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CHAPTER I 

INTRODUCTION 

Historical Introduction 

The discovery in 1912 by Laue and his co-workers of X-ray dif

fraction led to the formulation of the law of reflection of X-rays in 

2 3 
1913 by the Braggs. ' This was follox̂ 7ed by the development of the 

4 5 6 

X-ray spectrometer by Compton and Davis. * The idea of the use of 

a curved crystal instead of a flat crystal is due to M. deBroglie, 

and subsequently led to the development of the curved crystal spec-
o 

trometer. Schwarzchild provided the theoretical basis for the two 
9 

flat crystal spectrometer in 1928. Cauchois provided the theory 

for a single curved crystal transmission spectrometer in 1932. 

General Introduction 

This thesis is divided into two parts. The first part deals with 

the theory for the use of a single curved crystal in a spectrometer 

and also discusses the theory for the use of two curved crystals in 

a transmission spectrometer. A brief section on the restrictions on 

the two curved crystals' relative positions and alignment is included. 

This theory is presented to show that it is possible to construct an 

instrument with two curved crystals that meets the requirements for use 

in spectroscopic v/ork. The second part gives some experimental re

sults obtained with the first instrument of this type, a two curved 

crystal transmission spectrometer. These experimental results include 

alignment and linewidth determinations. 



CHAPTER II 

THEORY OF SINGLE CURVED CRYSTAL TRAASMISSIOI; SPECiRCi.'ETER 

Formation of Spectra on Focal Circle 

The single curved crystal spectrometer, as its name suggests, 

consists of a spectrom.eter using a crystal that is curved to form a 

portion of a right cylinder's surface. To see how a curved crystal 

forms a spectral line consider what happens when monochromatic X-rays 

are incident upon a curved crystal whose reflecting planes are normal 

to its curved surface as in Figure 1. Some of the X-rays will have 

the proper incident angle to undergo Bragg reflection while the rest 

of the X-rays are transmitted through the crystal, if one neglects 

absorption. Consider two such rays that are Bragg reflected at some 

angle 6 as shown in Figure 1. Following Compton and Allison, impose 

a set of coordinate axes upon the center of the circle vjhich contains 

the arc that is the crystal, AA', as shown in Figure 1. 

From the Figure it can be seen that the two rays converge tov7ards 

each other. Calling the polar angle of the point of incidence on 

the crystal as measured from the x axis w, and utilizing the two 

triangles BOC and EOD, the general x and y coordinates of the points 

C and D are found to be: 

X = -(Rsine)cos[(7T/2 + 9) -co], 

y = (RsinG)sin[(TT/2 + 6) - w], 

where R is the radius of curvature of the crystal. In most cases only 
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a small portion about the center of the crystal is utilized so the 

angle w is nearly equal to T[/2. Thus x and y can be reduced to: 

X = -RsinOcosG, 

2 
y = Rs in G. 

The type of curve these general points form is more obvious when the 

coordinates are squared, added together, rearranged, and R /4 added 

to both sides of the equation. One obtains the equation of a conic: 

x^ + (y - R/2)^ = (R/2)^. 

This is the equation of a circle of radius R/2 with its origin 

at the point (0,R/2) and is labeled the focal circle in Figure 1. 

The rays of wavelength X corresponding to a Bragg angle of 9 are 

focused on this circle giving an appreciable intensity gain at the focal 

spot. This is an inexact sort of focusing effect because the ends 

of the crystal do not lie on the focal circle since the radius of 

curvature of the crystal is R and the radius of the focal circle is 

R/2 thereby causing a purely geometrical linewidth at the focal point 

of the monochromatic line. 

Linewidths and Resolution 

Finding an analytical expression for the geometrical width caused 

by this end effect is most easily accomplished by expressing the geo

metrical width in terms of the distance from the ends of the crystal 

to the focal circle, the distance BC in Figure 2. Using series ex

pansions, the binomial theorem, and the fact that a is small, it can 



Defocu3 3in,^ Di^-tAncG 

Figure 2 



be shown that BC = AB =- r (â /4).''""̂  

Figure 3 is used to find the geometrical lin^vidth at the focal 

circle due to the rays from the ends of the crystal. Note that in 

Figure 3 BC has been re-labeled a. The X-rays from these extreme 

ends-are labeled EB and FC. GA and HA are lines parallel to EB and 

FC, respectively. Knov/ing a, it is necessary to find the geometrical 

width b; construct the small triangles with b as the hypoteneuse as 

in Figure 3. From these triangles it can be seen that b can be found 

if the distance between the parallel lines HA and FC and the angle 6 

are kno\im. It should be noted that b is indeed this geometrical line-

width because rays from Q v/ill reflect to the spot A as will the rays 

from G and H since all three points are on the focal circle. 

The distance between the parallel lines HA and FC is HN, and the 

distance betv/een the parallel lines GA and EB is CM. From the triangles 

HNF and EMG it follows that HN = GM = asin({). The angle 3 can be found 

from the equality of the two exterior angles of triangle GOA. GOA is 

an isoceles triangle, thus the interior angles at G and A are equal 

and the exterior angles at G and A must also be equal. Equating the 

exterior angles one finds 3 = TT/2 -(({)+ a/2), from which asincj) = 

bsin[7r/2 - (cj) + a/2)] for ray FC follows immediately as does asin:J) = 

bsin[iT/2 -(<{)- a/2)] for ray EB. In general a will be small compared 

2 

to ((), thus asin(|) = bsin(7T/2 -<{)), from which b = atan({), or b = r(a /4) 

tan(|). Note that a is shown much larger than actual relative size 

in Figure 2 and Figure 3 only for demonstrative purposes. Replacing 

a by the crystal's linear opening 8 and expressing b in terms of the 
2 

radius of curvature of the crystal, R = 2r, one finds b = (8 /8R)tan({>. 
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This is the geometrical linewidth for an infinitely thin crystal. 

To see how crystal thickness affects the geometrical widLh con

sider Figure 4. ilk thickness such as y moves the ends of the crystal 

farther from the focal circle and so gives rise to an additional de-

focusing effect. From the previous arguments one finds the geometrical 

width due to a thickness y is b' = ytan^.^For a thickness 6 that is 

inside the assumed radius of curvature, the ends of the crystal are 

brought closer to the focal circle and the defocusing effect is de

creased. However, the center portion of the crystal is no longer on 

the focal circle and thus gives an additional geometrical width 

b" = 6tan<{j by arguments similar to those used previously. 

Thus the total geometrical width b for a crystal of some thick-

2 
ness is: b = (t + b /8R)tan(i), where t = y + 6 and is the total crystal 

thickness. 

There are various other widths that can be present in addition 

to this geometrical width. One additional width is due to vertical 

2 12 
divergence and is equal to (h /8R)tan(t), where h is the vertical 

distance used at the crystal. If film is used to record the spectra 

12 

an additional width qtancfi is introduced, where q is the thickness 

of the film. Additional widths also arise when the film is not placed 

exactly on the focal circle or the radius of the focal circle and film 
13 

are not equal. Cauchois discusses many of these additional \i7idths. 

The actual instrumental width, i.e., the window used to explore 

spectral lines, is some unknown combination of all these possible 

widths. However, the largest of these widths are functions of tan>t 

so the instrumental v/idth should decrease as ^ is decreased; this 

file:///i7idths
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means the instrumental width is decreasing as the spectra is moving 

along the focal circle towards the point P in Figure 4. 

