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ABSTRACT

The Guinier - Hägg focusing camera is discussed with reference

to its use as an instrument for rapid phase analysis. An actual camera

and the alignment procedure employed in its setting up are described.

The results obtained with the instrument are compared with those ob-

tained with Debye - Scherrer cameras and powder diffractometers. Ex-

posure times of 1 5 - 30 minutes with compounds of simple structure

are roughly one-sixth of those required for Debye - Scherrer patterns.

Coupled with the lower background resulting from the use of a mono-

chromatic X-ray beam, the shorter exposure time gives a ten-fold in-

crease in sensitivity for the detection of minor phases as compared with

the Debye - Scherrer camera.

Attention is paid to the precautions taken to obtain reliable Bragg

angles from Guinier - Hägg film measurements, with particular refer-

ence to calibration procedures. The evaluation of unit cell parameters

from Guinier - Hägg data is discussed together with the application of

tests for the presence of angle-dependent systematic errors. It is con-

cluded that with proper calibration procedures and least squares treat-

ment of the data, accuracies of the order of 0.005%. are attainable.

A compilation of diffraction data for a number of compounds exa-

mined in the Active Central Laboratory at Studsvik is presented to ex-

emplify the scope of this type of powder camera.

Printed and distributed in December 1 97 0
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1 . INTRODUCTION

X-ray powder diffraction is a well established technique for the

phase analysis of solids. Studies of minerals, reaction products of

laboratory and technical-scale processes, surface coatings and corro-

sion products have all benefited from the introduction of powder-pattern

characterization. A related application, the measurement of the dimen-

sions and angles of the crystallographic unit cell, has afforded a power-

ful means for studying and understanding the phenomenon of solid solubi-

lity. At a fundamental level these cell parameter measurements serve

to convert the atomic parameters, obtained in crystal structure studies,

into the spatial realities of bond distances and angles for subsequent

correlation with physical and chemical properties.

For most of these applications a photographic method is preferred

for recording the powder pattern, largely because of its cheapness, but

also because it is simple to apply. Only where accurate X-ray intensity

measurements are required, as in quantitative analysis, or line profile

studies, is the camera superseded by the electronically recording diff-

ractometer.

Devices used for powder photography are usually based on the cy-

lindrical camera, first used by Debye and Scherrer. The most popular

version of this instrument in current use is the camera developed by

Staumanis for precision lattice parameter measurements. Although

simple to operate and maintain in routine application, this type of ca-

mera, with its 1 per 2 mm film ratio, suffers from limitations of re-

solution and line definition. Accordingly the interpretation of complex

patterns is at best qualitative. Increased resolution is obtained up to a

point by increasing the camera diameter (from 1 1 . 46 cm in the Strau-

manis to 19 cm in the Bradley - Jay camera) but the exposure times

are then considerably increased. X-ray beams from conventional

Coolidge tubes are divergent and an increased path length necessitates

the use of more stringent collimation in order to maintain acceptable

line definition.

Because of the need for collimation the Debye - Scherrer camera

utilises only a fraction of the divergent X-ray beam. Improvements in

camera performance have therefore been sought through beam focusing.
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This is achieved in the Seeman - Bohlin and Westgren - Phragmén

cameras by reflecting the primary beam from a specimen curved to

fit a circle defined by the X-ray source and the recording film. In

a further development, due to Guinier, a focused beam is obtained

by setting up a curved quartz crystal in the path of the divergent pri-

mary X-rays. The beam diffracted from the quartz crystal is then

transmitted through the specimen which, in the form of a powder, is

spread over a paper tissue. This method has the added attraction that

only a narrow band of wavelengths is employed to obtain the power pat-

tern, the curved crystal functioning as a monochrometer.

A considerable disadvantage of the focusing camera is the limita-

tion imposed on the angular range of the pattern available for record-

ing on a single film (0 ^ 50 in the low angle range). For the Gui-

nier camera there are added difficulties in aligning and maintaining

in.effective operation, the optically sensitive system of bent crystal,

specimen holder, film cassette and associated slit systems. As a re-

sult opinion regarding the value of this type of camera is generally

guarded. Thus, while text books devoted to X-ray technique invariably

give full accounts of the Debye - Scherrer camera and powder diffrac-

tometer, the Guinier camera is either given a passing mention or ig-

nored altogether.

