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CHAPTER I 

INTRODUCTION 

The discovery in 1912 by M. von Laue with Friedrich and Knipping 

that x-rays could be diffracted by crystals acting as three dimen

sional gratings was followed in 1913 by the formulation of the law of 

1 2 
reflection of x-rays from crystals by the Braggs. ' The Braggs 

described the arrangement of a single flat crystal with a beam of x-

rays incident on the crystal surface and from which the reflected x-

3 

ray beam intensity was recorded by an ionization chamber. This 

instrument was the first to utilize a single crystal for the purpose 

of resolving x-rays into a spectrum and was first used to study the 
4 

structure of various crystals. 

The cylindrically curved crystal focusing x-ray spectrometer 

developed by Cauchois for the case of transmission through the crystal 

and by Johann for producing spectra after reflection from the crystal 

surface enabled higher orders of spectra to be investigated. * 

These high dispersion instruments made the investigation of x-ray 

fine structures much simpler and faster than had been previously 

possible using either single or multiple flat crystal instruments. 

The focusing reflection spectrometer of Johann also made it possible 

to obtain useful intensities in the soft x-ray region. This wave

length region is characterized by very low intensity of the emitted 

x-rays from the solid being investigated and by the necessity of placing 

the dispersing element in a vacuum. In the Johann method all different 



wavelengths are simultaneously focused to their respective positions 

T) 

on a circle of radius — where R is the radius of curvature of the 

crystal. Thus, a film placed on this focal circle records simul

taneously all x-ray emission lines of the solid being investigated 

with no adjustment of crystal orientation during the exposure being 

required. 

Skinner, using a focusing ruled grating x-ray spectrometer, was 

the first to investigate extensively the soft x-ray emission spectra 

of light elements and cor.pounds, obtaining the first reliable and 

accurate information on the general electronic structure of these 

materials. 

In order to obtain still greater intensity in the Bragg reflected 

x-ray beam, attempts have been made to produce point focusing of x-rays 

which would enable still higher dispersion spectrometers to be con

structed. Du Mond, Berreman, and Marnier have described a method of 

producing a crystal which would focus the reflected x-rays to a point 

instead of a line as is the case in cylindrically bent crystal 
g 

focusing spectrometers. This method, however, depends for its 

success on cutting a complex curved shape from a thin slab of the 

desired crystal. Others have described the point focusing of x-rays, 

but their methods depend either on two 'successive reflections which 

cause a great loss in intensity or on the production of a non-developable 

surface which due to strains in the crystal produces a very imperfect 

. . 9,10 
focusing. 

Even though others have developed methods for producing a point 

focus with x-rays, Das Gupta and Gott have been the first to incor-



porate a point focusing crystal in an x-ray spectrometer. The 

paper by Das Gupta and Gott describes a spherically bent crystal 

spectrometer, which in essential features, is very similar to the 

instrument described in this thesis. Their instrument, however, is 

used for "hard" x-rays while the instrument described in this thesis 

is intended primarily for the soft x-ray region. The spectrometer 

described in this thesis is therefore the first successful spherically 

bent crystal soft x-ray vacuum spectrometer to be constructed. 

The very high dispersion and high resolution obtained with our 

spectrometer is evident from the data contained in this thesis. The 

K and K lines of aluminum have perhaps been resolved by utilizing 

the relatively low intensity second order Bragg reflection from tlie 

mica crystal used in the instrument. 



CHAPTER II 

THE THEORY OF SOFT X-RAY BANT) SPECTRA 

The soft x-ray band spectrum of a solid provides the tool by 

which the characteristics of the system of energy levels of valence 

electrons in the particular solid can be investigated. Thus, soft 

x-ray spectra yields information analogous to that provided in the 

case of free atoms by the vzell known methods of optical spectroscopy. 

The level systems of a free atom and of a solid have this fundamental 

difference: for the atom, the levels of a valence electron have a 

set of discrete energy values; whereas the levels of a valence elec

tron in a solid form a continuum v;hich can only be specified by a 

density function N(E) dE representing the nunber of levels in the 

energy range between E and E + dE. 

It is easily seen that soft x-ray spectra provides direct in

formation on the density of states since it would be impossible to try 

to disentangle the structure of the N(E) curve from the radiation 

emitted in the transitions of electrons between pairs of levels, both 

of which are members of the continuum. However, if one of the two 

levels between which the electron makes its transition is a discrete 

level, the structure of the continuum is directly reflected in the 

emitted radiation. The discrete x-ray levels correspond to electrons 

bound more or less completely to individual atoms (i.e. inner shell 

electrons). The actual width of the inner x-ray levels sets a Ii- it 

to the resolution v;ith which the features of the continuum may be 
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investigated. However, in the soft x-ray region from 40 to 500 A, 

it is known that the inner x-ray levels are sharp to v/ith — ev or 

12 
less, providing adequate resolution to determine all the features 

of the N(E) curve. 

The general features of the theory of soft x-ray emission spectra 

of solids provide the basis by which the results obtained by experi

ment can be understood. Suppose that an x-ray level of a particular 

atom in a solid which forms the x-ray tube target is ionized by elec

tron impact. The system is thus placed in an excited state in which 

it remains long enough for the ejected electron to travel away from 

the immediate vicinity of the ionized atom. Since the x-ray level is 

sharp, the energy of the system (without the ejected electron) still 

has a definite value. If, while in this excited state, a transition 

of one of the valence electrons into the inner shell vacancy occurs, 

the system is returned to its original state, except that it is left 

with a vacancy in one of the normally occupied valence electron levels. 

These valence levels cover a finite energy range (e.g. 3-40 ev in 

various materials.) Since an electron from any of these valence levels 

may make the transition, the energy of the emitted photon will depend 

on the position of the vacancy in the valance band. Thus, if radiation 

is emitted during the transition, the quantum of energy emitted will 

not be a constant for each individual ionization of the x-ray level 

of the atom. If a large number of ionizations of the x-ray levels 

of the atoms of the solid occur, a broad band of radiation will be 

emitted whose energy spread is (E - E ), which is the energy dif-
m o 

ference between the lowest and the highest of the normally filled 



valence-electron levels of the solid. In practice it is convenient 

to define the zero of energy as the energy of the valence electrons 

of lowest energy, so E = 0 . 

Since N(E) dE is the number of energy levels per atom in the 

2 
solid within the energy range between E and E + dE, and v f(E) is the 

probability per unit time that an electron of energy E will make the 

transition into the vacant x-ray level, and 1(E) dE represents the 

intensity of the radiation in the emitted band in the range of quantum 

energies from E to (E + dE), the following equation relating these 

parameters may be written 

1(E) « v^ f(E) N(E) E < E 
m 

= 0 E > E ."""̂  
Dl 

In this equation v is proportional to the absolute energy of the 

emitted photon, and f(E) is proportional to V|M. | in emission, 
1 > t 

where 

i,f •' f 8x 1 

The functions H'. and H'̂  are the wave functions of the initial and 
1 r 

final states of the emitting atom. 

In order to provide a complete picture of the N(E) curve of a 

solid, the absorption of radiation by the solid must be considered. 

In the absorption process an electron is ejected from a specified 

x-ray level into one of the vacant valence-electron levels by the 

absorption of a quantum of radiation of the necessary energy. Let 



lj(E) be the partial absorption coefficient of a thin layer of the 

solid as a function of the quantum energy of the absorbed radiation. 

Then 

y(E) = 0 E < E 
m 

« f(E)N(E) E > E .•'•̂  
m 

Thus, emission and absorption experiments are com.plementary in the 

information they provide about the N(E) curve of a given substance. 

Clearly, the two types of results may be expected, when used together, 

to give a completed N(E) curve. 

The equations for emission and absorption are sufficient for 

the understanding of the most obvious properties of the emission bands 

such as finite band widths, sharp edges in the case of metal bands, 

and the effect of the temperature of the target on these edges. Other 

properties depend on the transition probability f(E) as described by 

Jones, Mott, and Skinner in their theoretical paper. It must be 

kept in mind, however, that the above equations do not take into 

account multiple inner level vacancies which in fact do occur. The 

parts of the emission spectrum resulting from these multiple inner 

vacancies are termed "satellite" lines or "satellites". The following 

diagram graphically illustrates the origin of the soft x-ray band 

spectra of solids, as described previously, as well as the origin of 

the characteristic emission lines such as the K and K lines. 
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Since the spread of the wave function for the x-ray levels is 

small compared with the lattice constant, the determination of f(E) 

is largely an atomic problem. The simplest approach to this problem 

is to expand the wave function 1 of an electronic level of the lattice 

in a series of functions i/̂  , 4̂  , 'l̂ ,, ••., having the symmetry of s, 

p, d, ... atomic wave functions in the neighborhood of the nuclei. 

Writing this expansion we have 



\l) = A J; + A -; + A J + . . . , 
s s p p d d 

where |A |̂  + |A |̂  + |A , Î  + ... = 1. 
' s' ' p' ' d' 

If we write N (E) = N(E) |A | 
s s 

N^(E) = N(E) |A 1^ 
p p' 

etc. , 

then N(E) = N (E) + N (E) + N^(E) + ..., 
s p d 

now, take f as being proportional to IA | , f as being propor-s->-p o IT r ' s' p^s ^ 
I 12 

tional to A , etc. The atomic selection rules mav then be formal!v 
P 

retained and the equation for 1(E) may be v;ritten as 

1(E) cr v^ f (E) N (E) 
p->s ' ' p ' ' 

for a K spectrum, when the excited state is of the type (Is) and 

1(E) - v̂ [f̂ _̂ ^ (E) N (E) + f , (E) N,(E)] 

for an L or L^ spectrum with the excited state being of the type 

(2p). This procedure has the advantage that the functions f 
p->s, 

f , fJ etc. which approximate the atomic transition probabilities 
s->p d^p ^^ ^ 

are practically independent of E. Thus, the intensity structure of a 

K spectrum gives a direct measure of N (E) while that of an L- spectr um 

gives a mixture of N (E) and N,(E) in an undetermined ratio. 
s d 

In order to obtain a reasonably reliable view of the energy 

level structure of a solid, several different corrections must be 

made to the observed x-ray spectra. The effects for which corrections 
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must be made and the order in which they should be made are: 

(a) nonlinearity of the intensity scale, (b) instrumental resolving 

power (spectral window), (c) self-absorption by the material emitting 

the x-rays, both of the emission line or lines and of the continuous 

radiation, (d) background under the particular emission contour being 

studied, (e) satellites (or other spurious lines) in eraission, and 

(f) width and shape of the high energy state, either in emission or 

18 

in absorption. If a view of the normal energy band structure of 

the solid N(E) unperturbed by the inner electron vacancy and regard

less of the wave function symmetries of the states is desired, cor

rections for two additional effects must be made: (g) excitation 

spectra and (h) variations in the transition probabilities, where 

one takes into account wavefunction syi .r.ietries, for the pertinent 

transitions from (or to) each and all states of the bands. With 

these eight corrections (a) through (h), the density of states curve 

N(E) as a function of E would be obtained. However, the last two 

corrections (g) and (h) cannot yet be made satisfactorily. For 

example, each solid-state energy level or band contains an admixture 

of several different wave function symmetries, and correction (h) 

presumes knowledge of this admixture. At present the most reliable 

method of obtaining this knowledge is from experimental x-ray spec-
19 

troscopy with two or more high energy states of different symmetries. 

The general theoretical expectations for the N(E) curves of some 

solids will now be examined. There are two general types of solids, 

conductors and insulators, for which the theoretical N(E) curves 

should be examined. The theoretical conception of the N(E) curves 
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of these two types of solids simplified as far as possible and partly 

adapted to empirical results are shown in the following diagram. 