The linear dispersion ds/dX for a curved crystal on its focal 

circle can be obtained from the Bragg law nX = 2dsin-,' by differen

tiation, i.e., dX = (2d/n)cos(i;d((), and manipulation. The arc length 

on the focal circle corresponding to an angular increment d(f) is equal 

to: ds = Rd(}), where R is the radius of curvature of the crystal. 

Note that ds is independent of its position on the focal circle since 

it represents an angular increment. Thus ds/d X = (nR/2dcos({)), or 

ds/dX = (R/X)tan(f). Note that the dispersion is inversely proportional 

to the wavelength and proportional to the radius of curvature. Thus 

the dispersion can be increased by using a large radius of curvature 

or by using small wavelengths, i.e., gamma-rays. Increasing the 

radius of curvature decreases the geometrical width. It should be 

noted that all the preceeding formula for linevzidths and dispersion 

are also applicable to reflection when (}) is replaced by 7T/2 - 9; this 

replaces all tan(|)'s by cotB's, where 9 is the Bragg angle as measured 

from the reflecting planes which are now parallel to the focal circle 

instead of perpendicular as in the transmission case. 

As an example of what the v/idths are at the focal circle, examine 

the width of the CuKa line on the focal circle of an eleven inch 

radius of curvature quartz crystal using the (1011) planes with a "d" 

o 

spacing of 3.3428 A. The CuKa linewidth is 0,43 Xu. at half-maximum 

and the peak occures at a wavelength of 1.5374 KXu. corresponding to 

a Bragg angle of 13° 19'. From ds/dX = (R/X)tan({) one easily finds 

ds = (dX/X)Rtan(|), where ds is the width of the CuKa-ĵ  line at the 
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focal circle when dX, X, and (^ correspond to the half-v/idth, \7ave-

length, and Bragg angle for the CuKa line. Substitu-tion gives the 

values: ds = 1.86 x lo"^ cm. , b = (8̂ /8R)tanq- = 1.06 x lO"^ cm., 

and b' = dtan(|) = 6.01 x 10 cm., V7hen 8 is 0.1 cm. and d is 0.025 cm. 

The major error in the width at the focal circle arises from the 

crystal thickness since this width from thickness is even larger than 

the natural width. Consider what happens if the reflecting planes 

are inclined at an angle to the crystal surface so as to rotate the 

spectra towards the origin of the circle that is formed by the crystal 

by 10° 19'. The effective Bragg angle is 3° 0' for which the CuKa 

line's width at the focal circle is still 1.86 x 10 cm. and the pre-

— f i 
viously calculated geometrical vzidths become 2.34 x 10 cm. and 

-3 
1.33 X 10 cm., respectively. This decrease in the geom.etrical width 

explains the practice of inclining the planes to rotate the spectra 

to an effectively smaller Bragg angle. 

The real problem is how to make a correction for these geometri

cal widths and the crystal's diffraction pattern to obtain only the 

natural linewidth from the actual observed linewidth containing the 

21 
natural and geometrical widths in some unknown manner. Brogren 

has shown that to make a correction for an error function, the width 

measurement and the error function must be synmietrical. There appears 

no way to correct the observed v;idth for the geometrical width, which 

is highly asymmetrical. The crystal thickness used must be made as 

small as possible to minimize the geometrical width's influence on 

21 
the observed width. Brogren also states that to m.ake a correction 

for the diffraction pattern of a crystal, the crystal must be con-

file:///7ave
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sidered "perfect" and not be very mosaic; thus linewidths measured 

with a single curved crystal cannot be corrected for the crystal's 

diffraction pattern since a curved crystal is generally considered 

more mosaic in structure than a similar flat crystal. As Brogren 

says, "...It seems at present impossible to construct a formula that 

gives the relation between the natural linewidth and the width ob-

18 
tained with a curved crystal spectrometer." One possible method 

of resolving this dilenmia ̂ r̂ould be to use an identical flat and curved 

crystal of the same "d" spacing and measure the linev/idth of a M8ssbauer 

source to see how the diffraction pattern and geometrical width affect 

the observed width. This type of experiment could also be used to test 

the present correction formulas and possibly determine a single crystal 

diffraction pattern experimentally to compare with its theoretically 

calculated value. 

Resolving power is defined as X/dX, that is, the smallest increment 

of wavelength that can be observed (dX) at some wavelength (X) divided 

into the wavelength (X). Through the Bragg law, one can express the 

resolving power as tan(|)/d(j), where <^ is the Bragg angle for the wave

length X and d(|) is the angle the crystal can be rotated and still 

reflect the wavelength X. However, d^ is a rough measure of the 

mosaiticity of the crystal, the larger dcf) the higher the mosaiticity 

or the greater the lack of perfection. The usual procedure is to 

express the resolving pox̂ êr in terms of the angular dispersion, 

D = d(|)/dX; this gives X/dX = DX/oj, where 03 is the full width at half-

maximum of a spectral line whose maximum is at the wavelength X and D 

is the angular dispersion. 
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There are two types of resolution used in spectroscopy: geor-'t-

rical and physical resolution. To obtain the geonctrical resolvir^ 

power the crystal(s) is assumed perfect and the deviation (d<^) from the 

Bragg angle due to the slit system is found. To obtc-̂ in physical 

resolving power the slit system is assumed perfect and the crystal(s) 

is real with the consequent deviations from the Bragg angle found; 

the higher the mosaiticity of the real crystal the lower its resolving 

physical power. 

The usual procedure in curved crystal spectroscopy is to allow 

a highly divergent beam of X-rays to fall on the crystal and let the 

crystal reflect those rays of the proper angle and v/avelength for 

the crystal's "d" spacing. In single flat crystal spectroscopy the 

incident rays are made as nearly parallel as possible to give a highly 

defined Bragg angle at the crystal, resulting in a high geometrical 

resolving power. A curved crystal reflects only those rays that V70uld 

be focused on the focal circle if the crystal ^̂ 7ere not present in the 

beam; thus, the geometrical resolving power for a curved crystal is 

increased by using a slit system that gives a convergent beam, i.e., 

one that gives a highly defined Bragg angle at the crystal. This 

slit system could consist of plates arranged in a radial fashion to 

form a fan-like shape with the X-ray beam passing between the adjacent 

plates that form the slit jaws. The system should produce a highly 

22 
focused beam for the highest resolution. Richtmyer has shown that 

a slit system consisting of unequal slit widths, which is necessary 

for a convergent beam, causes shifts in the intensities and line shape 

of a "close doublet" for a flat crystal. It is a sirple matter to 
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show that Richtmyer's results are opposite those necessary for curved 

crystals (see Appendix I). The simplest method of obtaining a highly 

convergent beam is to use one curved crystal's reflected beam, and 

then use a second curved crystal to analyze the first crystal's re

flected beam. This is analogous to the flat crystal case where the 

first crystal is used to provide a highly parallel beam for the second 

crystal to analyze; this first crystal is used as a slit system since 

no easily made slit system has an angular divergence less than a 

single crystal diffraction pattern's angular width. 

In single flat crystal spectroscopy the geometrical resolving 

power is made very large so that the actual resolution of the spec

trometer is limited only by the crystal's diffraction pattern, i.e., 

by its lack of perfection or mosaiticity, since there are no geomet

rical widths present as in the curved crystal case. In curved crystal 

spectroscopy the resolution can be increased by increasing the dis

persion or decreasing the geometrical widths. Note that increasing 

the resolution does not necessarily mean an increase in dispersion 

or decrease in geometrical width. 

