

separations from the primary spectrum line were 0.854, 1.58, 2.79 ev. 

In the (1,2,2) position a fourth spectrum line was observed in the 

line profile. Figure 13. The separations from the strongest line 

were 0.482, 0.924, 1.782, 2.899 ev. 

Since the resolution and dispersion of the instrument have been 

increased, the only remaining problem to be solved is the problem of 

obtaining adequate statistics to justify the observations of the 

fine structures. The statistical error is large, and in most cases 

is larger than the distortion of the primary Ka line caused by the 

fine structures. 

The measurement of the line profile in this manner also gives 

a better estimate of the line width of spectral lines than is pos

sible with the two crystal spectrometer. The uncorrected line widths 

and asymmetry ratios are tabulated in Table 4. 

Experimental Results, Iron 

From the above data on chromium, it was concluded that the most 

sensitive method of determining the fine structures was to use the 
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Figure 9. Graph of Cr(l,l,l) Ka intensity profile. 
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Line 

Cr Ka 

CrKa^ 

Cr Ka 

Cr Ka 

Cr Ka 

Cr Ka^ 

Cr Ka 

Cr Ka^ 

Table 

Uncorrected Three 

Spectrometer 
Position 

(1,1,1) 

(1,1,1) 

(1,1,2) 

(1,1,2) 

(1,1,3) 

(1,1,3) 

(1,2,2) 

(1,2,2) 

4 

Crystal Line Widths 

Energy 
Width 

2.45 

2.58 

2.01 

2.24 

2.03 

2.19 

1.82 

1.94 

Asymmetry 
Ratio 

1.26 

1.00 

1.23 

1.00 

1.17 

1.00 

1.42 

0.96 
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spectrometer in the (1,2,2) position. The results obtained for iron 

were approximately the same as for cliromium in the (1,2,2) position, 

with most of the differences probably attributable to the difference 

in the nuclear charge, and the possible difference in the number of 

3d electrons. Figure 15, Figure 16. The results obtained were 0.60, 

1.2, 2.1, 3.3 ev. A summary of the accumulated fine structure data 

is listed in Table 5. 

Statistical Treatment of the Data 

The main source of error at low count rates is the statistical 

uncertainty in the counting. When counting random events for a 

short time interval, particularly when the events are not occurring 

rapidly, the total number of events will fluctuate statistically. 

Moreover, the magnitude of the statistical error will depend only 

on the total number of events observed in the time interval. For 

random events the probable deviation for the number of events ob

served, N, from the true population mean, N , is given by 

a = 0.675N^^^, (29) 
P 

and the standard deviation of the counts is given by 

a = N^/^ (30) 

In order to measure the number of counts to some desired accuracy, 

a definite number of events must be observed, e.g., for one percent 

desired probable error the total number of events would have to be 

4556. 
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Table 5 

Summary of Measured Separation of Fine Structurer 

Spectrometer Separation of fine structure from main peak in ev* 

Position (2) (3) (4) (5) 

Chromium 

(1,1,1) 

(1,1,2) 

(1,1,3) 

(1,2,2) 

(1,1,2)51 

(8)52 

a 

a 

a 

a 

0.2 

0.2 

a 

a 

a 

0.482 

0.6 

0.5 

a 

0.91 

0.854 

0.942 

0.9 

0.9 

a 

a 

1.58 

1.782 

1.2 

1.4 

a 

3.12 

2.79 

2.899 

a 

a 

Iron 

(1,2,2) 0.60 1.2 2.1 3.3 

Cobalt 

(1,1,2) 0.4 1.4 2.4 /. /, 
-r . -T 

a. The fine structures were absent in these positions. The chro

mium fine structures separations were calculated using curve fit 

analysis. The other data represent estimates of the fine struc

ture positions. 

* See Figure 13 and Figure 15. 
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In the case of automatic chart recording additional errors will 

be introduced due to the pulse averaging circuits which actuate the 

recorder. These errors can be minimized by selecting short time 

constants. The criterion for the length of the time constant is 

that the intensity observed at the detector does not change appre

ciably during one time constant. For the scan rates used for the 

rotation of the third crystal the time constant was always less than 

5 seconds. The crystal was rotated at a rate of 0.4167 arc sec/sec. 