P 
Metal /| Insulator 

P 

T 
N(E) 

0 
m 

0 
^ m E ~ E 

The N(E) curves on the average follow the dotted parabolic curve v.hich 

represents the result of Soramerfeld's 'electron-gas' theory which 

does not take into account the lattice structure of solids. 

In the regions represented by P and K, ho'.ever, there are large 

variations from the parabolic forn. The N(E) curves show that the 

solid is filled up to a certain maximum energy E by the available 

valence electrons of the solid. The distinction betv;een conductors 

and insulators is that for conductors N(E) renains finite for all 

positive values of E while for insulators N(E) goes to zero at the 
value E and remains zero for a certain range of energy known as the 

m 

energy gap. 

It has been shown by Jones, Mott, and Skinner and by Jones and 

Mott that the two characteristic features of the N(E) curve shown at 

20 
the points P and K cannot be manifested in the same spectrum. 

That is, if the maxima P are obtained in the K spectrum, as is found 

experimentally to be the case, the discontinuities at K will occur in 

the L and L spectra and not in the K spectru-.. This conclusion 

can be deduced from the symmetry of the relevant wave functions when 
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the wavelengths of the electrons passing through the lattice have 

the correct energies to be diffracted by a set of crystal planes. 

The peaks P and discontinuities K furnish direct evidence of 

the Brillouin zones in the solid which are defined by the lattice 

structure of the solid. If the momentum of electrons in the lattice 

is represented by the vector k, a vector diagram of k as a function 

of E has the property of a phase space in which unit volume represents 

two electrons. The Brillouin zones are closed polygons in k space, 

bounded by a set of planes possessing space symmetry. The energy E 

increases in general regularly as k increases in a given direction; 

however, E jumps discontinuously as k penetrates a set of planes. 

When k just touches a set of the planes, a peak of the N(E) curve is 

obtained. When the energy is high enough so that k passes through the 

planes, a discontinuity K of the N(E) curve is obtained. The energy 

difference between a peak of an N (E) curve and the corresponding 

discontinuity on the N . ,(E) curve provides a means of determining 
s+d 

experimentally the magnitude of the energy discontinuity. The number 

of peaks and discontinuities observed in the emission spectrum of a 

given metal depends on two factors: (a) the number of independent 

sets of planes forming the first Brillouin zone, and (b) the energy 
value E to v/hich the levels are filled in the normal state of the 

m 

lattice by the available conduction electrons. 

The basic theoretical considerations necessary for the under

standing of the main features of the soft x-ray band spectra of solids 

is thus completed. More detailed theoretical considerations will not 

be attempted in this thesis. However, it should be noted that recent 



13 

detailed theoretical calculations have been made in v/hich various effects 

which have been ignored in this thesis were taken into account. Per

haps the most important of these calculations are the one-electron 

pseudopotential calculations which take into account the effect of 

the initial inner level vacancy on the valence electrons, hence on the 

P. • • . 2 1 soft x-ray emission spectrum. 



CHAPTER III 

THEORY OF SINGLE SPHERICALLY BENT CRYSTAL 

BACK REFLECTION SPECTROMETER 

General Considerations 

A single crystal with its reflecting atomic planes oriented 

parallel to its cleavage planes made to conform to the shape of the 

surface of a portion of a sphere has the property of simultaneously 

focusing x-rays from a point source into a single image point. The 

cylindrically curved crystal focuses a source, either point or extended, 

into a line while the flat crystal possesses no such focusing prop

erties. In a flat crystal spectrometer all incident divergent rays 

remain divergent upon reflection; but in the cylindrically bent crys

tal spectrometer, only those divergent incident rays lying in the 

vertical plane remain divergent after reflection, all others being 

focused to a line lying in the vertical plane. The ratio of the 

intensity of the reflected beam to the intensity of the incident beam 

is therefore larger for the cylindrically curved crystal spectrometer 

than for the flat crystal spectrometer. Since the spherically curved 

crystal spectrometer focuses divergent incident rays in all planes 

to the focal circle, it gives a further increase in the intensity 

ratio over the cylindrically curved crystal spectrometer without the 

expected additions to the geometrical widths. 

In most horizontal focusing methods there is no entrance slit, 

22 
an exception being the method of Du Mond. The spectrum lines are 

14 
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formed as a consequence of the focusing action of the spherically 

bent crystal which results from the fact that the reflected x-ray 

beam obeys the Bragg law nX = 2d sin9 x̂ here n is the order number, 

0 is the angle of reflection, X is the wavelength of the reflected 

x-ray, and d is the atomic spacing of the planes responsible for the 

reflection. 

Upon reflection from the surface of the crystal, the rays con

verge simultaneously in all planes towards the vertical slit of the 

detecting instrument or the photographic film also mounted vertically. 

Herein lies the principal disadvantage of the cylindrically bent 

crystal spectrometer as cor'.pared with the spherically bent crystal 

spectrometer. Since the rays fro... an x-ray source are divergent in 

the vertical plane and remain divergent upon reflection in the cylin

drically bent crystal spectrometer, the intensity of spectrur;: lines 

in high orders of reflection drops very sharply compared with the 

spherically bent crystal spectrometer which focuses the divergent 

incident rays in all planes. 

The Johann Method 

The simultaneous focusing of x-ray spectra was first carried 

23 

out by Johann. Figure 1 shows the ray diagram for Johann's method 

in which the plane of the figure is the horizontal plane. In the 

original Johann method, the crystal K was made to conform to the shape 

of a portion of the surface of a right circular cylinder of radius 

R with center 0. However, a crystal made to conform to tb.e shape of 

a portion of the surface of a sphere of radius R obeys the same laws 
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0 

Figure 1. The Johann Method of Producing 
an X-Ray Spectrum. 
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of reflection in the horizontal plane and can be represented by the 

same ray diagram. The reflecting atomic planes (in mica, the 001 

planes) are the cleavage planes of the crystal. Through the mid 

point A of the crystal, an auxiliary tangential circle APOQ of radius 

R • A 

r = — IS drawn. 

The center 0* of this auxiliary circle lies at the mid point of 

the radius R = OA of the crystal. The extended source S of the x-rays 

must lie inside this auxiliary circle. Consider the central ray 

incident on the crystal at point A forming an angle ^ with the tangent 

tt to the crystal at this point. Following the Bragg law, the re

flected ray also forms an angle ^ with this tangent plane. The re

flected ray, if produced further, intersects tlie auxiliary circle at 

point P. If the incident ray is produced backwards in the direction 

AS, it will intersect the auxiliary circle at the point Q. It is 

immediately evident that points P and Q are syn.rnetrically located 

with respect to the central radius OA of tlie crystal since they form 

equal angles (-r - (|)) with the central radius OA of the crystal. The 

chord QB' is drawn with the point B' taken at some arbitrary distance 

from the point A and lying on the auxiliary circle. The crystal 

width is further produced so that the point B lies on the line QB'. 

From geometrical considerations it is evident that 

^OB' Q =^OAQ = \ - r. 

A tangent to the crystal at point B is drawn and is by definition 

perpendicular to the radius line OB. A second tangent line parallel 

to the one through the point B is produced through the point B'. 
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From the preceding equation it is evident that the chord QB' forms an 

angle of (j) with the tangent line through point B'. Thus, if a por

tion of the crystal near B is transferred to B* remaining parallel 

to the tangent lines at B and B' and a ray is incident on this por

tion at B' along the chord QB' forming an angle of ^ with the tangent 

at B', then the reflected ray will form an angle <? with the chord QB. 

According to the Bragg law, the ray reflected from B' at the angle 

4) must have the same wavelength X as the ray AP reflected from the cen

ter of the crystal. From the figure and geometrical considerations 

it is evident that the two rays, one from B', the other from A, must 

intersect on the auxiliary circle at the point P. Since the point 

B' is an arbitrary distance from A on the auxiliary circle, all rays 

from Q must, upon reflection from points on the auxiliary circle 

lying on chords drawn from point 0 to the crystal surface, intersect 

at point P. The perfect focusing of divergent rays from the extended 

source S is therefore accomplished by the spherically formed crystal 

if one assumes that the crystal surface is coincident with the 

auxiliary circle. 

The following analyses of the geometrical widths and the bending 

process for a spherically bent crystal are obtained by extending the 

analysis of those subjects for a cylindrically bent crystal to the 

case of the spherically bent crystal. This is possible since a 

cylindrically curved crystal may be considered to be a special case 

of a spherically curved crystal. That is, a cylindrically curved 

crystal is formed by bending the crystal uniformly in one plane while 

a spherically curved crystal is formed by a process of uniform bending 
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in all planes formed by rotating the horizontal plane through an 

angle of 180° about a horizontal axis through the center of the crys

tal. It is evident, then, that the cross sections of the cylindri

cally curved and spherically curved crystals in the horizontal planes 

are identical. In fact, a cross section of the spherically curved 

crystal taken in any plane which includes the center of the crystal 

is identical with the horizontal cross section through the cylindri

cally curved crystal. 

Geometrical Width Considerations 

Consider a ray of wavelength X from the source S to the point 

B on the crystal surface. The crystal is no longer assumed to coin

cide with the auxiliary circle. The ray from S to B is assumed 

parallel to chord QB' and makes an angle (^ with the tangent plane to 

the crystal at point B. Upon reflection froi". the crystal at an angle 

(j) from the tangent plane, the ray of wavelength X intersects the 

auxiliary circle at P', near but not coincident with P. P' is not 

coincident with P since in order for the ray from S to B to be parallel 

to the chord QB', the ray from S to B must be separated from QB' by 

IT 

a distance a sin(-r - ({)) where a is the separation of B from B'. The 

TT 

reflected ray from B to P' thus lies a distance a sin(— - (^) from 

the ray from B' to P. From the figure it can be thus seen that P and 

,7T 

•7 P' are separated by approximately the same distance, that is, a sin(y - ^) 

An analogous construction for the point C of the crystal shows that 

a ray reflected at an angle ^ with the tangent to the crystal at this 

point intersects the auxiliary circle at a point P". The point P" does 
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not coincide with either P or P' but lies on the side of P and P' 

closer to the crystal. Since all rays which are reflected from the 

crystal at an angle cj) and lie in a coiranon horizontal plane are focused 

near P which lies on the auxiliary circle, the auxiliary circle is 

called the focal circle. The distance from P to P" is the geometrical 

width associated with the Johann method and will be designated as w . 

From the figure it is immediately evident that as the angular aperture 

of the crystal, 9(-<̂ B0C), is reduced, the nearer P" lies to P and the 

smaller w becomes. It is also evident that as the angle <|) increases, 

the smaller w becomes. It may thus be surmised that for a particular 

crystal, the Johann method is best suited for analyzing long wave

length (i.e. "soft") x-rays. 

Geometrical Width Calculations 

In order to facilitate the calculation of the geometrical width 

of a monochromatic line due to the defocusing effect of the crystal, 

consider Figure 2. In both Figures 1 and 2, the angle 9 is exagger

ated for clarity and in practice 9 is very much smaller than ^. The 

points B and C are the same in each figure and represent the extrer-.e 

points from the center of the crystal. A, from which rays of wave

length X are reflected. 

From the figure, one may obtain the distance DB as follows: 

DB = 2r(sec f " D = 2r( ^ - 1) 
cos Zy 

= 2r( ^ 1) 

2 • 2! 
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A' D 

0 

Figure 2. Geometrical Width 
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Thus , DB = 2 r ( l + | - - 1) = -f r 9 ^ . 
o 4 

Now DB' = r ( s e c 9 - 1) 

1 2 
'V - r9 = 2DB, 

For s m a l l a n g l e s 9 A 'B ' 'x. DB ' , t hus 

BB' = DB' - DB - 2DB - DB = DB. 

Let a = BB' = CC ; and since BB' = DB ^ -f r9 one has 

4 
. - ^ .-̂ 2 
a - -7 re . 