Crystal Bending 

There are two general methods of bending a crystal: imprison

ment or four points of contact. The method of imprisonment involves 

imprisoning the crystal against a cylindrical block of metal of the 

desired radius of curvature with ports to allow X-rays in and out. 

This imprisonment may be by means of another cylindrical block or 

any method that holds the crystal against the block to insure that 
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the crystal has the same radius as the block. The meLhod of four points 

of contact uses two points on the same side but opposite ends of the 

crystal and the second pair of points on the opposite side near the 

center of the crystal. The tv70 center points are used to increase or 

decrease pressure on the crystal to decrease or increase the radius of 

curvature of the crystal, respectively. For the highest resolution 

1 fi 
the- method of imprisonment is recoimiiended. 

The requirements imposed on crystals used in a curved crystal 

transmission spectrometer are much more stringent than those for flat 

crystals used in a flat crystal spectrometer. In a flat crystal 

spectrometer the reflecting planes need only be roughly parallel (for 

reflection) or perpendicular (for transmission) to the surface of 

the crystal on which the X-ray beam is incident. The holder of the 

crystal is then adjusted to make the reflecting planes parallel to the 

axis of rotation. For a tv;o crystal spectrometer the two axes are 

made parallel to each other, thus the reflecting planes of the two 

crystals will be parallel, giving minimum linewidths if all other 

alignments are completed. The only stringent requirement on the flat 

crystal is that it can be considered perfect. 

For curved crystals the problem is complicated by the bending 

process itself. The crystal can be bent in any arbitrary manner to 

18 

the desired radius of curvature and the bending is elastic; a per

fect crystal before bending is still a perfect crystal after being 

bent and returned to its unbent state without exceeding its elastic 

limits. Inhomogeneous strain in a crystal changes the crystal's re-
no 

fleeted beam intensity. The crystal must be homogeneously bent to 
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eliminate, any such undesired intensity changes; the perfect bent 

crystal is a perfect flat crystal that is homogeneously bent. 

Consider what happens v;hen a crystal is bent. Assuire that the 

crystal is a rectangle with a siaall thickness; if the crystal is bent 

to some radius of curvature, then forces are acting on the crystal 

to keep it in the bent state. These forces act through a moment arm 

of length dependent on the distance from the center of the crystal. 

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

in the distance from the center of the crystal; this is equivalent 

to saying that the force acting on a particular portion of the crys

tal is dependent upon the portion's distance from the center of the 

crystal. Thus the force maintaining the bent state varies linearly 

with the distance from the center of the crystal, and the forces 

causing compression on the inner surface and extension on the outer 

surface also vary linearly with the distance from the central portion 

of the crystal. See the illustration below, where the force at a 

point is proportional to the length of the line representing it. 

Assume that in homogeneous bending the forces acting on the re

flecting planes are symmetrical upon rotation by 180° about the center 

bending 
forces 

cylindrical surface 

cen 

forces 

er 
plane 

cs-

exten-
sional 
forces 
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unbent reflecting plane. Then the crystal sides that are opposite 

each other must be parallel to each other and perpendicular to the 

other sets of opposite sides in the unbent state. This symmetry also 

requires that the axis of generation of the right cylinder on the 

block serving as a crystal bending element be perpendicular to the 

top and bottom planes of this block, which are also parallel to each 

other. This ensures that the radial reflecting planes converge to 

the axis of generation of the cylinder formed by the bent crystal. 

Note that if the reflecting planes do not converge to the axis of 

generation, the tops and bottoms of the reflecting planes are subject 

to forces that are not equal, causing some inhomogeneous forces to 

be acting on the reflecting planes. 

It is possible to incline the planes at some angle to the face 

of the crystal on which the X-rays are incident and the planes will 

still converge to the axis of generation. This inclination rotates 

the spectra tovjards the center of symmetry of the focal circle giving 

a smaller geometrical width. Inclination means that the forces that 

cause extension and compression are no longer perpendicular to the 

reflecting planes as in the non-inclined state, but are now inclined 

to the planes. This causes a component of these forces to act along 

the reflecting plane, causing som.e sort of distortion. Thus the 

practice of inclining the planes to minimize the geometrical width 

does not give homogeneous bending. Without rigorous theory it seems 

impossible to say which width is larger, that of homogeneous bending 

and a large geometrical width or that of inhomogeneous bending with 

a smaller geometrical width due to inclination. This question could 
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be resolved by measuring a line's v/idth with a curved crystal with 

inclined planes and one with the planes perpendicular to the surface, 

to see v/hich crystal gives the smallest linewidth. 

When the crystal is bent correctly the geometrical width is 

slightly smaller than that given by the previous formula. This 

can be attributed to the interplanar distance becoming slightly larger 

at the convex surface and slightly smaller at the concave surface 

than the unbent interplanar spacing. Using the example from the pre

vious section of the eleven inch radius quartz crystal, this change 

o 

in interplanar distance is 0.0015 A allowing a change in the Bragg 

angle of ±23" with reflection of the peak still taking place. This 

means that if one uses a slit system, giving a highly parallel beam 

then one wavelength is reflected for the entire range ±23" or approx

imately one minute of arc, since as the crystal is rotated different 

parts of the crystal satisfy the Bragg angle for the wavelength causing 

an "extended" Bragg angle. Thus one cannot expect very good results 

from curved crystals if slit systems for flat crystals are used with 

the curved crystals. 

Brogren states "...some broadening effects owing to bending 

appear, but it is not possible to explain how they are caused. To 
18 

a great extent they may be results of inexact curvature..." The 

fact that there is broadening effects from bending is supported by 

the fact that the integrated reflection coefficient for a flat crystal 

exhibits a wavelength dependence expected for a perfect crystal, while 

19 
that of a curved crystal exhibits the dependence of a mosaic crystal. 



CHAPTER III 

THEORY OF TWO CURVED CRYSTAL TRANSMISSION SPKCimiETi'P. 

IntroductJon 

Before explaining the position of two curved crystals in trans

mission an explanation of the ideas that led to the development of 

a two curved crystal spectrometer is in order. The two flat crystal 

spectrometer was an extension of the single flat crystal spectrometer 

in the attempt to achieve higher resolution and greater intensity. 

The usual procedure in a two flat crystal spectrometer is to fix the 

first crystal at some angle, position the second crystal in the first 

crystal's reflected beam, and then rotate the second crystal; thus 

the first crystal serves as a collimator v̂ 7hose output is analyzed by 

the second crystal. This use of one crystal as a collimator is a nat

ural one since it is difficult to manufacture a slit system whose 

divergence approaches the width of a perfect crystal's diffraction 

pattern vaithout appreciable loss of intensity or prohibitively large 

geometry. In an earlier section the author made a similar suggestion 

with regard to curved crystals; it was to use one curved crystal as 

the slit system (i.e. curved collimator) and analyze this first 

crystal's reflected beam with a second curved crystal. Thus the tv;o 

curved crystal spectrometer also results from an attempt to increase 

the resolution of its corresponding single crystal spectrometer. 