A typical evaluation is that the Guinier camera is capable of giv-

ing diffraction patterns with a resolution approaching that of the powder

diffractometer for an exposure time comparable to that of the Debye -

Scherrer camera. It is often pointed out, moreover, that direct mea-

surement of Bragg angles is not possible in the Guinier camera, since

the relationship between film circle and specimen plane is not ideal.

The use of an internal calibrant becomes necessary in order to de-

termine the ratio between film distance and Bragg angle at different

points along the film.

In view of the past performance of some early commercial Guinier

cameras, such remarks are justified. It should be pointed out, however,

that the introduction of the fine-focus X-ray tube during the early 1960's

afforded a possibility for a major improvement in Guinier camera per-

formance. This is due to the increase in the definition of the X-ray
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source which governs the line definition of the pattern and the ease with

which the characteristic radiation is freed from the a~ component. An ad-

ded bonus is the possibility of much reduced exposure times arising

from the greater intensity of the fine-focus-beam.

Full advantage of the improvements in X-ray tube performance is

taken in the version of the Guinier camera developed in Uppsala by

Prof. G. Hägg during the early 1950's. In 1958, two examples of this

Guinier - Hägg camera were constructed for operation with CuKcf ra-

diation at the Stockholm laboratories of AB Atomenergi under profes-

sor Hagg's guidance. In 1966 the present writer replaced the normal

focus X-ray tube used with these cameras by a Philips fine-focus tube.

Subsequent attempts to realign the optical system of the instruments

indicated that the monochromator support was insufficiently stable un-

der the critical conditions imposed by the fine-focus source.

Consultation with Dr. Per Spiegelberg of the Institute for Metals

Research, Stockholm, led to the abondonment of the original arrange-

ment for pivoting the crystal and setting it at the required distance

from the fine-focus anode. A new device, constructed by Mr. K. Kranz

of the Institute for Metals Research and described in this report has pro-

ved to be both highly flexible for adjustment purposes and mechanically

stable under long term usage. Operated with strictly monochromatic

CuKa, radiation, exposures are suitably short (1 5 - 30 minutes) for

purposes of rapid phase analysis. The line definition is such that Bragg

angle measurements from silicon calibrated patterns, are sufficiently

precise to permit detection of cell parameter changes at the 0. 01 % le-

vel, independent of cell symmetry. This degree of precision has been

found to have particular value in connection with the indexing of pow-

der patterns of new structures.

Since the main problem with the Guinier-type camera is to ensure

that performance is consistently of the above quality, a description of

these cameras and the method adopted for their adjustment seems

called for. A brief summary of the principles and problems of powder

diffraction is included as a means of highlighting the special advantages

of the focusing camera. The report is supplemented with some results

of an investigation into the reliability of cell dimension measurements

based on calibrated Guinier - Hägg patterns.
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The abreviations D - S and G - H used throughout refer to Debye -

Scherrer and Guinier - Hägg respectively, in the context of the came-

ras associated with these workers.

2. GENERAL CONSIDERATIONS

2. 1 . Diffraction in Crystals

The diffraction of X-rays in crystals can be understood with refe-

rence to Fig. 1 a. The crystal is imagined as comprising sets of paral-

lel planes which have the property of being able to scatter X-rays. Each

set of planes is characterized by a particular separation, the interpla-

nar distance d, measured along the normal.

A parallel beam of X-rays is defined by placing a collimator close

to the irradiated crystal. X-rays travelling along the beam are then as-

sociated with a wave front perpendicular to the beam axis; wave fronts

travel down the beam from the source with a separation of X, the wave-

length of the radiation.