The time constant is a measure of the counting time for a particular 

setting. For example, a 5 second time constant is equivalent to a 

count of approximately 5 seconds. Consequently, a large statistical 

error can occur for short time constants, and low count rates. If 

the entire curve of the third crystal is fit to Lorentzian or Gaussian 

curve, then the effective statistics of the peak parameter will im

prove, because the effective counting rate will be higher, or the 

effective time of the count will be longer. 

Aside from the statistical error of the counting process, other 

errors occur. The X-ray beam used in these experiments was obtained 

from a General Electric XRD-5 control and high voltage supply. The 

current regulation of the high voltage supply was 0.02 per cent, and 

the voltage regulation was 1 per cent. The intensity of an X-ray 

u 54 
line as a function of voltage and current is given by 

I = ki (V - V ) ^ / ^ (31) 
a a o 

where V is the excitation potential of the line under study, V is 
o "̂  

the anode voltage, i is the anode current, and k is a constant. 
Si 
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The error in intensity of the spectrum due to fluctuations in the 

voltage and current is given by 

AT ^i Q ^V V ^ 
AI a , 3. a..-, o,2 , . — = J- + -(—-)[! - —] . (32) 

a a a 

Using an operating voltage of 45kV and 25 ma the maximum variation 

in intensity of the X-ray line was 1.2 per cent. 

The width of a spectrum line is measured at the half maximum 

point. In order to determine the half maximum point both the peak 

and the half maximum points must be determined. For counted data 

both of these points will have statistical uncertainty associated 

with them. In order to estimate the error in the half maximum in

tensity both the uncertainty in the peak intensity and the uncertainty 

in the half maximum must be added to give the total uncertainty in 

the half maximum, or 

" T = '̂ p̂ + "tan' "3> 

where .M is the total uncertainty in the half maximum, AI is the 

error associated with the peak value, and AI, is the error associ

ated with the intensity at the half maximum point. The actual error, 

AI , must include the intensity fluctuations due to the voltage and 
A 

current fluctuations, Al^^, and the counting error mentioned above, 

or 

Aî  = ^\ + ^ v̂r ^^""^ 

The uncertainty in line width, or peak to peak separation is 

ultimately related to the line shapes and the observed intensities. 



58 

The uncertainty in the angular coordinate is determined by the un

certainty in the angular measurement, and in doterminfng which point 

on the curve should be used the angular measurement. Figure 17. 

The widths obtained in the (n,n) position arc listed in Table 2. 

The widths in the (l,j,k) are listed in Table 3. 

Statistical Noise Reduction, Smoothing 

After all the data had been plotted it was found that there 

were still inadequate statistics. The expected fine structures were 

hidden in the statistical noise. The only method of true extraction 

would have been to retake the data using a counting method to sweep 

the spectra at the third crystal, a method which would require about 

one full v:eek to complete for only one data set. The completion of 

the data set in one week would require twenty-four hours a day until 

the run was completed. When the resolution of the instrument was 

calculated and found to be about 20 data points another method of 

signal extraction was selected. 

Any curve which has only a finite number of finite discontinui

ties can be represented by a Fourier series, if the curve can be con

sidered to be periodic over some range. For the purpose of the data 

described earlier, and since nothing was known about the data out

side of the range of the experiment, the data was assumed to be 

periodic over the range of the data set. The period of the data was 

assumed to be the same as the length of the data set. 

The Fourier series gives an analytic approximation to the data 

set. The Fourier series is given by 
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Figure 17. Illustrating the method for 

determining angular uncertainty 



•|(N-1) |(N-1) ^° 

F(I) = I V ° ^ ( ^ ) + I B sin(^)N odd (35) 
k=0 k=0 

where 

N . . 
P^ - I f(I)cos[^] (36) 

i=l ^̂  

and 

N 
B^= I f(i)sin[^]. (37) 

i=l 

Also f(I) is the amplitude of the data at the position of the Ith 

data point, N is the number of data points in the data set, and k 

is the harmonic coefficient. 