Restrictions on the Second Crystal and Operating 
Positions of the Tv;o Crystal Spectrometer 

For the proper placement of a second curved crystal in the rc-

19 
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fleeted beam from the first curved crystal, the focal circle of Llie 

first and second crystal must be coincident with each other at the point 

where the reflected beam from the first crystal is focused on the 

first crystal's focal circle. The reflected beam focal point of the 

first crystal must coincide with the transmitted beam focal point of 

the second crystal for the second crystal to have a reflected beam; 

this is because a single curved crystal only reflects those rays that 

are converging to a point on the focal circle that is symmetrically 

disposed about the Y axis to the reflected beam point, as in Figure 5 

the point B for the first crystal. Assume that the two crystals are 

made of the same material and utilize the same "d" spacing. Let the 

radius of the first crystal's focal circle be R, then the radius of 

curvature of the first crystal is 2R; also, let the radius of the 

second crystal's focal circle be r so its radius of curvature is 2r. 

As long as the two focal circles are mutually coincident at the 

first crystal's reflected focal spot, the reflected beam of the second 

crystal is always focused for any value of R and r. Assume R and r 

are arbitrary V7ith the condition that.R is larger than r. From 

Figure 5, the general coordinates of the points (x,y), (x',y'), and 

(x",y") are: (x,y) = ([R - r] sin 29, [R - r][l - cos 29]); 

(x',y') = ([R - r] sin 29, [R - r][l - cos 29] -I- r) ; (x",y") = 

([R - r] sin 29, [R - r][l - cos 29] + 2r). To obtain the equation 

of the focal circle of the second crystal use the point (x',y') as (^{tV) V- • 

the origin of a circle of radius r to obtain/[x - (R - r) sin 29] + [. - y^ 

7 2 ' 
[y - (R - r)(1 - cos 29] = r . The equation of the circle representing 

the second crystal is obtained from (x,y) and is found to be 



21 

Tvo TMrvf'! CT v j r/!". s 

rifure 5 



22 

[x - (R -.r) sin 29]^ + [y - (R - r)(1 - cos 20)]^ = (2r)^. The 

equation of the focal circle of the first crystal is x^ + (y - R)^ = R^. 

The equation of the circle that represents the first crystal is 

2 2 2 
X + y = (2R) . In order for the transmitted and reflected beam 

points to be symmetrically disposed opposite each other for the second 

crystal, the center of the second crystal must alŵ ays lie on (i.e. 

reflect) the ray reflected from the center of the first crystal. Two 

of the points that determine this ray from, the first crystal are the 

center of the first crystal and the first crystal's reflected beam 

focal point whose coordinates are (0,2R) and (Rsin 20, R[l - cos 29]) 

respectively. After expanding the double angles, the equation of 

this reflected ray is [y - 2R]/[2R sin^G - 2R] = [x - 0]/[2R sin9cos9 - 0], 

which reduces to y - 2R + x cot9 = 0. The coordinates of the point 

that is the center of the second crystal are the same as (x",y"). 

When the double angles are reduced and these points are substituted into 

the equation for the reflected ray, the equation reduces to an identity, 

0 = 0 . Thus the reflected beam from the first crystal's center is 

always reflected by the center of the second crystal regardless of 

the values of R, r, or 9, as long as the two focal circles satisfy 

the coincidence requirement stated above. 

The ends of the second crystal always reflect the rays from the 

corresponding ends of the first crystal. Call the angular opening of 

the first crystal a, as in Figure 5, then the angular opening of the 

second crystal must also be a; the end reflecting plane of the second 

crystal must make the same Bragg angle as the end reflecting plane 

of the first crystal which is only possible if the end planes of the 
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two crystals are parallel. Expressing the coordinates of these end 

planes in terms of the angular opening a and the radius of the re

spective crystal one finds (2R sina, 2R cosa) for the first crystal's 

end plane and (2r sina + [R - r] sin 29, 2r cosa + [R - r][l - cos29]) 

for the second crystal's end plane. The equation of the ray reflected 

from the end plane of the first crystal is [y - 2R sin 9]/[2R cosa -

2 
2R sin 9] = [x - 2R sin cos ]/[2R sina - 2R sinGcosG], which reduces 

2 
to y(sina - sin9cos9) + x(sin 9 - cosa) + 2R sin9cos(9 + a) = 0. 

Substitution into this equation of the coordinates of the end plane 

of the second crystal results in the identity 0 = 0 . So the ray from 

the end plane of the first crystal is always reflected by the cor

responding end plane of the second crystal for any R, r, 9, or a. 

Since a is unspecified, this holds for any pair of parallel planes 

in the two crystals and reflection occurs between these corresponding 

planes in the two crystals. 

Putting the general coordinates (x",y") into the form of a conic 

equation to see how the second crystal moves as 9 is changed, one 

2 2 2 

finds x + [y - (R - r)] = (R - r) , where the double primes have 

been dropped. This is the equation of a circle of radius R - r V7ith 

its origin at the point (0,R + r). This circle is labeled the 

auxiliary focal circle in Figure 5. Thus the center of the second 

crystal must always lie on the auxiliary focal circle whose radius 

and origin are determined by the radii of the two curved crystals 

used. __———— 

The choice of the radii of the two crystals is arbitrary, how-

ever, the instrument used by the author had the radius of curvature 



24 

of the first crystal double the radius of curvature of the second 

crystal. This choice soraevrhat facilitates alignr.u'nt since it requires 

that the center of the first crystal's focal circle lie on the second 

crystal's focal circle, as shown in Figure 5. It permits an easy 

mechanical arrangement to ensure that the two crystals are in the 

proper positions. This could consist of a pin at the center of the 

second crystal to ride in the auxiliary focal circle groove and a 

pin at the center of the first crystal's focal circle that rides in 

a groove that is the second crystal's focal circle. 

From Figure 5 it can be seen that the second crystal can be 

rotated about the point (x",y") and thus there are tv7o positions of 

the second crystal V7here the two crystals' focal circles intersect and 

meet the coincidence requirement. These two positions are shown in 

Figure 6; they are labeled the (1,+1) and the (1,-1) positions. The no

menclature is from flat crystal spectrometry usage. In the (1,-1) 

position the corresponding reflecting planes that reflect rays between 

each other are parallel in the two flat crystals as shown in Figure 6. 

In the (1,-1) position for curved crystals, the same corresponding 

planes between which rays are reflected are also parallel, as shown 

in Figure 6. Similarly in the (1,+1) position the corresponding 

planes make an angle twice the Bragg angle as in the flat crystals 

case. 

As in flat crystal spectrometry, the nondispersive or (1,-1) 

position gives the combined diffraction pattern of the two crystals 

while the dispersive or (1,+1) position is used to record the line 

profiles. In flat crystal spectrometry the (1,-1) curve width is 
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used to record the line profiles. In flat crystal spectrometry the 

(1,-1) curve width is used as a measure of the perfect!r,n of the 

crystals V7hen properly aligned; the sr.aller the width, the more per

fect the crystals are assumed to be. Once the (1,-1) curve wJdth is 

made as small as possible the spectrometer is used in the (1,+1) 

position to scan lines to obtain their shapes and v-idths; when the 

(1,-1) curve width is subtracted from the (1,+1) curves the resulting 

widths are taken to be the "natural" linewidths. This subtraction 

depends on the two crystals being perfect, i.e., having a small 

(1,-1) curve width, but a curved crystal is held to be m.ore mosaic than 

its flat crystal counterpart. This lack of perfection casts doubt as 

to whether one may subtract the (1,-1) curve width of a two curved 

crystal spectrometer from its (1,+1) curves to obtain "natural" line-

widths. The only possibility for justification of this subtraction 

in curved crystals is that the (1,-1-1) and most especially the (1,-1) 

widths are comparable to those of a two flat crystal spectrometer 

using the same crystals with the same "d" spacing and the same physical 

arrangement. 