4 

The distance 1 between the parallel rays B'P and BP' is the same as 

the distance betv/een rays C'P and CP" and is given by 

1 . /•T^ , \ 

1 = a sin(— - ({)) = a cos ^. 

From the figure it is seen that w sinZ = £ = a cos v where 6 is 

given by 

3 = (4) + | ) . 

Since 9 is very much smaller than ;, one may neglect -r, giving 3 = 4) 

thus 

w, sintj) = a cos(̂ , 

or 

a cos 6 ^ , 
w. = : -^ = a cot ^ 
1 sin ^ 
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Now a = —;— so 
4 

w^ = -y- cot4), 

and since r = — one obtains 

w^ = -g- cot 4), 

where 9 is known as the angular aperture of the crystal. 

If film is used to record the spectrum lines, there will be a 

broadening due to the fact that the rays are incident on the film 

obliquely. This width is given by 

W2 = q cot(|>, 

24 
where q is the thickness of the emulsion on the fiin. This broadening 

of the spectrum lines v/ill only be mentioned in passing since the spher

ically bent crystal spectrometer uses a proportional counter to 

record the spectrum instead of film. 

The foregoing analysis tacitly assumes that the incident x-rays 

are reflected from the surface of the curved crystal. In the case of 

long wavelengths, this is a very good approximation; however, if the 

instrument is used to analyze relatively short wavelength radiation, 

one must take into account the linewidth broadening due to the fact 

that the incident ray penetrates the surface of the crystal before 

undergoing Bragg reflection. 

Consider Figure 3 in which the reflections of the incident rays 

are seen to take place from atomic planes within the crystal instead. 

of only at the surface plane as before. If the incident ray is re-
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Figure 3. Width Due to Reflections from Planes 
Other than the Surface Plane of the Crvstal 
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fleeted from an atomic plane which is a distance y from the surface 

so that the ends of the plane lie farther outside the focal circle, an 

additional width w given by 

w- = Y cot;p is produced, 

where <p is the Bragg angle for the ray. The previous argument for 

w- can be used in this case since y is analogous to the distance a 

in Figure 2. If the plane from v:hich the ray is reflected lies 

inside the assumed radius of curvature a distance 6, the ends of the 

crystal are brought closer to the focal circle thereby decreasing the 

defocusing effect. In this case, however, the central portion of the 

crystal no longer lies on the focal circle which results in an addi

tional width increase given by w, = 5 cot v > again from the same argu

ment used for w . It should be noted that the radius of curvature 

of the spherically bent crystal was measured optically, insuring that 

the radius of curvature of the crystal is the radius of curvature 

of the surface rather than the radius of some interior atomic plane. 

The last width w can thus be ignored for the spherically bent crys

tal since it is known that no reflecting planes lie inside the 

radius of curvature of the crystal. 

An additional width peculiar to the instrument described in this 

thesis arises from the error in the location of the slit with respect 

to the crystal. In order to produce a perfect focus, the slit must 

always be located on the focal circle of the crystal which, for a 

given Bragg angle ^y lies a distance 
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1 = R sin (|) 

from the crystal. 

When a spectrum was scanned with the spectrometer, the slit was 

placed the distance 1 from the crystal corresponding to the Bragg 

angle for the K line being investigated. The crystal could thus 

1 

produce a perfect focus only for the reflected rays making that par

ticular Bragg angle with the crystal. The incremental change in 1 

for an increment of angle d6 is given by 

dl = Rcos(|) d(p. 

If a is the angular aperture of the crystal, that is the angle 

between the two rays from the slit to the outer edges of the crystal, 

the position of perfect focus of these rays will be a distance of dl 

from the focusing circle where dl is the error in slit positioning. 

The distance between these converging rays, \^ y at their intersection 

with the focal circle is thus to a very good approximation given by 

w_ = a dl. 

The angular aperture a in the spectrometer is very small since 

the total diameter of the reflecting surface of the crystal is only 

0.8 cm while the distance between the slit and the crystal was never 

less than 31 cm in the case of copper and 42 cm in the case of 

aluminum. In the case of copper the error of slit placement for K 

was only 0.08 cm while for aluminum K the error was 0.013 cm. It 

"2 
should be noted that the width due to the error in slit placement is 

proportional to cos 9„. As the Bragg angle approaches 90°, the width 
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becomes very small. Thus, for the angular region in which the Johann 

method produces the least geometrical line broadening, the line 

broadening due to slit placement error is also very small. Since 

this width arises only as a consequence of improper experimental 

procedure, it will not be considered as contributing to the total 

theoretical line broadening. 

The total geometrical width w of a spherically curved crystal 

is thus given as the sum of w_ and w, since w„ and w^ are due to film 
1 4 2 3 

and that portion of the crystal thickness which is not relevant for 

the actual instrument used. This geometrical vzidth is 
Re 2 

w = w^ + w^ = (Y + -g-) COt(̂ . 

There are still other v;idths present in the Johann method, one 

of these being the width produced by the vertical divergence. This 

width is given by w = -r̂  cotcj), where h is the vertical height of 
5 oR 
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the portion of the crystal from which x-rays are reflected. This 

width is present only in the case of cylindrically bent crystals. 

Another width arises if film is used when the film is not placed on 

the focal circle or the radius of the focal circle does not coincide 

with the radius of the film. No further consideration of these widths 

will be given since film was not used and the angular aperture 9 was 

kept very small in the spectrometer which was used to obtain the 

data for this thesis. A discussion of these widths is given by 
1f\ 

Cauchois. Still another width arises if the bent crystal does not 

conform exactly to the assumed radius of curvature. In general such 

effects occur in portions of the crystal near the edges of the crys

tal. The angular aperture 9 must be m.ide small enougli to exclude 
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these contributions to the reflected beam from the edge portions of 

the crystal. 

The actual instrumental width, that is, the width of the "windov;" 

used to explore spectral lines, is some combination of all the pos

sible widths. This combination cannot in general be knowm; however, 

the widths which contribute the most are proportional to coty. The 

instrumental vridth contributions should therefore decrease as (f) in

creases. Thus as mentioned before, the Johann method is most suitable 

for large angle Bragg reflections (i.e. 6 ̂  20°), that is, for long 

wavelength or "soft" x-rays. Once the various linewidth contributions 

are recognized, the problem is to correct the observed spectra for 

their presence, v/hich would give a linewidth as close as possible to 

the so-called "natural" linewidth. 

Brogren has shown that in order to make a correction for an error 

function, the width measurement and the error function must be sym-
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metrical. Since the geometrical width is highly asyn.metric, there 

appears to be no possibility of correcting the observed width for 

the geometrical width. Brogren also notes that in order to make a 

correction for the diffraction pattern of a crystal, the crystal must 
28 

be considered as perfect. Since curved crystals are generally con

sidered to be more mosaic in structure due to the bending stresses 

and non-homogeneous character of crystals, it appears that one would 

be unable to correct for the crystal diffraction pattern in a curved 

crystal spectrometer. Brogren in fact states "...It seems at present 

impossible to construct a formula that gives the relation between 

the natural linewidth and the width obtained with a curved crystal 
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spectrometer." In any case the problems in arriving at a value 

for the natural linewidth of a spectrum line are not as important as 

one might be led to believe from the above considerations when one 

uses a curved crystal spectrometer to analyze soft x-ray band spectra. 

This is the case for soft x-ray band spectra since the geometrical 

widths are minimized in this wavelength region. 

Resolution 

From Figure 1 it is easily seen that if the angle ^ is given an 

incremental change d^, the incremental change measured from the center 

of the focal circle is 2dt). The length of the arc on the focal 

circle ds between (^ and y + dcj) is therefore given by 

ds = r2d:; = 2rd5 = Rd! 

where R is the radius of curvature of the crystal. The wavelength 

of the ray reflected through the angle <^ is given by the Bragg law as 

. 2d . ̂  
X = — sin:̂  

n 

where n is the order number. The incremental change in X, dX, when 

(j) is incremented by d(|), is given by differentiating the equation for 

X with respect to ^; thus 

dX = — cos4) d^. 
n 

The linear dispersion D produced by the curved crystal on the focal 
L , 

circle is given by 

\ = dl-
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Substituting the values for ds and dX one obtains 

D = Rd4) ^ nR 
L 2d , J. 2d cosd)* — • cosd) dd) n T T 

But from the Bragg law 

y 2d . ̂  
X = — smd) 

n 

^ sin i> . 
2d = - T ^ ' 'hu3 

n = R sin <t> _ R 
L X cos ^ X 

Note that since ds is an angular increment measured from the center 

of the focal circle, it is independent of location on the focal circle, 

The dispersion is seen to be inversely proportional to the wavelength 

and proportional to the radius of curvature of the crystal and the 

angle (j). It is thus evident that in the Johann method the geometrical 

width is decreased while the linear dispersion D is increased as 

the angle cf) is increased. This further strengthens the assertion 

that the Johann method is most suitable for soft x-ray analysis. 

Note also from the above formula that the dispersion can be increased 

by increasing the radius of curvature of the crystal. From the geo

metrical width analysis, one notes that increasing the radius of 

curvature of the crystal also decreases the geometrical width. 

Resolving power for any spectrometer is defined as -r— which is 
dX 

the smallest increment of wavelength that can be observed (dX) at 

some wavelength X divided into the wavelength X. From the Bragg law 

nX = 2d sin (|), 
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and the derivative 

dX = — CO si di , 
n 

one can obtain for the resolving power the expression, 

2d . ̂  
- "— sind) 
X _ __n tan(|) 

d^ 2d ^ .^ ~ d<p * — cos* dd) ^ n T r 

where (^ is the Bragg angle for the wavelength X, and d'̂  is the angle 

through which the crystal can be rotated and continue to reflect the 

wavelength X. It is evident, however, that dcj) is a rough measure of 

the mosaicity of the reflecting crystal since the larger d^, the 

higher the mosaicity or the greater the lack of perfection of the 

crystal. The resolving power is thus usually expressed in terms of 

the angular dispersion D = -r— where dp is the angle formed between 

some wavelength X and an increment of wavelength X ± dX. The resolving 

power thus becomes 

-A= D - ^ 
dX A w^^2 ' 

where w , is the full width at half maximum of a spectral line whose 

maximum is at a wavelength X, and D is the angular dispersion. 

In spectroscopy one recognizes two types of resolution, geomet

rical resolution and physical resolution. Geometrical resolving power 

is obtained by assuming that the crystal, or crystals if a multi

crystal spectrometer is used, is perfect and the deviation (d(^) from 

the Bragg angle due to the slit system is found. Physical resolving 

power is obtained by assuming that the slit system is perfect while 
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the crystals are assumed imperfect (possessing mosaic structure) and 

again finding the deviations from the Bragg angle for a particular 

wavelength X. Obviously, the higher the mosaicity of the crystal 

used, the lower the physical resolving pov/er of the spectrometer. 

In flat crystal spectroscopy the incident rays are made as 

nearly parallel as possible, either with a multiple slit system of 

the Soller type or with another flat crystal set to reflect the de

sired wavelength to the second crystal which is used to analyze the 

beam from this first crystal. A highly parallel beam gives a highly 

defined Bragg angle at the crystal resulting in a high geometrical 

resolving power. Similarly, in curved crystal reflection spectrometry, 

in order to produce a highly defined Bragg angle at the crystal wb.ich 

implies a high geometrical resolving power, the source of the rays 

should be an infinitesimally thin point source located on the focal 

circle at point Q in Figure 1 for a wavelength X reflected to point 

P on the focal circle. Brogren has shown that the most intense spec

trum is obtained when such a source lies on the focal circle at point 
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Q. It should be noted that increasing the dispersion does not 

necessarily mean an increase in resolution since the actual resolu

tion of a spectrometer is primarily a property of the diffracting 

medium, whether it is a crystal or a grating. That is, a highly im

perfect crystal or grating has an inherently low resolving power 

while a nearly perfect crystal or grating has an inherently high 

resolving power. It should be noted, however, that the greater in

tensity of the spectrum lines produced by the spherically bent crystal 

makes it possible to obtain useful spectra in higher orders of rcflec-
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tion than is possible for either the flat or cylindrically curved 

crystal spectrometers. Thus, even though the resolving power for a 

given order is the same in both the cylindrically curved and spher

ically curved crystal spectrometers, the useful resolving power of 

the spherically curved crystal spectrometer is much greater than the 

cylindrically curved crystal spectrometer. This is the case since 

the resolving power increases with increasing order number for any 

diffracting element, grating or crystal. 