The resolution of the instrument was calculated to be about 

twenty data points. Consequently, the position of any data point 

in the set could be exchanged for the ones closely adjacent to it, 

and the effect should go unnoticed as far as the resolution is con

cerned. Because of the indistinguishability of adjacent data points 

several closely spaced data points could be averaged (or summed) to 

give better statistics at that point. The method of moving averages 

of trend estimation in time dependent series could be used to 

improve the statistics. This method is not too desirable if one 

wants to keep the averaging width below 20 per cent of the resolution. 

This method would give an average over at most four points. Aver

aging the data points in this manner V7as found to give inadequate 

statistics. This method is too sensitive to local fluctuations. 

A similar method was utilized, the moving average approach was 

modified from a square weighting to a Gaussian weighting function 
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with a width of 2 to 3 data points. The procedure was to perform 

a convolution integral over the data set with a Gaussian to obtain 

a smoothed spectra. The convolution integral is defined by 

^(t) = /loc. f('̂ )g(t - T)dT (38) 

where f d ) is the original function, g(t - T ) is the convolving or 

smearing function, F(t) is the new function. In the data analysis 

given in this thesis the smearing function was a Gaussian function 

given by 

g(t - T) = exp[-(t - T)^/2a^)]. (39) 

f(T) was the continuous Fourier series derived from the data set, 

with the discrete variable I replaced by the continuous variable x. 

The sine component of the Fourier series was integrated over the 

half spaces -°° to 0, and 0 to °°. The reason for choosing the Fourier 

series becomes obvious when it is noticed that the integral of a 

Gaussian and a sine function over the half space from 0 to °° can be 

found in any standard integral table. The t components of the Gaus

sian can be separated from the integral leaving a simple definite 

integral. The effect of the integration is to change the coefficients 

of the Fourier series, decreasing the amplitude of each higher har

monic. The new function was calculated for the same incremental 

interval positions as the original data, and the new function was 

plotted. The results of this calculation are shown in the plots of 

the data used in this thesis. This smoothing routine was used on 

all of the data for the sake of consistency, although it was really 
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not necessary for the first and second order two crystal data. 

The effect on the Fourier sĉ rios by the integration in the 

convolution integral is to multiiriy each higher harmonic by a factor 

dependent on the width ĉf the Gaussian, and a constant exponential 

dependent on the harmonic. The now harmonics were modified in the 

following manner 

A^ = A^[2TT]^/^oexp[(irak)^/2N^]. (40) 

B^ is also multiplied by the negative of the same factor. The effect 

of the convolution on the series is to reduce the high frequency 

component of the series, thereby removing most of the statistical 

noise which usually has the appearance of high frequency signals. 

The actual effect on the data V7as to give a weighted moving 

average over the data set, an average in which every point on the 

curve was included. The data points closest to the position for 

which the average was to be calculated were given the greatest 

weights. It must be emphasized that the validity of this approach 

to the data analysis depends upon the spectral resolution and width 

of the averaging function. The narrower the averaging function, the 

more closely F(t) approaches the original function. In the limit as 

the function approaches a delta function the convoluted curve should 

reproduce the original curve. If the width of the convolving func

tion gets too large, the effect is to reduce the actual resolution 

of the data. A compromise must be made between the maximum acceptable 

curve distortion and the minimum statistical uncertainty to arrive 

at the best optimization of the data. By comparing the smoothed 
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data for various widths of the Gaussian from 0.5 data points to widths 

of 5 data points the optimum width can be found. The smaller widths 

were too sensitive to local fluctuations, and the larger widths affec

ted the observed line widths. The widths which affected the line 

width the least were the smaller widths and the least sensitive to 

local fluctuations were larger widths. An empirical optimum for a 

calculated resolution of twenty data points appears to be two to 

three data points width for the Gaussian. A larger width will re

move too much detail, ultimately equaling the data output of the 

two crystal spectrometer for a width still less than the resolution. 

A smaller width on the other hand results in a curve which is too 

sensitive to local fluctuations in the data set. In this optimum 

region, a data point, somewhere near the half width of the curve, 

if its value were decreased by 90 per cent would affect noticeably 

only the two or four nearest data points. 