CHAPTER IV 

CONSTRUCTION AND ALIGN!lEKT OF A TWO CURVED 
CRYSTAL TRANSMISSION SPECTROMETER 

General Construction kequî t̂ C'pientŝ  

The general construction requirements of a multi-crystal spec

trometer are that the rotation axes be well-defined, stable, adjustable 

and capable of reproducible small rotations, and that the crystal 

holders provide reproducible tilt adjustments and stable translation 

adjustments. 

The construction of a tv70 curved crystal spectrometer is similar 

to the construction of a tŵ o flat crystal spectrometer, but has the 

additional requirem.ent that the axis of rotation of the second crys

tal be capable of movement perpendicular to and tangent to the aux

iliary focal circle. This additional requirement is most easily 

satisfied by mounting the second crystal's rotation axis so that it 

may rotate about the center of the auxiliary focal circle, i.e., 

tangent to the focal circle, with an adjustable radius, i.e., perpen

dicular to the focal circle. 

For curved crystals there is also the necessity for a method 

of bending; since the method of imprisonment gives the best resolu

tion, it is the logical choice for the method of bending. This means 

manufacturing with high precision a cylindrical surface of the de

sired radius of curva:ture with its axis of generation perpendicular 

to the base of the metal block to be used as the crystal holder. 

There is also the requirement of an extremely stable, adjustable 

27 
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high voltage source for use with the X-ray tube; this power source 

should also be able to control the current flow through the X-rny 

tube. The detection system must also meet rather stringent requirc-

ments. 

Specific Spectrometer Used in these Experiments 

The design and construction of the original two curved crystal 

spectrometer was completed at California Institute of Technology by 

Dr. Das Gupta and V7as used by him at that institution in various experi

ments. The original instrument was discarded as unsuitable for spec

troscopic work and only the two crystals and their holders for bending 

retained. Some data was taken with these two original quartz (1011) 

planes crystals, but the accidental breakage of one of the crystals 

during an X-ray tube replacement required that both crystals be re

placed. The two replacement crystals are mica. Thus the only original 

equipment used in the present spectrometer is the two holders for 

bending. These two holders are made of brass and consist of concave 

and convex surfaces of the same radius of curvature V7ith the crystal 

imprisoned between them. There are ports to allow X-rays in and out 

of the pieces of brass. The two holders have radii of 11.000 inches 

and 5.500 inches. 

The spectrometer base is a modified two crystal spectrometer base. 

A modification was made to allov̂ 7 the second crystal's axis of rota

tion to be translated towards or av7ay from the first crystal's axis 

of rotation by installing the plate that holds the second crystal's 

rotation axis on a movable slide*; the slide is in turn mounted on an 
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arm that rotates about the first crystal's rotation axis. This 

modification provides for the adjustment of the second crystal's 

rotation axis on the auxiliary focal circle. The base has three 

alignment screv7s forming the corners of a triangle for the leveling 

of the base. The two rotation axes were pirated from a three flat 

crystals spectrometer not in use. Each axis is independently re

movable from the base; they are also adjustable for height and tilt 

by means of three screws, forming the corners of a triangle, that 

ride in three "v"-grooves radiating from a common center spaced 120° 

apart in a plate on the spectrometer base. This arrangement permits 

easy removal and replacement of each axis without affecting the tilt 

and height settings of the axis. Each axis is fitted with a counter-

weighted tangent arm and each rotation axis uses a precision ball 

bearing for the desired accuracy and repeatability. Each tangent 

arm (10.3132 inches) is driven by a 0.0001 inch per division pre

cision micrometer, allowing angular increments as small as 0.5 seconds of 

arc to be made. The repeatability of the angular increments of each 

axis was checked with a Nikon 6D autocollimator and found to be as 

good as the minimum angular measurement possible with the autocol

limator (0.5 seconds of arc). Each axis provided tilt and transla

tion adjustments for its crystal with the tilt adjustments also re

producible to the angular limit of the autocollimator. 

• The slit system consists of a pair of lapped adjustable V7idth 

tantalum slits for horizontal divergence and a corresponding pair 

for vertical divergence. Each slit is independently mounted on a 

slide of brass that rides in a machined hole in a large brass holder. 
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These slides are spring loaded against an independently movable stop 

to allow easy adjustment of the beam parallel to the surface plate 

and independently center the beam on the first crystal's rotation 

axis. 

The X-ray system used was a General Electric Corporation Model 

XRD-5, allowing current and voltage regulation and control. The 

Model CA-8-L anode grounded, beryllium windov7, Coolidge X-ray tube 

of the hot cathode, permanently evacuated type used for these experi

ments was fitted with a Cu target. The tube was generally run at 45Kv 

and 25 ma for most of the runs. See Figure 7 for the details of the 

slit system. X-ray tube, and spectrom.eter. 

The detection system consisted of a geiger tube run at a voltage 

of 1000 V by a Fluke Model 412B high voltage power supply. An Ortec 

Model 109PC preamplifier was used in conjunction V7ith an Ortec Model 

440A selective active filter amplifier, an Ortec Model 406A single 

channel analyzer, an Ortec Model 484 scaler, an Ortec Model 482 timer, 

an Ortec Model 441 ratemeter, a Minneapolis Honeywell Brown Electronik 

chart recorder, and an Ortec Model 401A power supply rack. The film 

used in these experiments V7as either Kodak NS-2T X-ray film or GAF 

'C' class III X-ray film and was developed as directed by the manu

facturer. 

Alignment 

The alignment follows as closely as possible that of a two flat 

crystal spectrometer. For flat crystals the spectrometer is aligned 

when each crystal's reflecting planes are parallel to its ov7n axis 
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of rotation, the axes are parallel to each other, and the bean is 

symmetric about the central ray; this alignruont proceeds in three 

steps, first the rotation axes are made parallel to each other, 

second the crystals are adjusted for the proper tilt, and third the 

beam is made symmetric about the central ray. 

The specific procedure followed is begun by leveling a surface 

plate that serves as the horizontal reference plane for the spectrom

eter. The two rotation axes are removed from the spectrometer base 

and made perpendicular to the leveled surface plate. The axes are 

made roughly perpendicular by bubble levels and then accurately by 

use of an autocollimator. Then each crystal and holder is mounted 

on its axis of rotation and adjusted so that the axis of rotation 

passes through the center of the crystal. The axes are then replaced 

on the spectrometer base and are re-adjusted to be perpendicular to 

the surface plate, i.e., parallel to each other. The slit V7idths are 

now adjusted to the desired vertical and horizontal divergence. The 

X-ray beam is then made parallel to the surface plate at the height 

of the crystals, and made to contain the axis of rotation of the 

first crystal. The axes of generation of the right cylinders formed 

by the crystals are made perpendicular to the surface plate with their 

tilt adjustments. However, this position of the crystal may give a 

reflected beam that is not parallel to the surface plate. Then the 

tilt must be adjusted until the reflected beam from the crystal is 

parallel to the surface plate, ensuring that the reflecting planes 

are parallel to the axis of rotation. This tilt adjustment means 

that the reflecting planes of the crystal are inclined at some angle 
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to the axis of generation of the crystal holder and thus that the 

crystal is not homogeneously bent. The first crystal's reflected beam 

is made parallel to the surface plate and then the second crystal 

is positioned so that its rotation axis is contained in the reflected 

beam from the first crystal at the approximate distance from the 

first crystal necessary to lie on the auxiliary focal circle. The 

second crystal's tilt is then adjusted to make its reflected beam par

allel to the surface plate, by obtaining a minimtum (1,-1) curve width. 