It should be noted that the linear dispersion increases with 

increasing radius of curvature for both the cylindrically curved and 

spherically curved crystal spectrometers. Due to the method of pro

ducing the spherically curved crystal, a m.uch larger radius of cur

vature could be easily obtained v.ith the spherically bent crystal 

than was possible with the cylindrically bent crystal thereby further 

increasing the dispersive power of the spherically bent crystal 

spectrometer. 

Crystal Bending 

Of the two general methods of crystal bending, imprisonment or 

four points of contact, only the imprisonment method will be described 

since the four point contact method is suitable only for cylindrical 
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bending and is considered inferior to the imprisonment method. 

The method of bending by imprisonment involves bringing the 

crystal into optical contact with an accurately formed convex spherical 

surface of the desired radius of curvature on a steel or glass bl vk 

and imprisoning the crystal by some method which insures that it 
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remains in contact with the convex curved surface. This imprisonment 

is usually accomplished by sandwiching the crystal between the convex 

surface of one block and the matching concave surface of another 

block. The blocks must have ports cut into them to allow the x-rays 

to pass through to the crystal and back out, either through the same 

block as in reflection or through the opposite block after transmis

sion through the crystal for transmission spectroscopy. 

The imprisonment method produces an accurate spherical surface. 

Care must be taken, however, when clamping the two imprisoning plates 

together with the crystal bet̂ 7̂een them. Figure 4 shows the forces 

produced when the blocks are clamped together. If too much force is 

used to clamp the blocks together, the component of force tangent 

to the curvature at the lip of the port in the upper block will cause 

the crystal to buckle. This tangential force will be present in all 

planes passing through the center of the crystal and will be always 

directed toward the center of the crystal as shown in Figure 4b. 

The result of these forces could be to either buckle the crystal 

producing an uneven surface; or since the forces in all planes are 

the same and are all toward the center of the crystal, the radius of 

curvature of the crystal could be changed from the radius of curvature 

of the bottom forming block. That is, the forces could cause the 

crystal to separate uniformly from the curved surface of the bottom 

forming block. This result was, in fact, observed for several crys

tals when the forming blocks were clamped together with excessive force. 

The requirements which must be imposed on crystals used in curved 

crystal spectroscopy are much more stringent than the requirements 
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(b) 

upper clamping block 
clamping forces 

lower clamping block clamping forces 
(a) 

Figure 4. Forces on a Spherically Bent Crystal 



36 

imposed on crystals used in flat crystal spectroscopy. The reflecting 

planes of a flat crystal need only be roughly parallel to the crys

tal surface for reflection spectroscopy. The crystal holder provides 

the necessary range of adjustments to further orient the reflecting 

planes parallel to the axis of rotation of the crystal. The only 

severe requirement on a flat crystal is that the mosaicity be extremely 

low; that is, the crystal must be as nearly perfect as possible. 

This requirement is not as stringent as one might at first believe 

since it is relatively easy to obtain single crystals which can be 

considered perfect at least over some small portion of the crystal. 

For a curved crystal, hov;ever, the reflecting planes must be very 

accurately parallel to the surface of the crystal since the surface 

plane and the planes parallel to it are the ones which are formed 

to the desired radius of curvature. That is, one must be sure that 

the desired reflecting planes and the planes which are bent to form 

a cylindrical or spherical surface are the identical same planes; 

otherwise the reflected beam will not be focused strictly as described 

previously. 

A perfect crystal can be bent in any arbitrary manner to the 

desired radius of curvature and remain a perfect crystal upon being 

returned to the unbent state provided the elastic limit of the crys

tal is not exceeded. Inhomogeneous strain in a crystal, resulting 
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from bending, changes the reflected beam intensity of the crystal. 

The crystal must therefore be homogeneously bent to avoid any such 

undesired intensity changes. The perfect bent crystal is a perfect 

flat crystal that is homogeneously bent. 
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If one considers the bending of a thin, rectangular crystal, the 

following facts are evident. In order to maintain the crystal in its 

bent state, forces must be exerted on the crystal by the forming 

blocks. These forces act through moment arms, the lengths of which 

are dependent upon the distance from the center of the crystal. Thus, 

the torques acting on the crystal due to these forces are linear in 

the distance from the center of the crystal; that is, the force acting 

at a particular point of the crystal is dependent upon the distance 

of that point from the center of the crystal. It is thus evident that 

the force maintaining the crystal in the bent state varies linearly 

with the distance from the center of the crystal. This can be easily 

understood by considering the crystal as a spring. The center of 

the crystal remains fixed, and the tangent plane to the crystal at 

the center on the convex side represents the equilibrium or unbent 

position of the spring. Upon bending the crystal to some radius of 

curvature, it is evident that the distance through which a particular 

part of the crystal has moved is dependent upon the distance of that 

part of the crystal from the center of the crystal which remains 

always at the equilibrium position. Thus according to Hooke's law, 

the force acting at a particular distance from the center of the 

crystal is dependent upon the distance from the equilibrium position 

that the particular point on the crystal has been moved. 
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Since the reflecting atomic planes lie parallel to the crystal 

surface and are separated by the "d" spacing which is a property of 

the particular crystal used, the bending of the crystal will change 

the d spacing of these reflecting planes. This change in interplanar 

spacing is illustrated in the following drawing. The plane of the 

drav/ing is the horizontal plane. 

The change in interplanar spacing can be explained in the fol

lowing way. The crystal before bending is a thin rectangular shaped 

solid whose reflecting planes lie parallel to the surface. The ends 

of the crystal are cut perpendicular to the surface; thus the reflecting 

planes are all of equal length and are equal in length to the surface 

plane. When the crystal is bent so that the surface plane conforms 

to some radius of curvature R, the plane lying a distance d from the 

surface plane is bent to a radius of R + d. Thus, the farther a pi.me 
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is from the surface, the larger the radius of curvature to vrhich it 

is bent; hence, the longer the arc length that reflecting plane r.ust 

cover. However, the planes are all the same length and are all bound 

together making any slipping past one another impossible. The inter

planar spacing near the center of the crystal is thus reduced some

what as the crystal is bent. The planes which are perpendicular to 
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the crystal surface are also deformed as described by McClure. 

Since both of these effects are present together, it is impossible to 

predict exactly how much the interplanar spacing of the reflecting 

planes parallel to the surface is changed by bending. In practice 

this change in interplanar spacing produces a much smaller uncertainty 

in the Bragg angle than other errors previously described. 

The process of bending of a crystal has the net effect of broad

ening or "smearing out" of the Bragg angle of a particular wavelength 

reflected by the crystal. Brogren states "... some broadening effects 

owing to bending appear, but it is not possible to explain how they 

are caused. To a great extent they may be the results of inexact 

curvature..." The fact that broadening effects are present as a 

result of bending is supported by the fact that the integrated re

flection coefficient for a flat crystal exhibits a wavelength dependence 

expected for a perfect crystal while that of a curved crystal exhibits 
1 35 

the dependence of a mosaic crystal. 

The result of bending a crystal to a spherical shape is that 

the crystal is much more susceptible to buckling than is a cylindri

cally bent crystal. The surface of the crystal w'aich is in contact 

with the bottom forming plate in Figure 4 must expa.nd outward uniformly 
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in all directions from the center of the crystal to conform to the 

greater radius of curvature of that side of the crystal. The cor

responding surface in the cylindrically bent crystal must expand in 

only one direction. It should thus be evident that for a given radius 

of curvature a much more precise cylindrical surface could be formed 

(assuming equally precise forming blocks) than a spherical surface 

of the same radius of curvature. However, as stated previously, the 

much greater radius of curvature possible with the spherical surface 

makes the distance through which the ends of the crystal are moved 

correspondingly much smaller; hence, the distance one surface must 

expand or stretch is much smaller than in the case of the cylindri

cally bent crystal. 

In the final analysis the most important criterion for selection 

of the crystal which is to be bent to a spherical shape is that the 

crystal must be of uniform thickness. If the crystal is of non

uniform thickness, the lip of the port in the upper clamping block 

will not contact the surface of the crystal uniformly. The crystal 

will therefore be strained and will not contact the surface of the 

bottom clamping block at all points directly beneath the lip of the 

port of the upper clamping block. The crystal in this case will not 

conform to the desired spherical shape. 

In order to insure uniform thickness of the crystal, a crystal 

which cleaves easily along the desired atomic planes should be 

selected. The cleavage should be perfect along one plane in the crys

tal used. Stepwise cleavage is totally unsatisfactory and such cleaved 

crystals should be discarded for the purpose of spherical bending. 
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In the spectrometer described in this thesis a mica crystal was used. 

Mica has all the necessary properties for spherical bending since it 

cleaves very easily along atomic planes of suitable d spacing for the 

reflection of soft x-ray wavelengths and is extremely elastic, bending 

easily without breaking. The thickness of the crystal used for 

spherical bending should also be very small, on the order of several 

thousandths of a millimeter. 

In order to insure the formation of a precisely shaped spherical 

reflecting surface, the spherically bent crystal rust be tested 

optically. By setting the spherically bent crystal in the light 

beam emanating from a narrow slit placed on the focal circle of the 

crystal, the quality of the focused im.age of the slit can be examined. 

By employing such direct testing one may be assured of producing a 

very accurately formed crystal. 



CHAPTER IV 

DESIGN, CONSTRUCTION, AND OPERATION OF THE SINGLE 

SPHERICALLY BENT CRYSTAL SPECTROMETER 

General Design Considerations 

After careful consideration of the exact requirements of the 

spherically bent crystal vacuum spectrometer, the two-chamber design 

was seen to satisfy all requirements. This design employs tv:o sep

arate small cylindrical vacuum chambers connected by a length of tube 

which is determined by the radius of curvature of the crystal. One 

chamber, connected directly to the high vacuum diffusion pump, con

tains the x-ray target and electron beam producing filament, both 

of which must be maintained at a high vacuum during operation. The 

other chamber contains the crystal and detector. The two chambers 

are connected by a copper tube with vacuum flanges at either end 

permitting the pump on the x-ray target chamber to also evacuate the 

chamber containing the crystal and detector. The general features of 

such a design are seen in Figure 5. In order to scan a spectral 

region, the crystal is rotated by means of a simple rotary vacuum 

feedthrough and a tangent arm external to the vacuum chamber. The 

detector need not be located on the focal circle and thus may be 

housed in the chamber with the crystal. The entrance slit located 

in the connecting tube must be moved along the tube so that the slit 

opening always coincides with the intersection of the focal circle 

and the line from the target to the center of the crystal. For a 

42 
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target chamber 

connecting 

crystal chamber 

detector 

focusing circle 

Figure 5. Two Chamber Design for Spherically 
Bent Crystal Spectrometer. 
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very narrow spectral region the slit need not be moved at all, the 

deviation from the required position being negligibly small. This 

design is much simpler in operation than the single chamber design 

in which target, analyzer crystal, and detector are all contained in 

a single large diameter vacuum chamber; and, equally important, it 

is very much simpler and less expensive to construct. This design 

was therefore chosen as the one for the final spectrometer construc

tion. 