There is an additional side benefit of using this method of 

data extraction. When statistical data are plotted, a curve is 

usually drawn through the data, if the curve is linear, then a 1̂' ear 

regression may be used to fit the data. If, however, the data are 

not linear various curve fit methods may be used. A curve fit of 

this type requires the estimation of only one parameter in finding 

a curve to represent the data, and is very useful when the curve may 

have a dependence on several parameters. The only parameter left to 

the discretion of the experimenter is the constant a and even the 

practical range of values for a is limited. Also all data sets can 

be treated uniformly if the constant is chosen so that it represents 
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some percentage of the resolution in terms of the data points. A 

numerical value can be associated with the amount of smoothing and 

theoretically, by using a deconvolution, the original data could be 

extracted from the smoothed data. 

The smoothed chromium Ka data for the three crystal spectrom

eter except for the (1,1,1) position, which did not reveal any sig

nificant fine structure, was analyzed by fitting the data to a theo

retical curve composed of a number of Lorentzian functions, 

f(x) = I L^. (41) 

Number of Lorentzian curves was determined by the number of fine 

structures. The Lorentzian function used is defined by 

L = I.[l + (x - x.)^/A^]^ (42) 

where I. is the intensity at the peak, x, is the position of the 

peak and A. is the full width at half maximum. The experimental 

curves were fit to the theoretical curves, and the three parameters 

in each of the Lorentzian curves in the theoretical curve were ad

justed to give a minimized chi squared fit, using the chi squared 

equation, 

X^ - I (o^ - e^)^/^^, (A3) 

i=l 

where o. is the observed data point, e, is the theoretical or expec

ted value of the function, and the summation is over the number of 
2 

data points. x Is the statistic which measures the discrepancy 

between the observed and expected values of the data set. The smaller 
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the sum, the better the fit to the experimental curve. The results 

of the curve fit analysis are tabulated on Tables 6, 7, 8. 

The uncertainties in the amplitude, position, and width repre

sent only the error associated with the curve fit. The error due 

to counting, angle measurement, and the voltage and current fluctua

tions must be added to the error introduced by the curve fit analy

sis in order to estimate the total error associated with the data 

parameter. The error associated with all of these data points was 

calculated to be 5 seconds of arc or 2 1/2 data points. The error 

of counting should be decreased by the square root of the ratio of 

the effective count rate after smoothing to the original count rate. 

The intensity of the radiation after integration, before normalization 

was over one order of magnitude higher than the original error. It 

is this effective count rate which must be used in calculating the 

error in the line widths and positions. The variance of each data 

point will be decreased by N , 

2 a2 

2 2 

where a is the variance in the original data, and a is the variance 

of the new data, and N is the effective number of counts observed 

after convolution. This is the same as saying that if a data point 

can be averaged over a large number of data points, then the variance 

of each data point will decrease by the reciprocal of N. 

It should be apparent that the calculated positions, intensities, 
and widths of the fine structures are only very approximate, and are 

subject to reconsideration when more data becomes available. Data 
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Table 6 

Results of Decomposition of the Three Crystal 

(1,1,2) Chromium Ka Data by Curve Fit Analysis 

Amplitude Width Position 

4609 ± 40 1.081 ± 0.065 0.000 ± 0.35 

1265 ± 52 1.01 ± 0.12 0.91 ± 0.27 

391 ± 17 1.48 ± 0.74 3.12 ± 0.57 

287 ± 11 1.30 ± 0.70 6.82 ± 0.64 

1160 ± 12 1.661 ± 0.068 9.21 ± 0.61 

581 ± 27 0.84 ± 0.25 9.36 ± 0.42 

534 ± 42 1.78 ± 0.31 11.25 ± 0.30 
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Table 7 

Results of Decomposition of the Three Crystal 

(1,1,3) Chromium Ka Data by Curve Fit Analysis 

Amplitude Width Position 

970 ± 18 0.854 ± 0.013 0.000 ± 0.012 

190 ± 11 1.012 ± 0.035 1.57 ± 0.13 

60 ± 14 1.58 ± 0.18 2.79 ± 0.13 

58 ± 4 1.531 ± 0.094 5.05 ± 0.26 

49 ± 3 1.289 ± 0.078 7.45 ± 0.23 

385 ± 24 0.933 ± 0.051 9.210 ± 0.011 

60 ± 3 0.725 ± 0.068 10.15 ± 0.16 

67 ± 2 1.34 ± 0.94 10.81 ± 0.11 
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Table 8 