Since both reflected beams are made parallel to the surface plate 

the reflecting planes of the two crystals are parallel to each other 

and their axes of rotation. The second crystal is now adjusted per

pendicularly to the auxiliary focal circle for a further minimum 

(1,-1) curve width. The slit system is then adjusted for intensity 

symmetry about the plane parallel to the surface plate containing 

the central ray, as determined by the minimum (1,+1) curve width. 

The (1,-1) curve x̂ idth is re-determined and then the spectrometer is 

used in the (1,+1) position to record the profiles of the lines of 

interest. 

Crystal Orientation 

The breaking of the quartz first crystal required the replace

ment of both crystals since no quartz with (lOll) plane was easily 

obtainable for a moderate price. Dr. Das Gupta had an adequate supply 

of mica on hand and mica bends easily in thin sheets; thus, the log

ical replacement for the quartz crystals V7as mica. This decision 

made it necessary to "orient" the mica and find out V7here the planes 
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usable for transmission were in the mica sheet. It was known thet 

planes for transmission exis.ted from earlier work with ir.ica by 

Cauchois and also by Das Gupta. In Das Gupta's earlier work with 

mica he had learned that the planes inclined at 10° 19' to the normal 

to the surface of the mica had a "d" spacing of 2,554A and that these 

planes came in a set of three that had trigonal symmetry; i.e,, each 

set of planes is obtained from the others by a rotation of 120° and 

240° about the normal to the surface. These planes were also used 

by Cauchois. 

Knowing the symmetry of the desired planes, it V7as only necessary 

to take a transmission Laue picture of the mica sheet to find the desired 

planes' location in the particular sample. This work was done on a 

General Electric model A7018D Laue camera fitted with a General Elec

tric model A7018A eucentric goniometer head and a Polaroid Land 

model XR-7 diffraction cassette. This Laue camera can be used for 

either back reflection or transmission Laue pictures and V7as alv7ays 

used in transmission. The slit system is adjustable for various slit 

sizes and a set of 0.015 inch diameter slits that came with the camera 

were used for all Laue pictures. The X-rays were generated by the 

equipment described in section 2 of this chapter. 

No explanation of the technique of taking Laue pictures is nec

essary, since there are many good books available on this technique; 

only the results are needed for this v7ork. It is sufficient to say 

that the angle a plane makes vjith the incident beam (wiiich should be 

parallel to the normal to the surface) can be found from the distance 

from the sample to the film, and the distance from the direct trans-
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mitted beam's image spot and the desired reflected planes' inage 

spot on the film. This can be expressed as: tan(26) = distance 

between spots on film divided by the distance from film to crystal, 

where 9 is the angle the set of reflecting planes makes V7ith the in

cident beam. An example of the Laue pictures used is seen in Figure 8. 

In this case the mica sheet was adjusted by the goniometer until 

perpendicular to the incident beam and then cut along lines parallel 

to a line through one of the reflected beam's points and the direct 

transmitted beam's point. This cut mica was again examined by a Laue 

picture to insure the reflected beam's spot was in the same horizontal 

plane as the direct beam's spot, which ensures that the reflecting 

planes are perpendicular to the cut edges of the mica; then this 

edge may be used as a reference edge in the bending of the mica. 

After correct orientation, the mica sheets vzere cut to the crys

tal sizes of 1.30 by 0.84 inches for the first crystal holder and 

1.20 by 0.72 inches for the second crystal holder. The thickness of 

both crystals is 0.0045 inches. The crystals were then placed in 

the holders with the reference edge made parallel to the bottom edges 

of the holders to ensure parallelism betv7een the reflecting planes 

and the axis of generation of the curved surface of the holders. 
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Unoriented Mica Laue Pictures 

Figure 8 



CHAPTER V 

EXPERIMENTAL RESULTS 

Introduction 

The experimental results of the follov7ing section were taken 

with the two curved crystal spectrometer described in the previous 

chapter. The first section of this chapter gives data taken with 

quartz (1011) planes with the original spectrometer. In this section 

only a few examples of data are given to illustrate the results. The 

next section gives data taken with the mica (201) planes and includes 

data on alignment of the first and second crystal, linev7idths and 

relative intensities of CuKa and CuKa . Since this is the first 

data taken with an instrument of this type, the data on alignment is 

included to show that the spectrometer must be aligned for minimum 

linewidths. 

Quartz Crystals 

The data in this section was obtained using quartz (1011) planes. 

The spectrometer used to obtain the data had the first crystal attached 

to the slit system which was mounted on the X-ray tube and had the second 

crystal mounted on a precision ball bearing rotation axis positioned 

in the first crystal's reflected beam. The second crystal had a ring 

of 5.500 inches outside diameter attached to it. This ring coincided 

with the second crystal's focal circle and was used as a film holder 

for photographic work. 

The data in Figure 9 are examples of the resulting exposed film. 
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(c) 

-12 minutes (b) 

Quartz Crystal Results 

Figure 9 



39 

Figure 9(a) shows the reflected beam froii the second crystal and with 

the second crystal is off its (1,-1) peak position by -1-12 i-inutes of 

arc. Figure 9(b) shows the reflected beain from the second crystal 

and is off its (1,-1) peak position by -12 i.dnutes of arc. It is 

interesting to note that the intensities of the same lines do not re

main the same in the two positions as one V70uld expect. The reason 

for this is unknov7n. 

Figure 9(c) shows the first crystal's reflected beam that is 

transmitted through the second crystal. Note that the fine line in 

the background, as marked in the figure, is much narrower than either 

the CuKa^ or CuKa line from the first crystal. This V7hite line on 

the original photograph moves with the same angular increments as the 

second crystal and is thought to be the \'7avelength spread that is 

reflected by the second crystal; i.e., it corresponds to the angular 

spread of the second crystal's diffraction pattern. This white line 

in the original photograph is shown as a dark line in the print in 

Figure 9(c). 

Mica Crystals 

The data in this section V7as obtained with mica (201) planes of 

"d" spacing 2.554 A. The spectrometer used V7as described in the 

previous chapter. T\^o slit systems were used, a "crude" slit system 

and a '^narrow" slit system. The crude slit system had an angular 

divergence of 17.5 minutes of arc in the horizontal plane, i.e., a 

poorly defined Bragg angle at the first crystal, and an angular di

vergence of 12.6 minutes of arc in the vertical plane. The narrow 
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slit system had an angular divergence of 1.6 leLnutes of arc in the 

horizontal plane and an angular divergence of 11.5 minutes of arc in 

the vertical plane. 