Construction of X-ray Target Chamber and Target Support 

The first part of the spectrometer to be constructed was the 

x-ray target support and filament support and the vacuum chamber 

housing them. The chamber itself was obtained from a vacuum coating 

unit donated to the University by Texas Instrurients Incorporated. The 

unit contained a vacuum baseplate stub asscm.bly, which consists of a 

tube 6" i.d. with a vacuum flange welded to one end of the tube and 

a disk 1" thick and 20" diameter welded to the opposite end of the 

tube. The whole assembly, disk and tube, is fabricated from stain

less steel. In the spectrometer, the tube provided the chamber for 

the x-ray target and filament with the baseplate supporting a disk 

large enough to cover the central 6" diameter hole leading through 

the tube to the high vacuum diffusion pump. 

Figure 6 shoves the baseplate stub assembly connected to the high 

vacuum diffusion pump as it appears on the completed spectrometer. 

The flange covering the 6" diameter central hole in the baseplate 

contains three small holes, two for the high voltage vacuum feed-
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igure 6. Completed Snectrometer. 
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throughs and one for the double wall stainless steel target support. 

The target support is constructed of stainless steel and consists of 

two concentric stainless steel tubes. The inner tube is plugged at 

the bottom end, and the copper target block is silver soldered to 

this plug. The inner tube is welded to a washer shaped plug at its 

other end, and this plug is in turn welded to the outer tube. The outer 

target support tube extends to within 3 3/4" of the copper target 

block. A flange V7ith an 0-ring groove is welded to the outer tube, 

and the 0-ring in this groove forms the vacuum seal between the sup

port flange and the target support. When the flange is in place on 

the baseplate, the inner target support tube extends the 3 3/4" dis

tance down into the stub tube so that the target is opposite a port 

on the baseplate stub tube leading to the tube connecting the target 

chamber with the crystal chamber. The inner target support tube does 

not touch the flange or the baseplate tube wall. Since the inner 

support tube is connected to the outer tube at only the end further

most from the target, the target is thermally isolated from the outer 

tube by the full length of the stainless steel inner tube. It is 

therefore possible to either heat or cool the target for various 

experiments without heating or cooling the outer tube appreciably. 

In normal use cooling tap water is circulated through the inner tube 

to cool the x-ray target. 

Filament Preparation 

The electron emitting filament is supported by the high voltage 

feedthrou^hs so that the filament lies in a horizontal plane approx-
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imately 6 mm from the target face. The filament consists of 6 inches 

of .010" diameter N-7 nickel wire formed into a helix approxim.ately 

2 mm diameter and 15 mm long. The ends of the filament are spot 

welded to pieces of Inconel welding electrodes a few centimeters 

long which are bent to the correct shape to support the filament in 

the desired position close to the target block. The ends of the 

welding electrodes pass through small holes in slightly larger nickel 

plated rods which in turn pass through holes in still larger diameter 

rods which are bolted to the high voltage vacuum feedthroughs. The 

various support rods do not touch each other or any part of the target 

or baseplate tube wall. The filament is encased just inside a small 

stainless steel sleeve supported by only one of the V7elding electrodes 

so that the sleeve acts as an electron beam focusing device. Fig

ure 7 shows the details of the filament, focusing sleeve, and fila

ment supports in place on the support flange. 

The filament is prepared for use as follows. The coils of the 

filament are separated slightly with a needle point so that no coil 

touches an adjacent one in order to prevent electrical shorts in the 

filament. The filament is etched with hydrochloric acid for a few 

minutes to clean any previous coating or oxides from its surface. 

After it is etched, the filament is very thoroughly washed with tap 

water, then cleaned a second time in glacial acetic acid. The fila

ment is then washed for 10 to 15 minutes in flov.'ing tap water until 

all traces of the acids are removed. The filament is next washed 

with distilled water to remove any impurities present in the tap water 

and is then allowed to dry at room temperature. -̂Then the filament is 
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Figure 7. Filament and Target Details. 
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thoroughly dry, it is dipped in the oxide coating solution. The oxide 

coating solution is thoroughly mixed by agitation to insure uniform 

suspension of the solid oxides before the filament is dipped the 

first time. This agitation normally takes from 2 to 3 hours. The 

filament is dipped repeatedly in the solution until a uniform oxide 

coating is deposited on the filament. The excess solution is shaken 

off between each dipping, and the solution deposited with each dipping 

is allowed to dry for approximately 1 minute before dipping again. 

The suspension agent in the solution is highly volatile and evaporates 

rapidly leaving a uniform oxide coating on the filament. The oxide 

coating on the filament emits electrons at a very low temperature 

compared to the temperature necessary to eject electrons from the 

nickel itself. This low temperature emission prevents the x-ray 

target from being coated with nickel which would evaporate from a 

hot uncoated filament. The triple oxide coating, supplied free of 

charge along with the handmade nickel filaments by RCA, consists of 

barium oxide, calcium oxide, and strontium oxide. IThen the desired 

thickness and uniformity of the oxide coating is achieved, the fila

ment is installed on the supporting rods and manipulated until it 

is positioned near the target as desired for operation. The clamping 

screws on the various support rods are tightened, and the filament 

is allowed to dry completely before being placed in the vacuum chamber 

for operation. 

It was found by experience that the manipulation of the filaMent 

into the desired position with respect to the target invariably in

volved some bending and flexing of the filament. This flexing caused 
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the oxide coating to separate from the filament if the oxide coating 

was allowed to dry completely after being applied. For this reason 

the freshly coated filament was installed and manipulated into the 

correct position immediately upon being removed from the last dip into 

the solution. The wet oxide coating would not separate from the fila

ment when the filament was slightly flexed during positioning. Once 

the filament is installed in the correct position with respect to 

the target and allowed to dry, only very small position changes of 

the filament may be accomplished without causing some of the oxide 

coating to separate from the filament. Usually a small loss of oxide 

coating on the filament does not greatly affect the operation of the 

filament. liowever, any bare spots on adjacent coils of the filament 

must not come into contact with one another, or the length of fila

ment between the bare spots will be shorted and will not be heated 

during operation. 

Slit Mechanism 

In order to move the entrance slit for the spectrometer so that 

the slit coincides with the intersection of the focal circle and the 

line from the crystal at a particular Bragg angle ^ as shown in 

Figure 5, the slit was designed and constructed to slide along a 

shallow trough mounted in the tube connecting the two chambers. The 

slit itself is formed from two thin sheets of tantalum mounted in 

the end of a short length of copper tubing 1 inch in diameter. The 

tube was provided with three points of support. These support points 

are small ball bearings which fit into three grooves in the trough. 
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which insures that the tube and slit could only move along the line 

joining the target and the center of the crystal. The completed slit 

assembly and trough are shown in Figure 8. 

Knowing the radius of curvature of the crystal and the desired 

Bragg angle (̂  for a particular wavelength, one can find the length of 

the chord formed by the line from the center of the crystal inclined 

at the Bragg angle cJ) to the focal circle. This chord length 1 is 

given by 

1 = 2r sin <|) 

= R sin 6 V » 

where R is the radius of curvature of the crystal, r is the radius of 

the focal circle, and <^ is the Bragg angle for the wavelength X. 

When the wavelength to be investigated is selected, the slit is moved 

along the trough the distance 1 from the crystal face. 

Crystal Chamber 

The crystal chamber was constructed of aluminum tubing 8 inches 

in diameter with a wall thickness of one inch. The tube was cut to 

the desired length; then the inside wall was turned out on a lathe 

until a wall thickness of 0.5 inches was obtained. 0-ring grooves 

were cut in both ends of the tube and flanges were made of aluminum 

plate to cover the ends of the tube after installing the 0-rings in 

the grooves. A small hole was cut through the center of the flange 

which formed the bottom of the chamber to allow the installation of 

a rotary motion high vacuum feedthrough. This feedthrough was sealed 
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a S l i t Assemb i g u r e 8. -̂̂ •̂ '-Figur 

iv l--.stalled on Spectrometer. 
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to the flange with an 0-ring and enabled the spherical crystal mounted 

inside the evacuated chamber to be rotated from the outside. The 

flange for the top of the chamber was designed to permit rotation of 

the flange with the chamber evacuated. Provision for rotation of the 

flange is needed since the flowing gas proportional counter is mounted 

to the flange. Since the direction of the incident x-ray beam is fixed 

the detector must be moved to satisfy the Bragg condition as the crys

tal is rotated. 

In order to connect the crystal chamber Xî ith the target cham.ber, 

a flat surface slightly wider than 4 inches was milled on the side 

of the crystal chamber 2.5 inches from the bottom of the tube and a 

2 inch diameter hole was cut in the center of this flat surface. The 

vacuum sealing flange on the tube connecting the tv;o chambers could 

thus be bolted to the crystal chamber. 

The crystal forming blocks as described in Chapter III were made 

of 2" diameter glass plate; the surfaces of which were ground to the 

desired radius of curvature by a local lens grinding shop. The 

clamping plate was made thinner than the forming plate so that the 

edges of the hole in the clamping plate would not obstruct the incident 

and reflected x-ray beams at small Bragg angles. In order to attach 

the spherically formed crystal to the crystal holder mounted on the 

rotary vacuum feedthrough, a clamping device for the forming plates 

was constructed. This clamping device for the forming blocks was 

constructed by machining a cylindrical cavity deep enough and large 

enough in diameter to contain the two forming blocks and the crystal 

between them in a cylinder of aluminum. A containing ring was machined 
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from aluminum to hold the glass forming blocks and crystal together 

in the cylindrical container. The inside overhanging lip of the con

taining ring was made to extend a few millimeters over the outside 

edge of the clamping plate and contains six nylon screws which serve 

to clamp the two glass plates together with the crystal between them. 

The nylon screws can be tightened selectively to slightly deform the 

clamping plate and crystal thereby correcting any departures from the 

desired curvature of the crystal. The crystal forr.ing block clamping 

device is attached to a positioning and orienting mechanism, mounted 

on the shaft of the rotary motion vacuum feedthrough inside the crys

tal chamber. The mechanism is similar in design to the crystal holders 

described by Welch, also for use on an x-ray spectrometer. The 

crystal holder mechanism is used to position the crystal so that its 

surface lies on the axis of rotation, and the line tangent to its 

surface at the center of curvature is parallel to the axis of rotation. 

The crystal forming block clamping device is shown installed on the 

crystal holder positioning mechanism in Figure 9. 

The rotation of the crystal through a known angle is accomplished 

by a micrometer driving a tangent arm attached to the rotary vacuum 

feedthrough shaft as shô m̂ in Figure 10. It was found by careful 

measurement with a Nikon autocollimator that a movement of the microm

eter screw of .0001", 1 division on the micrometer scale, rotated 

the crystal through an angle of 2 seconds of arc. This is the sm.allest 

angle through which the crystal can be rotated accurately. This 

37 
method of crystal rotation is described in greater detail by Welch. 
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Figure 9. Crystal Installed in Spectrometer 
Crystal Chamber. 
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igure 10. Micrometer Drive and Tangent r,. 
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Flowing Gas Proportional Counter 

A major part of the task of the design and construction of the 

spectrometer was the design and construction of a suitable detector 

for the reflected x-rays. A flowing gas proportional counter or a suit

able solid state detector v/as found to be the optimum x-ray detector 

for the spectrometer rather than a permanently sealed counter tube. 

A solid state x-ray detector, such as Bendix's magnetic electron 

multiplier although possessing many advantages over a gas filled 

counter, was found to be prohibitively expensive; thus a flowing gas 

proportional counter was chosen as the detector for the spectrometer. 

A commercial sealed counter tube could not be used since no commer

cially available counter tube possesses an entrance x̂ indow thin 

enough to permit its use in the wavelength region for \7hich the spec

trometer was designed. 