Results of Decomposition of the Three Crystal 

(1,2,2) Chromium Ka Data by Curve Fit Analysis 

Amplitude Width Position 

4090 ± 19 0.894 ± 0.059 0.000 ± 0.009 

2037 ± 18 1.010 ± 0.009 0.482 ± 0.008 

990 ± 27 1.051 ± 0.038 0.942 ± 0.015 

392 ± 28 0.793 ± 0.044 1.782 ± 0.071 

135 ± 10 0.909 ± 0.099 2.899 ± 0.062 

70 ± 2 • 1.065 ± 0.011 4.560 ± 0.091 

211 ± 18 1.038 ± 0.044 7.93 ± 0.13 

401 ± 48 0.869 ± 0.036 8.580 ± 0.075 

701 ± 27 0.531 ± 0.059 9.210 ± 0.040 

685 ± 23 0.593 ± 0.029 9.860 ± 0.025 

127 ± 19 1.039 ± 0.091 10.300 ± 0.083 

85 ± 11 1.012 ± 0.079 10.710 ± 0.13 
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which has better statistics would certainly be more reliable, al

though the positions of the fine structures which are most prominent 

in the Ka lines appear to occur in the same position, within the 

experimental error. There is however some fluctuation in the posi

tion and intensity of the fine structures observed on the Ka lines. 

It is probable that the Ka line contains four components in addi

tion to the primary line. These components appear to decrease in 

intensity as the energy decreases. It is possible that even more 

fine structures could be present at lower intensities and lower 

energies. At present it would be difficult to determine with any 

reliability anything about the fine structures on the Ka peak. 

There appear to be several fine structures on this peak, final 

resolution of this problem awaits further data. 



CHAPTER IV 

DISCUSSION OF THE RESULTS 

The experiments carried out in this paper were to confirm the 

results of the experiments of Shah and Das Gupta in which they re

solved the fine structures for the first time. The experiments were 

also designed to increase the knowledge of the capabilities of the 

three crystal spectrometer, and to apply the knowledge gained to 

observe the fine structures in another transition element, iron. A 

secondary experiment was to experimentally compare the actual reso

lution of the three crystal spectrometer with the actual resolution 

of the two crystal instrument. 

Earlier research attempting to resolve the fine structure com

ponents of the Ka lines of the transition elements did not succeed 

because of lower actual resolving power. The two crystal instrument, 

because of a competing scattering process, did not attain its theo

retical limits of resolution. A three crystal spectrometer was re

quired to decrease the effect of the scattering process. 

It is clear from the data which has been presented that the 

(n,m,k) position of the three crystal spectrometer is suitable for 

the study of the fine structures, line shapes and widths. It also 

can be seen that the higher the order of reflection of the third 

crystal, the better the resolution. 

Research carried out by Welch using a three crystal spectrometer 

on the elements molybdenum and silver concerning their width and 

70 
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shape did not reveal any fine structures or asymmetry. This indicates 

that the observed fine structures are genuine. Similar research by 

Schnopper and Kalata at the Massachusetts Institute of Technology, 

57 
and Das Gupta and Gott has revealed similar fine structures. 

Schnopper and Kalata used a cylindrically bent crystal spectrometer, 

and Das Gupta and Gott used a spherically bent crystal spectrometer. 

The higher resolution of the three crystal spectrometer has been 

gained at the expense of intensity. Structures occurring at lower 

intensities have a lower reliability. It is for this reason that 

the structures of the Ka^ lines are not as reliable as the Ka lines. 

The intensity could be improved by two methods, increase the power 

available to the production of X-rays, and decrease the air absorp

tion by constructing a vacuum spectrometer. These improvements would 

have only a limited potential for improvement. For the higher power 

X-ray generation, the limiting configuration is not in the actual 

electronics involved, but rather is in thermal capacity and thermal 

conductivity of the target. For any X-ray target there is a limit 

to the amount of energy per unit area of absorption that can be dis

sipated by thermal conduction and radiation, and the melting point 

of the target determines the power limit. Also, effects such as 

approaching the melting point need to be avoided by the experimenter 

to reduce the chance that the properties of the target will undergo 

a change as a result of its temperature. The other method, at the 

energies typical of the K transitions in the iron group probably will 

have a minimal effect on the intensity, because the air absorption is 

negligibly small except for vanadium and manganese. 
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There is probably a better method than either of these. The 

mel 

the second crystal, and take counts of long enough duration to ob

tain adequate statistics. This method while too time consuming to 

be done manually could be done with an automatic control system. 