The first crystal V7as used as a single curved crystal spectrom

eter with both slit systems. The narrow slit system gives the best 

resolution as x-7ould be expected from analogy to the corresponding 

flat crystal case. The resulting curve is shown in Figure 10. Using 

the narrow slit system the first crystal's tilt micrometer was adjusted 

to various tilts giving the curves in Figure 11. Figure 11(c) has 

the highest intensity and minimum width and was chosen as the proper 

tilt micrometer setting for minimum linev7idths. No attenipt V7as made 

to measure the CuKa or CuKa linewidths with this single crystal 

spectrometer. Subsequent removal and replacement of the first curved 

crystal gave maximum intensity at a tilt micrometer setting of 2.70 

and this tilt setting was used in all the rest of the data in this 

section. A check to see which reflection gave the minimum linewidths, 

the reflection with a large geometrical linewidth, or the reflection 

with a small geometrical linev7idth, showed that both had the same 

linewidths. For convenience, the reflection with a large geometrical 

width was used. 

With the narrow slit system in use the second crystal was cen

tered on the first crystal's reflected beam and the second crystal's 

tilt micrometer adjusted for minimum linewidths with the first crystal 

set at the CuKa maximum. The resulting curves are shown in Figure 

12 curves (a) through (g). The maximum intensity occurred in Figure 

12 curve (d), i.e., a second crystal tilt micrometer setting of 2.15. 
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Figure 12 curve Ful l V7idth a t half--r;.rxir.ura T i l t nieron^eter 
(seconds of arc) 

a 96 2.00 

b 92 2.05 

c 83 2.10 

d 58 2.15 

e 83 2.20 

f 88 2.25 

g 50 2.30 

h 108 2.075 

i 100 2.10 

j 83 2.15 

k 83 2.175 

I 108 2.20 

Tilt setting used for rest of data: 

First crystal, 2.70, 20 minutes of arc from vertical 

Second crystal, 2.15, 24 minutes of arc from vertical 

Second Crystal Tilt Alignment Curve Widths 

Table 1 
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The second crystal .was then adjusted for the proper distance froi.: 

the first crystal with the tilt setting of 2.15. The resulting curves 

are in Figure 13. Figure 13 curves (a) through (i) \;ere made in one 

run for a coarse distance adjustment with curves (j), (k), and (1) 

for a better distance alignment. From the coarse distance curves, it 

can be seen that the maximum lies betv7een the positions 50 and 48, 

curves (d) and (e) respectively. The numbers 50 and 48 are read off 

a small ruler calibrated to one sixty-fourths of an inch and represent 

an arbitrary scale. A precise measurement, of the distance from the 

center of the first crystal to the center of the second crystal gave 

the value 12.24 cm. as compared to the calculated value 12.34 cm. 

The second crystal was located at the approximate distance for minimum 

widths V7ith a pair of dividers set at the distance calculated to 

place the second crystal on the auxiliary focal circle. The final 

curves for the determination of the distance for minimum v.'idths are 

Figure 13 curves (j), (k), and (1), Curve (j) corresponding to a 

distance of 49 V7as used as the distance setting for maximum intensity. 

The second crystal's tilt micrometer was then readjusted for a maximum 

intensity. The resulting curves are shown in Figure 12, curves (h) 

through (1). The maximum intensity again occurred at a tilt setting 

of 2.15 as seen in Figure 12 curve (j). Thus the settings used to 

record linewidths were: a first crystal tilt setting of 2.70, a 

second crystal distance of 49, and a second crystal tilt setting of 

2.15. These settings are unchanged for the rest of the data. 

With the spectrometer aligned, the first crystal was set on the 

peak of the CuKa line, as determined by the counter in the first 
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Figure 13 curve Full V7idth at half-::ia:::m.um Distance setting 

(seconds of arc) 

a 133 56 

b 125 54 

c 100 52 

d 83 50 

e 92 48 

f 120 46 

g 75 44 

h 92 42 

i 142 40 

3 

1 

75 A9 

k 92 A8 

146 47 

First Crystal to Second Crystal Distance Curve Widths 

Table 2 
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crystal's reflected beam that was transmitted through the second 

crystal, and then the second crystal was positioned in the (1,-M) or 

the (1,-1) position giving the curves in Figure 14. The first crys

tal was then moved off the CuKa^ peak in incrcnents of 20 seconds 

of arc for two positions and the resulting shift of the (1,-fl) max

imum recorded as shown in Figure 15. V/hen the first crystal war. 

rotated in an increment of 20 seconds of arc the second crystal was 

moved an increment of 40 seconds of arc to reach the new peak. Thus 

when the first crystal is rotated an angular increment of 9, the 

second crystal must be rotated an angular increment of 28 in the 

(1,-1-1) position to obtain the peak intensity. This second crystal 

rotation of tV7ice the angle of rotation of the first crystal is the 

same as for a two flat crystal spectrometer. The first crystal V7as 

then set on the peak of the CuKa and the curves of the second crystal 

in the set on the peak of the CuKa and the curves of the second 

crystal in the (1,-fl) and (1,-1) position recorded as shov7n in Figure 

16. The low signal to noise ratio casts doubt as to V7hether the 

linewidths of these CuKa curves may be considered valid. 

The average values of the CuKa and CuKa peak intensity and 

(1,+1) and (1,-1) widths are shown in Table 1 as V7ell as the lines 

respective natural width, if the subtraction of the (1,-1) curve from 

the (1,-1-1) curve is assumed valid. There is no tv70 flat crystal 

spectrometer data on the mica (201) planes available for comparison 

with the curves of the two curved crystal spectrometer; mica is gen

erally not used as a crystal in a flat crystal spectrometer because 

it is not considered a perfect crystal, so the flat crystal spectrom-
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Figure 14 curve Full width at half--r a:-.imum Position Î'jĴ.3r|_L_ciir._i_t;/ 

(seconds of arc) 

a 133 (1,+1) 47 

b 92 (1,+1) 30 

c 92 (1,-M) 53 

d 100 (1,+1) 47 

e 142 (1,+1) 35 

f 138 (1,+1) 49 

g 75 (1,-1) 

h 83 (1,-1) 

i 100 (1,-1) 

J 

k 

1 

m 

100 (1,-1) 

75 (1,-1) 

125 (1,-1) 

sample background 

CuKa (1,+1) and (1,-1) Curve Widths 

Table 3 
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First Second 
Crystal Crystal Full width at 

Figure 15 curve Position Posi tion Position h?JJr'-̂îi!jjl-'::v---

(s-eco,ids of arc) 

a (1,-1-1) 40 seconds 80 seconds 142 

b (1,+1) of arc off of arc off 142 

c (1,-1) initial initial 79 

d (1,-1) position position 83 

[(1,4-1) only] 

e (1,-M) 20 seconds 40 seconds 137 

f (1,+1) of arc off of arc off 134 

g (1,-1) initial initial 96 

h (1,-1) position position 104 

[(1,-M) only] 

i (1,+1) 167 

(1,-M) initial initial 134 3 

k (1,-1) position position 

1 (1,-1) 

Second Crystal Rotation for First Crystal Movements 

Table 4 

100 

104 
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Figure 16 curve Full V7idth at half-maxim.um Position Peâ .: intensity 

(seconds of arc) 

a 75 

b 117 

c 100 

d 142 

e 125 

f 83 

g 75 

h 117 

i 92 

100 

k sample background 

1 sample background 

CuKa (1,+1) and (1,-1) Curve Widths 

J 

(1,+1) 

(1,+1) 

(1,_1) 

(1,+1) 

(1,+1) 

(1,-1) 

(1,-1) 

(1,-1) 

(1,-1) 

(1,-1) 

(1,+1) 

(1,-1) 

31 

26.5 

24 

23.5 

25 

11 

10.5 

Table 5 
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Single Curved Crystal Resulte. 

calculated peak to peak separation 2' 47" 

observed peak to peak separation 2' 20" 

Two Curved Crystal Results 

average (1,-1) width: 93", 6.67 ev average (1,-1) width: 93", 6.67 ev 

average (1,-f-l) width: 115", 8.22 ev average (1,-M) width: 112", 7.98 ev 

natural line width: 22", 1.55 ev natural line width: 19", 1.31 ev 

previous values of natural 
linewidth: 2.34 ev (Blokhin) 

2.25 ev (Brogren) 

23 

23 

2.41 ev (Parrat) 
23 

2.31 ev (Blokhin) 

average peak intensity: 50 

24 

previous values of natural 
linewidth: 3.21 ev (Blokhin) 

24 

average peak i n t e n s i t y : 26 

Summary of Pvcsults 

Table 6' 
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eter values for the (1,41) and (1,-1) curves are subjecl to consi d. rabl.: 

doubt as to how small these curve widths could be r.inde if the spec

trometer used mica (201) planes. 