In general a window thin enough to transmit a useable fraction 

of the reflected soft x-rays to the interior of the counter is also 

thin enough to allow the counter gas in the tube to escape through 

the window. Counter gases are usually composed of a mixture of an 

inert gas such as argon and a small percentage of an organic quenching 

gas such as methane. Since argon readily passes through a thin mem

brane while the methane does not, the relative proportions of the 

two gases in the counter would change in only a very short period, 

drastically changing the operating characteristics of the counter. If 

the counter tube were placed in a high vacuum as the counter for i' e 

spectrometer must be, the passage of the gas through the window would 

be even more rapid. The only solution to the problem is to constantly 

file:///7hich
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refresh the gas in the counter tube. This is the principle of opera

tion of the flowing gas proportional counter. 

The flow proportional counter for the spectrometer was designed 

to meet the following two essential requirements: 

1. The entrance window for the counter must be demountable 

which permits one to use different kinds and thicknesses of 

entrance window materials. 

2. The counter must have all gas and electrical connections 

located so that when the counter is sealed to the chamber 

flange, the connections are all outside the chamber. 

Once these requirements of the counter tube were known, the only re

maining design problem was to fix the interior dimensions and geometry 

of the tube. The interior georaetry of the tube is an important con

sideration since the electric field produced by the anode v/ire inside 

the tube is highly geometry dependent. The usual geometrical arrange

ment is a cylindrical tube concentric with the anode wire and with 

the entrance window cut through the tube î all so that the incident 

photons pass radially inward toward the center anode v;ire. The elec

tric field of the anode wire is distorted near the ends of the tube; 

therefore, the tube must be long enough and the window placed far 

enough from the ends of the tube that the incident photons do not 

pass through these distorted field regions. These regions are known 

as "dead" regions since all of the photons which enter these regions 

38 
are not counted. Henke notes that a counter tube 2 cm inside 

diameter and a minimum of 7 cm long with the window at the center of 

the tube provides sufficient length to meet the above requirement. 
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The only remaining design item is the diameter and material of the 

anode wire. The usual material for an anode wire is tungsten; how

ever, any small diameter metal wire which is unaffected by the counter 

gas and which can be supported in the center of the tube can be used. 

Tungsten is used since in most designs the anode v/ire is supported 

only at one end, and tungsten provides the necessary rigidity in a 

small diameter wire. The diameter of the anode wire must be made as 

small as possible since large electric fields are desired near the 

wire without having to use excessively high operating voltages. 

The final design of the proportional counter is illustrated in 

Figure 11. The total length of the tube was determined by the dis

tance from the top flange of the crystal cham.ber to the center of 

the crystal and greatly exceeded the 7 cm length set as a m.inimum. 

The body of the counter tube was machined from brass. The tube 

was first turned to the correct inside diameter, 2 cm, on the lathe; 

then the outside was turned to a diameter of 3.5 cm leaving a wall 

thickness of .75 cm. A thin disk of material was allowed to remain 

on the outside of the tube near the top to form the vacuum sealing 

flange. An 0-ring placed between this flange and the top flange of 

the crystal chamber formed the vacuum seal for the counter tube as 

shown in Figure 11. The wall of the tube was made thick enough to 

contain a passageway for the counter gas to flow the length of the 

tube before being introduced to the interior of the counter. This 

was necessary since both gas connections were at one end of the tube. 

If the gas inlet were just made opposite the gas outlet shown in 

Figure 11, the gas x>;ould not actively flow through the tube replen-
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Figure 11. Flowing Gas Proportional Counter. 
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ishing the gas in the region of the tube near the entrance window. 

The gas passagev/ay in the wall of the tube was cut from the out

side of the tube with a milling machine. \^en the passagevray was 

deep enough, the outside edge of the passageway was covered by a thin 

brass sheet which was silver soldered to the tube body. A short 

length of 1/4" copper tubing was soldered to the top of the flange 

where the gas passageway passed through the flange to form the gas 

inlet tube which could be connected to the gas supply. As shown in 

Figure 11, the passagew^ay runs the length of the counter tube and 

connects with the interior region at the bottom end of the tube. Gas 

introduced into the passagev;ay thus enters the counter at the bottom 

end and after flowing the length of the tube is exhausted at the top 

end of the counter tube. The entrance v;indow flange was machined of 

brass as were the top and bottom end flanges for the counter tube. 

The window flange was made with an 0-ring groove around the circum

ference of the central hole which formed the entrance window. The 

central hole in the flange is covered on the inside with a grid of 

electroformed nickel in order to provide a supporting mesh for the 

thin window when the counter is placed in a vacuum. Figure 12 shows 

the details of the window flange, thin window material, and 0-ring 

along with the counter tube. The window material used is household 

Saran Wrap which is very strong for its thickness and which also trans

mits a useable percentage of x-rays in the wavelength region investi

gated. 

The flange at the top end of the tube was drilled and tapped to 

enable a coaxial v<icuum feedthrough to be installed in the flange. 
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Figure 12. Details of Proportional Counter 
Entrance Window. 
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The anode V7ire was soldered to the inside center terminal of this 

feedthrough. The anode wire used was .001" steel wire from x̂ /hich 

the oxides had been cleaned by passing the wire over a very fine 

emery cloth. The top flange and feedthrough were installed on the 

tube and the anode wire passed through the tube. A disk was machined 

from an acrylic plastic to fit into a recess in the bottom of the tube 

and support the anode wire at the bottom end of the tube as shown in 

Figure 11. The plastic disk was constructed so that in addition to 

supporting and electrically insulating the anode v;ire, it performed 

the function of distributing the incoming gas uniformly around the 

circumference of the inside of the counter tube. The anode wire was 

passed through the center of the disk and through a sm.all spring v;hich 

when compressed fits into a recess in the plastic disk. The spring 

was compressed, and a small bead of solder v/as attached to the anode 

wire. The spring performs the function of keeping the anode wire 

taut in the center of the tube. The bottom flange was installed next 

and performs the function of sealing the tube so that no gas escapes 

from the tube into the vacuum chamber. The gas outlet connection, a 

1/4" hose connection, was screwed into the hole which had been pre

viously drilled and tapped near the top of the tube as shown in Fig

ure 11. Figure 13 shows the completed counter tube installed on the 

crystal chamber flange. 

Gas Supply System for the Flowing Gas Proportional Counter 

The voltage required to operate a gas filled ionization chamber 

in the proportional counter region depends for a particul'r gas mix-
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igure 13. 1roportional Counter Installed 
on Chamber Flange. 
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39 ture upon the gas pressure in the tube and the anode diameter. 

Since the anode diameter is fixed, the gas pressure and voltage must 

be variable in order to be able to select the desired proportional 

region for a particular wavelength x-ray. By consulting Henke's 

graphs of proportional counter characteristics as functions of gas 

pressure and wavelength, one can find the optimum operating voltage 

of the counter tube for a particular region of the x-ray spectrum. 

Normally the extremely thin window in the counter tube will not tolerate 

pressures of even a few p.s.i., and the gas pressure needed for the 

gas to completely absorb relatively soft x-rays in a 2 cm path length 

41 
(the diameter of the tube) is very lov/. Thus, the gas must be 

flowed through the counter tube at atmospheric pressure or below 

depending on the thickness of the window and the operating voltage. 

A simplified diagram of the gas flow control system is seen in 

Figure 14. The gas is contained in a high pressure gas cylinder at 

a pressure of approximately 1800 p.s.i. A Matheson model 8 precision 

2 stage pressure regulator is attached directly to the cylinder out- ' 

let valve. This regulator supplies the gas from the cylinder at a i 

reduced constant pressure to a Brooks ELF model 8744 precision flov/ 

controller which maintains very precisely the flow rate to v.hich it 

is adjusted. This flow rate is maintained constant, essentially in

dependent of the downstream gas pressure variations, provided the 

pressure of the gas entering the flow controller is maintained essen

tially constant. The gas flows from the flow controller through a 

Brooks model 1355-OlAlZAE flow rate meter which indicates the flow 

rate of the gas through the system to the counter tube installed in 
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the crystal chamber. The gas then flov\̂ s through the counter tube to 

the pressure controller. The pressure controller is of the Cartesian 

diver type obtained from Gilmont Instruments Incorporated. This con

troller performs the function of maintaining the pressure of the gas 

flowing through the system at a constant value, essentially indepen

dent of the flow rate of the gas. After flowing through the pressure 

controller, the gas is exhausted to the atmosphere by the vacuum pump. 

The pressure of the gas in the counter tube is indicated by a mercury 

manometer connected to the system bet̂ /een the counter tube and the 

Cartesian diver pressure regulator. 

This flov; control system maintains the flow rate and pressure 

of the gas in the system very precisely at constant values. During 

the operation of the spectrometer, the flow rate of the gas through 

the counter tube typically fluctuates less than .33 standard cc per 

minute, and the pressure indicated by the height of the mercury 

column in the manometer tube does not fluctuate enough to be visible 

upon concentrated observation. The Cartesian diver pressure regulator, 

however, is claimed to control the pressure to within .01 mm of mer

cury for the maximum flow through the regulator which is many times 

greater than the actual flow rate used in operation of the counter 

tube. The stability of the system insures that the operating charac

teristics and response of the counter tube remain constant during 

the operation of the spectrometer. 

Operation of the Spectrometer 

The sequence of operations necessary to operate the spectrometer 
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will now be described. The Bragg angle for the desired wavelength 

to be investigated is first determined. The crystal chamber is 

removed from the connecting tube, and the slit is positioned in the 

slider mechanism at the correct distance from the crystal by pushing 

the slit to the position with a small rod on which the correct distance 

has been marked. Once the slit is in position, the crystal chamber 

is attached to the flange of the connecting tube. The filament can 

now be prepared, if it has not been prepared previously, by applying 

the oxide coating and positioning it in the correct position as described 

previously. The face of the copper target block is prepared before 

installing the filament by either light filing with a clean file or 

rubbing with a crocus cloth to clean the oxides from> tlie surface. 

If copper is the target material, the preparation of the target is 

complete. If another metal or compound is to be used as the target 

material, the material must nov; be attached to the copper block. If 

a metal is to be used, the m.etal can be either vacuum coated onto the 

face of the copper block, or a small sheet of the r,etal clamped to 

the copper block. If the metal or compound is in powdered form, the 

face of the target is lightly scored with a clean knife blade, and 

the powdered material pressed into the scorings with an agate mortar. 

The copper target block then performs the function of conducting the 

heat generated by the impinging electrons to the circulating water 

inside the inner target support tube. Once the target is prepared and 

the filament installed, the target and filament support flange can 

be set in place on the baseplate. The 0-ring v;hich seals this flange 

to the baseplate is coated liberally with silicone high vacuum grease 
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so that the flange may be rotated slightly during the operation of 

the spectrometer. This rotation is needed to position the target so 

that the x-ray beam is situated on the axis of the connecting tube, 

thereby striking the center of the crystal. 

The crystal is now rotated to the approximate Bragg angle, and 

the micrometer stand is set with the micrometer screv; against the 

tangent arm. The top flange of the crystal chamber v/ith the detector 

mounted in it is set into place on the crystal chamber and rotated 

so that the counter tube is in the correct position to record the 

reflected x-ray beam. The crystal chamber has a large protractor 

mounted on the outside near the top enabling the flange and detector 

to be rotated to the correct position, v;hich for a Bragg angle of .'-

is an angle of 180° - 2^ measured from the incident x-ray beam. 

The spectrometer is now completely sealed and ready for opera

tion. The entire spectrometer is slowly evacuated to a pressure of 

_3 
10 torr. Care must be exercised when pumping the system down to 

this pressure in order to keep from bursting the thin detector windov/. 

If the inside of the detector is filled with air at atmospheric pres

sure, the sudden evacuation of the chamber could burst the detector 

window. In order to alleviate this problem, provisions were made to 

connect the detector tube with the chambers during evacuation by 

means of two small vacuum valves. The inside of the detector is thus 

evacuated simultaneously with the chambers equalizing the pressure 

on both sides of the detector window. Once the system is pumped to 

_ 3 
a pressure of 10 torr, the valves connecting the detector with the 

chambers are closed. This isolates the flowing gas system and detector 
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from the chambers. 