Then each curve put out by the third crystal could be approximated 

by a Gaussian or by a Lorentzian curve. The peak intensity value 

of the curve transmitted by•the third crystal could be determined by 

using all the data points on the curve. The resulting series of 

peak values could then be plotted as a function of the position of 

the second crystal, as before. There are two intensity gains in 

this type of arrangement. There is a gain in intensity due to longer 

counting times, and by fitting the entire spectrum recorded at the 

third crystal to a normal type curve. This effectively gives an 

intensity which is proportional to the integral of the spectrum 

transmitted by the third crystal. 



CHAPTER V 

CONCLUSIONS 

The existence of fine structures in chromium has been confirmed 

using the three crystal spectrometer in the (1,1,2), (1,1,3), and 

(1,2,2) positions. The theoretical resolution of the two crystal 

spectrometer should be high enough to observe the fine structures, 

but they are not observed with this instrument. The three crystal 

spectrometer is capable of resolving the fine structures, and the 

(1,2,2) position appears to be the best position of resolving the 

fine structures. The detracting characteristics of the three crystal 

spectrometer are the lower intensity, the difficulty of operation and 

the long time required to take one data set. 

It is not feasible at this stage to state which of the theoret

ical models described best fits the data, since only one of the 

models has been worked out in any kind of theoretical detail (the 

2p3d interaction model). The results of the Ka line splitting seem 

to support the model of Vainshtein and Snyder. However, the Ka 

data do not support their theory and calculations. The model of 

fin 

Vainshtein and Snyder with the calculations of Izraileva appear 

to give the best qualitative description of the Ka peak; however, 

the calculation does not seem to agree even as to the number of fine 

structures which should be present. Their calculations predict that 

the Ka line will split into four components of decreasing intensity, 

and equal separation, while the Ka line will be split into two lines 
73 
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of almost equal intensity. Finster, Leonhardt, and Meisel report 

that the application of multiplet structure theory proves to be, at 

the present time, the most successful procedure for the interpreta

tion of the shape and width of the Ka lines of the transition ele

ments. They propose that the earlier work may not have been syste

matic enough with regard to the introduction of different approxi

mations. 

The Ka line appears to consist of five peaks, while the Ka_ 

line appears to be split into several components, probably either 

three or four. The Ka line was not reproducible except to a very 

slight extent, and requires a more careful investigation before any 

conclusions can be drawn concerning its structures. The calculated 

values for the splitting according to the 2p3d model are on the order 

of 1 ev, in agreement with the observed fine structure splittings. 



CHAPTER VI 

SUGGESTIONS FOR FURTHER STUDY 

Now that the techniques of use of the three crystal spectrometer 

have been worked out it should be put to work as a high resolution 

instrument capable of resolving the fine structures of all spectrum 

lines in the inner transition series. As a high resolution instru

ment it should also be used to investigate the KB, ^ ̂ î̂  ̂ ^c lines 

of the spectrum. The K3, ^ Une is an unresolved doublet. The K3c 
1,3 J 

line can give information concerning the valence band configuration. 

These experiments require the construction of an automatic control 

system for the sweeping operations and the recording of the data. 
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Appendix 1 

Chromium 

(1,+1) 
width at half maximum 

Author Crystal used Seconds of arc 
o 

mA ev 

Bearden & Shaw 
62 

Calcite 

d = 3.02945A 

a^ 75.5 

a, 90.4 

Brogren 
63 

Quartz 1010 a. 

a. 

Calcite 211 a. 

a, 

0.922 

1.212 

1.032 

1.243 

M. A. Bloklin & 

Nikiforov 

L. G. Parratt 
65 

Quartz 1120 a. 

a. 

1.97 

2.32 

S. M. Shah 
66 Quartz 1011 

d = 3.343 

(1,1) Ka^ 

(1,1) Ka, 

(1,1,2) Ka. 

(1,1,2) Ka, 

64 

77 

53 

70 

0.975 

1.175 

0.803 

1.065 

2.27 

2.72 

1.87 

2.48 
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