Additional data taken on the affect of a slit 0.010 inches wide 

placed on the geiger tube window showed that in either the horizontal 

or vertical position the slit did not cause any additional decrease 

in linewidths. This slit sometimes caused a slightly greater line-

width. In the previous section on quartz crystals the example of 

the (1,-1) curve showed definite structures. It is doubtful that a 

slit sufficiently narrow to resolve these structures could be used 

without altering the widths and intensities of these structures. 

However, it might be possible to make a correction for this slit 

broadening. 

Suggestions for Further Study 

To minimize the influence of the geometrical linev7idth on the 

observed linewidths, a curved crystal spectrometer should use larger 

radii of curvature than the present spectrometer. Plans are being 

made for the construction of a two curved crystal spectrometer using 

a 20 and a 10 inch radius of curvature crystal to replace the present 

spectrometer. The larger radii of curvature also widen the choice 

of crystals available- for use since the chance of breaking a semi-

brittle crystal is much smaller for a larger radius of curvature. 

Both crystal holders should have provisions for the attaching of a 

ring to the holder to coincide with the focal circle to allow photo

graphic registration of the spectra. Photographic v7ork is suggested 
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for all curved crystal data since it gives structures in the (1,-1) 

position that are not detectable with a counter. Thus it seems that 

all curved crystal spectrometers should use film to record the spectra 

to obtain the highest possible resolution and detail of the spectra. 

By using a focal circle coincident ring on the second cry-tal, it 

is possible to use the spectrometer for diffraction work by using 

the two curved crystals as a double Guinier transmission camera. 

The structures in the (1,-1) curve as shown in the section on 

quartz crystals should also be investigated photographically to de

termine their characteristics and origins. 

A study should also be made on whether or not the practice of 

inclining the reflecting planes to reduce the geometrical v;idth 

appreciably reduces linewidths in a two curved crystal spectrometer. 

The chief advantage of a curved crystal over a flat crystal is that 

the curved crystal focusses the different wavelengths at different 

positions on its focal circle. However, for a counter detection 

system this serves as a disadvantage since the counter cannot dis

criminate between very small wavelength changes or unmodified wave

length scattering if the scattering or small change lie very close to 

the original focal point. This disadvantage is somev7hat removed by 

using the curved crystal in the manner used by DuMond, in which the 

source is placed on the focal circle and the resulting diverging re

flected beam, that has arisen from the diverging beam passing through 

the crystal, is analyzed by a counter. This diverging nature suggests 

using a counter as the detection system. To use the better resolution 

of two crystals suggests using a double DuMond type spectrometer with 
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counters. This means essentially only turn:']̂ :j the i resent spectro-.:-

eter around so that the X-ray source lies oa the focal circle of tlie 

second crystal in such a position as to give a reflected diverging 

beam which is analyzed by rotation of the first crystal, whose re 

fleeted diverging beam is detected by a counter. 

'o-
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APPENDIX I 

LINESHAPES VNRSUS SLITVJIDTHS 

^in^gle_Flji^_C^rysjLa_l 

To see how slitwidths affect lineshapes, consider first a single 

flat crystal v7hose slit system consists of two slits of equal width 

s^ separated by a distance D, as in Figure 1(A). Assume that a source 

of uniform intensity is on the left hand side of the slit system, as 

represented by the line â â in Figure 1(A) and (B) . 

From Richtmyer's paper: "Starting from 9 = 0 and turning the 

crystal counter-clockwise, no reflection of the line A will be ob

served until the crystal planes make an angle 9 with the line a a 

A J. J. 

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 

A 

of width (jj as shown in the figure. (See Figure 1(A)). This V7idth 

0) 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 co will decrease to 

zero when the crystal makes the angle 9 with the line a a . Since 

s, is always very small compared to D this change of 03 (increase or 

decrease) is a linear function of the angular position of the crystal. 

Hence the observed shape of the line should be a triangle V7ith a base 

of which the angular V7idth is given by 2s /D." That is a shape ] ike 

Figure 1(C). 

61 
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(A) 

-" .-r 

S l U . - I ^ ! f ' a r.-.\ n - t CrvNCnl M : ! , - ' h a - - - ; 

Figure 1 
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"If the slits be of unequal width, say S and s...(see ligure 1 

(B))..., similar considerations show that the apparent sliâ e of the 

line will be an isoceles trapezoid of which the base has the nnular 

width S -f- s/D."^l That is a shape like Figure 1(D). 

The parallel beam of width w makes tlie angle 9. with the reflec-
A 

ting planes at a smaller angle of rotation of the crystal for the 

case of unequal slit widths than for the case of equal slit widths. 

If S -f s = 2s^ so that the angular spread a is the same for the case 

of unequal and equal slit widths, then the edge of the parallel beam 

makes a smaller angle with the maximum diverging rays (a a and 

a^a^) for unequal slit widths than for equal slit widths. So for 

unequal slit widths the maximum intensity, when o) is equal to s, is 

reached at a smaller angle of rotation than for the equal slit widths 

case; this and the fact that the beam of width s can move a small 

angle on either side of the center of the slit center of ŝ nnmetry is 

the reason for the trapezoidal shape for the case of unequal slit 

widths. 

Single Curved Crystal 

Nov; consider the two cases of equal and unequal slit widths 

applied to a curved crystal, as shown in Figure 2(A) and (B). For a 

curved crystal only those rays are reflected that make the angle 9 
A 

with the reflecting planes, but since the reflecting planes converge 

to a point, the rays that are reflected must also converge to a point. 

As stated previously, these rays that are to be reflected must be 

focussed at a point on the focal circle of the crystal. Assume that 
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(A) 

(B) 

A o -S+a/D 

(C) (D) 

Slltvldths and Curvr-d Trvstal Ltneshnpps 

Figure 2 



3 is the convergence angle (or aperture angle) of the cenv-rging 

beam for both slit cases. 

By considerations used before, for equal slit widths the converging 

beam can move about (sweep froiu one side of the right-hand slit to the 

other) and still maintain the same apparent intensity. So one expects 

a shape like Figure 2(D) for equal slit widths and an observed shape 

like Figure 2(C) for unequal slit widths, V7ith the same angular spread 

for the bases, as before. This is just the opposite of the results 

for a flat crystal. To get the highest intensity at the curved 

crystal, the converging beam's angular aperture m.ust be the same as 

the angular aperture of the crystal. For a curved crystal a conver

gent slit system is needed to obtain correct information on the lo

cation and shape of a close doublet. 