The high vacuum diffusion pump is started when the system has 

_3 

reached the pressure of 10 torr. The gate valve connecting the 

diffusion pump with the target chamber is kept closed until the oil 

in the diffusion pump reaches operating temperature in order to keep 

the diffusion pump oil from being injected into the target chamber 

as the diffusion pump first begins to operate. The cryogenic trap 

between the diffusion pump and the target chamber is next filled v/ith 

liquid nitrogen. This cryogenic trap keeps oil vapor from the dif

fusion pump from passing into the target chamber, which would con

taminate the target and filament. \^en the diffusion pump is operating 

satisfactorily, the gate valve is opened and the target chamiber, con

necting tube, and crystal chamber are evacuated to a pressure of 10 

torr. When the pressure measured in the target chamber reaches this 

value, the spectrometer is ready for operation. 

The filament is first heated by passing a current through the 

nickel wire for approximately 15 minutes before the high voltage is 

applied. This heating activates the filament coating as described by 

Blokhin. The high voltage may then be applied to the filament 

producing a current flow between the filament and target. During 

the operation of the spectrometer, the filament is maintained at the 

voltage required to excite the desired wavelength x-rays from the 

target. Simultaneously, a voltage difference of 2 to 4 volts is 

maintained between the ends of the filament wire so that a current 

passes through the wire heating it and the oxide coating to the tem

perature needed to eject enough electrons from the coating to main-
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tain the desired electron beam current between the filament and the 

target. 

When the x-ray beam is produced, the crystal is ready to be 

rotated to scan the spectra. The detector must now be filled with 

gas at the desired pressure and the high voltage applied to the 

detector anode wire for the recording of the spectra. The gas is 

allowed to flow through the detector for a few minutes to purge the 

detector tube of any remaining outside air. The high voltage is 

then applied to the detector anode v/ire, and the counter is ready 

for operation. 

The crystal is now slowly rotated by hand along with the flange 

and detector, if necessary, until the reflected beam is found which 

is indicated by the position of maximum count rate coinciding with 

the correct angular positioning of the crystal and detector. When 

the desired reflected beam is thus roughly located, the tangent arm 

driving the crystal is attached to the driving micrometer. The crys

tal is then slowly rotated until the beam peak is located precisely. 

Once the beam is located, the micrometer setting is changed to 

rotate the crystal so that the reflected beam is rotated slightly 

away from the detector entrance window. The micrometer can then 

either be driven slowly by a small synchronous motor thereby sweeping 

the reflected beam slowly across the detector window or driven by 

hand. If the crystal is rotated with the motor, the count rate is 

continuously recorded on a strip chart recorder as the beam moves 

across the detector window. If the crystal is rotated by hand, the 

total counts in an arbitrary time interval are recorded at each setting 
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of the micrometer as the crystal is rotated step by step to sweep the 

beam across the counter windov/. In both cases the intensity of the 

x-ray spectra is plotted as a function of angle. From the Bragg law 

the wavelength of the spectra corresponding to the known angle may 

be found. The intensity of the spectra is thus usually plotted as a 

function of wavelength or of photon energy. 



CHAPTER V 

EXPERIMENTAL RESULTS 

Introduction 

The following experimental results were obtained with the spher

ically bent crystal spectrometer described in the previous chapter. 

The spectrometer was fitted with a mica crystal for all of the results 

given in this chapter. Results are shown for both copper and aluminum 

targets. The preliminary alignment and calibration of the spectrometer 

was done utilizing the copper K and K radiation in the eighth 
OL^ a. ^ 

order Bragg reflection. The results shov/n for aluminum were obtained 

after the spectrometer crystal had been properly aligned with the 

copper radiation. 

Crystal Alignment with Copper K and K Radiation 
^ 1 ^̂ 2 

The copper K and K x-ray characteristic lines v/ere used to 

align the crystal for the following reasons: 

1. The copper target is permanently attached to the target 

supporting tube for the purpose of conducting the heat 

generated by the collisions of the accelerated electrons 

which excite the x-ray radiation to the coolant flowing 

through the target tube. Thus, the copper target was the 

most convenient target to use for preliminary work. 

2. In order to facilitate adjustment of the crystal without 

being required to break the vacuum maintained in the target 

73 
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chamber, a thin window was installed between the target 

chamber and the crystal chamber. Copper K and K radia-

tion is of sufficiently high energy to penetrate this thin 

window and propagate the required distance inside the crys

tal chamber with the crystal chamber open to the atmosphere. 

3. The energy separation and linewidths of the copper K and 

K lines are well known; thus, the values obtained with 

2 
this spectrometer could be easily com.pared to published data. 

4. The eighth order Bragg reflection occurs at an angular 

setting of the crystal sufficiently close to the second order 

reflection of aluminum K and K that alignment for copper 

would mean that the spectrometer was also aligned for the 

aluminum spectra. 

The major contributions to linewidth arising from crystal mis

alignment are those due to misalignm^ent of the crystal axis of rota-

43 
tion and vertical tilt adjustment. In a spherically curved crystal 

spectrometer the tilt adjustment is by far the more important adjust

ment of the two since the beam is brought to a focus after Bragg 

reflection while the beam diverges after reflection from a flat 

crystal. The crystal axis adjustment was therefore carried out by 

only visually observing the copper radiation incident on the crystal 

surface on which an x-ray fluorescent screen had been placed. The 

crystal axis was adjusted until the narrow incident beam was observed 

to remain in the center of the crystal as the crystal was rotated 

through its full angular range. This angular range is from 90° to 

approximately 30°, that is, from the angle at which the incident beam 
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is perpendicular to the tangent to the crystal at its center to the 

angle at which the crystal surface is screened by the upper forming 

block from the beam. The vertical tilt adjustment was then carried 

out by adjusting the crystal so that the reflected beam intensity 

was maximized using the spectrometer detector. 

The effect of slight angular misalignment of the detector on the 

copper K^ and K lines can be seen in Figure 15b. The misalignment 

of the detector affects the relative intensity of the K and K 

"i "2 

lines and the apparent width of the lines. However, the separation 

of the lines is not visibly altered. The spectrometer is thus con

sidered to be completely aligned v/hen simultaneously the minimum line-

widths are obtained and the intensity of the K line is observed to 
°̂1 

44 
be twice as great as the intensity of the K line. The curves 

2 

shown in Figure 16 were obtained with the spectrometer completely 

aligned. The anode current was maintained at 10 milli-amperes and 

the accelerating voltage was 15,000 volts for the curves in both 

Figures 15 and 16. 
The energy values of the copper K and K lines obtained from 

a^ a2 

Bearden's published data are shown on the horizontal axis in Figures 

15 and 16. These energy values were plotted on the horizontal axis by 

calculating the energy dispersion of the mica crystal in eighth order 

for the mean wavelength value of the Cu K and K wavelengths. The 

^1 ^̂ 2 
distance corresponding to the energy separation of the Cu K and K 

^1 ^2 
lines was thus found. Since the copper lines were used for calibration lines for the spectrometer, the position of the Cu K line pro-

1 
vides the standard from which the position of the Cu K line can be 

^2 
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Figure 15. Copper K and K Spectra 
a 1 a. 

with Mis-Aligned Spectrometer. 
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TABLE 1 

COPPER K , K SPECTRA OF FIGURE 15 
"l ^̂ 2 

Eighth Order Mica (001) 2d = 19.906A 

Proportional Counter: Gas Pressure-400 mm Hg 

Anode Voltage-1200 volts 

45 Values from Bearden's Data 

X(A) E(ev) 

K 1.540562 8,047.78 
a 
K 1.544390 8,027.83 
a 

Experimental Values 

^B 

38° 15 ' 11" 

38° 21 '55" 

A9g(a2 ~ a-i) 

6'44" 

AE(a^ - a^) AE(a^ - OL^'^ "^^^ ̂ ^^^^ ^̂ a ̂  

(observed) (Bearden) (observed) 

(ev) (ev) (ev) 

19.7 19.95 6.7 

(a) 

AE(a^ - a2) 

(observed) 

(ev) 

19.7 

AE(a, - ^2^ 

(Bearden) 

(ev) 

19.95 

(b) 

Half Width (K ) 
°̂ 1 

(observed) 

(ev) 

5.8 
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TABLE 2 

COPPER K , K SPECTRA OF FIGURE 16 
"l "2 

Eighth Order Mica (001) 2d = 19.906A 

Proportional Counter: Gas Pressure-400 mm Hg 

Anode Voltage-1200 volts 

46 Values from Bearden's Data 

X(A) E(ev) 9g ^^B^"2 " "l^ 

K 1.540562 8047.78 38° 15'11" 
^̂ l 6'4" 
K 1.544390 8027.83 38" 21'55" 
a, 

Experimental Values 

AE(a - a.^) AE(a^ - a^) Half Width (K̂  ) 

(observed) (Bearden) (observed) 

(ev) (ev) (ev) 

19.7 19.95 6.7 
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measured. The position on the horizontal axis in Figures 15 and 16 

at which the energy value for the copper K line was plotted was 
"̂ l 

thus estimated as the position of the maximum intensity value for 

the copper K line. In Figures 15 and 16 the position of the maximum 

intensity value, of the copper K line is seen to coincide v/ith its 
"2 

expected position plotted on the horizontal axis. However, in order 

to know the measured separation of the two lines with the greatest 

accuracy possible with the spectrometer, the intensity values obtained 

for the tvvTO lines would have to be analyzed in much greater detail. 

The position of the maximum intensity of each line should be very 

accurately determined by such an analysis. The energy separation of 

the two lines obtained with the spectrometer could then be very accur

ately determined and compared v;ith accepted values in order to ascer

tain the measuring accuracy possible with the spectrometer. 

Aluminum K and K in Second Order of Mica 
"l °2 

The aluminum K spectra as recorded is shown in Figure 17. 
"1,2 

For Figure 17 the detector was adjusted to maximize the K peak 

'̂l 

intensity. A time constant of 0.05 seconds corresponding to a stand

ard deviation of 10% was employed. The scan rate for this spectra 

was 500 seconds of arc every fifteen minutes which is the same as 

used for the copper spectra. Welch notes that in order to minir.ize 

statistical errors when recording spectra with a strip chart recorder, 

small time constants (less than three seconds) and slow scanning 

47 
rates should be employed. 

The energy values of the aluminum K and K lines obtained 
^^ a, a„ 
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TABLE 3 

ALUMINUM K , K SPECTRA OF FIGURE 17 
"l ^2 

Second Order Mica (001) 2d = 19.906A 

Proportional Counter: Gas Pressure-234 mm Hg 

Anode Voltage-1100 volts 

48 
Values from Bearden's Data 

X(A) E(ev) 

K 8.33934 1.48670 
a. 
K 8.34173 1.48627 
a, 

^B 

56° 5 4 ' 5 7 " 

56° 5 6 ' 2 8 " 

A93(a2 - a^) 

1 ' 3 1 " 

Experimental Values 

AE(a^ - a2) AE(a^ - a2) Half Width (K̂  ) 

(observed) (Bearden) (observed) 

(ev) (ev) (ev) 

.4 .43 .8 
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from Bearden's tabulated data are seen plotted on the horizontal axis 

in Figure 17. The position of these two lines was determiined in the 

following way. The energy dispersion of the mica crystal in second 

order for the mean wavelength of the aluminum K and K wavelengths 
"l "2 

was calculated, and the distance separating the energies corresponding 

to Al K and K line was obtained. The estimated positions of max-
"l "2 

imum intensity of the complete curve of Figure 17 was taken as the 

location of the Al K line. The position of the Al K line was 
"l °2 

then plotted on the horizontal axis at the calculated distance from 

the plotted position of the K line. In Figure 17 there is a slight 

hump very close to the calculated position of the Al K line. This 
^̂ 2 

hump has a maximum value of one-half the maximum value of the entire 

curve. This hump could therefore very well be the Al K line. How

ever, before it can be stated decisively whether or not the K and 
a 
1 

K lines of aluminum have been resolved, a much more detailed analysis 
"2 
of the data must be made. 

The reported linewidths of the K lines of the elements from 
'̂l 

49 
Ca(Z=20) to Ag(Z=47) are shown in Figure 18. The linewidth of the 

supposed K line of aluminum (Z=13) observed with the spherically 

bent crystal spectrometer is also plotted in the figure. The value 

for Al K reported in this thesis is slightly higher than the curve 

'̂l 
in Figure 18 would indicate. The Al K value, however, is completely 

°'l 
uncorrected while the other values are corrected widths obtained with 

multi-crystal spectrometers. 

The values for the resolving power of the spherically curved 

crystal spectrometer calculated with the equation given on page 31 
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using the measured values of the halfwidths for the Cu and Al K 

lines are seen below. 

RESOLVING POWER 

Cu 1500 

Al 39,200 

Uncertainties in the Measurements 

A major source of error at lov.̂  count rates is the statistical 

uncertainty in the counting of the photons; also the magnitude of 

statistical error depends only on the total number of quanta counted. 

For events occurring randomly in time, the probable deviation of the 

number of events observed, N, from the true average nu-.ber, N , is 

given by 

a = 0.675 /N 
P 

and the relative probable error is 

The relative standard deviation is 

u =-i 

Thus, if a probable error of 3% is desired, the total number of counts 

would have to be 506. The aluminum spectra of Figure 17 were recorded 

at a peak intensity for the K^ line of slightly over 300 counts per ^ 

second. 
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Another source of error is the uncertainty in the micrometer 

drive. The micrometer which rotates the crystal was motor driven 

with a small synchronous motor. The speed of the motor is dependent 

on the AC line frequency. The uncertainty in the speed of such a 

motor is certainly no greater than 0.01%. 

The intensity of an x-ray line as a function of the voltage and 

current is given by 

where V_, is the excitation potential for the line under study, V is 
0 • ' a 

the actual accelerating voltage used, and i is the anode current and 
a 

K is a constant. The error in intensity due to current and voltage 

fluctuations is therefore given by 

2AV 
a 

AI ^ ^ _ ! a 50 

a .. _ _0^ 
V 
a 

The power supply used for primary x-ray excitation in the spectrometer 

had an uncertainty in the voltage of 0.2%. The current regulating 

circuit described in Appendix I controlled the anode current to 

within at least 0.1%. Since the excitation potential was less than 

half the anode potential for all spectra recorded, the maximum varia

tion in intensity due to voltage and current fluctuations was 0.7". 

The effects of other sources of error such as electronic drift 

in the detection equipment was minimized by insuring that the equip

ment had been running for several days immediately prior to the 
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recording of spectra which insured that the components were in thermal 

equilibrium. 

In order to determine the width of a spectral line, the half 

maximum points of the line must be determined. To determine the 

intensity at these points, the peak intensity must be known. The 

uncertainty in the peak value must therefore be added to the uncer

tainty at each half maximum point. The uncertainty in the intensity 

at each half maximum point is thus 

" p + "1/2 = " T 

where AI is the uncertainty in the intensity of the peak point and 

AI . is the uncertainty in the intensity at the half maxinun point. 

The uncertainty in the peak intensity is 

AI = AI^ + AT _ 
p C VC 

and the uncertainty in the half maximum point is 

'h/2 ' " C ^ -^VC 

where AI is the probable error in intensity due to counting and 

AI is the probable error in intensity due to current and voltage 
V \u 

fluctuations. 

The intensity is related to the angular coordinate by the line 

shape. The uncertainty in the angular ordinate at the half maximum 

points caused by the uncertainty in intensity is a function of the 

slope of the curve at those points as slio n on the next page. 
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CN 
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The uncertainty of the angle introduced by the uncertainty of the 

intensity must therefore be added to that due to errors in the 

micrometer and chart drives in order to obtain the total probable 

error in the linewidth. 

Suggestions for Further Study 

The results obtained for the aluminum spectra v;ith the spheri

cally bent crystal spectrometer are sufficiently good to warrant 

continued study of the Al spectrum to try to establish the Al K 
a. 

linewidth as accurately as possible. The Al Ka satellites can per

haps also be studied with great resolution in second order. 

The linewidths of many of the light elements (Z - 15) should be 

studied for the purpose of insuring the accuracy of the spectrometer 

by comparing results with published data. 

A study of the K valence band of iron and sulfur in FeS should 

also be studied with this instrument with the intent of gaining some 

insight into the antiferromagnetic ordering of FeS. In particular, 
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the occurrence of intensity or wavelength shifts of the S K band 
^1 

or possibly both should be studied when the FeS target is heated 

above the Neel point (~ 330°C for FeS). Preliminary work by this 

author with FeS tended to indicate that such shifts were in fact 

observed. 

The spectrometer itself can be improved by the addition to or 

modification of some of its parts. In particular, a means of ad

justing the position of the entrance slit while a high vacuum is 

maintained in the spectrometer chambers is needed. Also, means for 

adjusting the crystal alignment v/ith the spectrometer evacuated is 

needed. In wavelength regions above 12 A, a much thinner counter 

window will be needed in order to obtain satisfactory count rates. 

The replacement of the high voltage power supply should also be con

sidered. A new power supply should have much higher current capability 

and greater voltage and current regulation if possible. Other pos

sibilities for improvement concern redesign of the filament and 

changes of target-filament geometry to obtain a more uniform anode 

current density. 
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APPENDIX I 

CIRCUIT FOR MAINTAINING CONSTANT BEAM CURRENT 

In the initial operation of the spectrometer, it was found that 

the x-ray beam intensity fluctuated considerably due to fluctuations 

in the electron emission of the filament. These fluctuations were 

caused by small variations in the filament heating current and by non

uniform electron emission from the oxide coating on the filament. In 

order to stabilize the x-ray beam, a current regulating circuit which 

maintains the current betvjeen the filament and x-ray target at a 

constant value was constructed. The following schematic drav.̂ ing 

shows this shunt current regulating circuit. 
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The principle of operation of the circuit is that the current 

through the filament F is increased or decreased by the shunting 

action of transistors Q2 and Q3. Transistor Q3 senses and amplifies 

any changes in the voltage drop across resistors R and R_ which is 

caused by a change in the electron beam current between the filament 

F and target T. Transistor Q3 thereby controls transistor Q2 which 

in turn controls the filament current. The circuit thus controls 

the filament heating current in such a way that the electron beam 

current collected by the target remains constant. The remaining 

part of the circuit is simply a voltage regulated DC power supply 

which supplies the current regulating circuit with the necessary DC 

voltage to operate. The entire circuit with the exception of trans

former T is maintained at the excitation potential used for the par

ticular metal being investigated. The transformer T2 is an isolation 

transformer which serves to isolate the variable transformer T^ from the 

high voltage at which the circuit is maintained. 

The filament heating current is adjusted to the approxir. atoly 

desired value by adjusting the variable transformer, T . The fine 

control on the filament heating current is effected by adjusting the 

potentiometer R„ which sets the value at which the regulating circuit 

maintains the current. 



APPENDIX II 

THE EFFECT OF SLITWIDTH ON LINESHAPE 

Richtmyer has analyzed the effect of slitwidth on lineshape as 

observed with the single flat crystal using a slit system consisting 

of two slits of equal width s separated a distance D. The arrange

ment is seen in Figure 1. Assume that the first slit is illuminated 

by a source of uniform intensity shown on the extreme left side of 

Figure la. 

Richtmyer states: 

Starting from 0 = 0 and turning the crystal counter
clockwise, no reflection of the line x will be observed 
until the crystal planes make an angle 9-> with the line 
a-ĵa2̂  which is defined by the far edge of the left-hand 
slit and the near edge of the right hand slit. As the 
crystal is rotated beyond this position the planes make 
the angle 9, with a beam of parallel rays of v:idth w as 
shown in the figure. [See Figure la.] This width w will 
increase and the apparent intensity of the reflected 
line will accordingly increase until the crystal position 
is such that w is equal to the slit width s-|_. Beyond 
this point w will decrease to zero when the crystal 
makes the angle 0, with the line a2a2. Since s-^ is 
always very small compared to D this change of w (in
crease or decrease) is a linear function of the angular 
position of the crystal. Hence the observed shape of 
the line should be a triangle with a base of which the 
angular width is given by 2s . [See Figure Ic] 

D 
If the slits be of unequal width, say S and s 

similar considerations show that the apparent shape of 
the line will be an isoceles trapezoid the base of 
which has the angular width S -f s. [See Figure Id.] 

D 

Richtmyer goes on to state that the apparent shape of a close 

doublet will be materially influenced depending on whether the 

spectrum is observed with equal or unequal slitwidths. If unequal 

95 
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a = 

2s 

D 

(a) (c) 

a w 

a = 
S-t-s 
D 

(b) 
(d) 

Figure 1. Effect of Slitwidth on Lines^Mpc 
for Flat Crystal Spectrometer. 
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slitv/idths are used, the position of the maximum of the stronger line 

will be shifted slightly from its true position. 

Curved Crystal Lineshape 

The expected lineshape produced by the single slit of the spheri

cally bent crystal spectrometer will now be considered. Figure 2 shows 

the actual target, slit, and crystal arrangement of the spherically 

bent crystal spectrometer. The single slit of width S used in the 

instrument is located the distance 1 from the crystal as shown in the 

figure. 

As the crystal is rotated counter-clockwise, no rays can strike 

the crystal until the crystal makes an angle 9 with the line drawn 

from the crystal to the point on the focal circle which coincides 

with the left side of the slit denoted by A. All rays of wavelength 

X = 2d sin 9 passing through this point which strike the crystal 

are reflected to the image point A' located on the right side of the 

focal circle. The points A and A' are located symmetrically with 

respect to the line passing through the center of the focal circle 

and the center of the crystal. The crystal is assumed to be rotated 

about its center point. It is easily seen from Figure 2 that only 

the rays originating from a portion of the target may pass through 

point A and strike the crystal. Thus the intensity of the incident 

and reflected beams increases as the crystal is rotated further. The 

maximum intensity is reached when the crystal makes the angle 9̂  with 

the point on the focal circle located in the center of the slit denoted 

by 0. At this angle rays of wavelength X = 2d sin 9̂  from the entire 
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Crystal 

Target 

Figure 2. Effect of Slitwidth on Lineshape for 
Spherically Bent Crystal Spectrometer, 
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illuminated portion of the target may pass through the point 0 located 

on the focal circle in the center of the slit and be reflected to 

the image point 0'. The intensity decreases as the crystal is rotated 

still further. When the crystal makes an angle 9 with the line from 

the point on the focal circle on the right side of the slit, the 

intensity of the reflected beam is the same as for the rays from 

point A which were reflected by the crystal previously. The shape 

of the line of wavelength X recorded by this spectrometer is thus an 

isoceles triangle with a base of angular width a = y. This is simi

lar to the case of equal slitv/idths for a flat crystal discussed by 

Richtmyer. 

This analysis assumes tiiat the center of the illuminated portion 

of the target lies on the line drâ -n from the center of the crystal 

through point 0 in Figure 2 and that the illumination is uniform over 

this area. In the operation of the spectrometer this condition could 

be easily insured. Since the lineshape produced with the splierically 

bent crystal spectrometer is an isoceles triangle, the positions of 

the maxima of a close doublet will not be shifted. The spherically 

bent crystal spectrometer thus yields accurate information on the 

separation of a close doublet. 