As each component of a wave front strikes a crystal plane, scatte-

ring of a fraction of the radiation occurs at the point of impact, the scat-

tered radiation being spherically distributed. The occurrence of scatte-

ring in successive crystal planes gives rise to interference phenomena

as shown in Fig. la. Here, the components A, B and C are seen to

strike the first three planes of a set at points O, P and Q along the nor-

mal. Inclination of the wave front at 9 to the normal leads to a path dif-

ference for the front, as it strikes successive planes at these points,

which reaches a maximum at 9 = 90 . When 9 attains an angle such that

the path difference corresponds to an integral number of wavelengths,

nX, radiation scattered elastically at O, P and Q will reinforce to pro-

duce a wavefront at the same angle to, but on the opposite side of, the

normal. This "reflected" wavefront is contained entirely in the plane

defined by the path of the incident beam and the normal to the set of

diffracting planes.

From a simple consideration of the quantities involved in Fig. 1 c

the condition for the generation of a diffracted beam is then given by

the Bragg equation,



nX = 2d sin 9

The normal to each set of crystal planes is inclined at a specific

angle to the crystal axes, the angle being defined by the Miller indices

hk-C of the planes and by the dimensions of the unit cell a , b , c mea-
r 1 O O O

sured along the cell ledges and the interaxial angles, a, |3, y. A pure-

ly trigonometrical relationship can be derived to relate these quantities

and the d spacing along the normal to a set of planes hk'L. Substituting

for d in the Bragg equation, the general, triclinic case can be described

by the linear expression

Q, , , = Ah2 + Bk2 + Cl2 + Dh-t + Ek£ + Fhk = n 2 / d \

•where

= 4 s i

. , 2 2 . 2 ,_r2

A = b c sin ay V

B = c2a2sin2(3/V2

C = a2b2sin2
Y/V2

2 2
D = 2 ab c sina siny (cosct cosy-cos^/sina siny)/V

2 2
E = 2 a be sin(3 sinY (cos(3 cosy-cosa/sinp siny)/V

2 2
F = 2 abc sina sin(3 (COSCK cos(3-cosy/sina sin(3)/V

and V, the volume of the unit cell is given by

2 2 2 1 /2
abc(1 + 2 cosa cosp cosy-cos a-cos (3-cos y) '

Simplifications of this expression obtained with increase of symmetry

are given in Table 1 .

Accordingly if the hk-t indices corresponding to a number of inde-

pendent reflections are known, measurement of the angles, 29 , . , be-

tween the diffracted and transmitted beams can be used to determine

the unit cell dimensions.

In a single crystal, each set of crystal planes and the associated

normal, have a specific orientation with respect to the crystal axes.

Diffraction from such a crystal therefore yields a pattern of reflected
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beams which have a three dimensional distribution. This pattern is re-

lated to the symmetry and size of the unit cell and. its orientation in the

primary beam.

The measurement of 29 in this three dimensional distribution pre-

sents serious problems of instrumentation since, in order to bring the

different sets of hk-C planes into the reflecting position, the crystal

must be rotated through two mutually perpendicular arcs with respect

to the X-ray beam [i ]. These rotations must be known with a preci-

sion of at least 0. 01 in order to obtain reliable values of 2 8 for the

measurement of accurate cell dimensions [2].

2. 2. The Debye - Scherrer Effect

If the single crystal is reduced to a powder comprising a large

number of randomly oriented crystallites, a given set of crystal planes

of spacing d, , . will be associated with a corresponding number of nor-

mals having spherical distribution. On irradiation with a parallel beam

of X-rays, only those planes whose normals make an angle 0 (= 90-6, , .)

with the incident beam fulfill the Bragg condition. These normals lie

on the surface of a cone of semi-angle 0 with the incident X-ray beam

as cone axis. Each normal gives rise to a diffracted beam and these

accordingly lie on the surface of a second cone of semi-angle 2 9 to the

transmitted beam. The process of cone formation, described by Debye

and Scherrer [3], is depicted in Fig. lb.

The three dimensional resolution afforded by single crystal diffrac-

tion is clearly lost when the specimen is a polycrystalline mass. Where-

as in a single crystal, each set of hk£ planes gives rise to a narrow,

discrete beam of reflected X-rays, the set is represented in a poly-

crystalline specimen by a cone of reflection. The diffraction pattern

accordingly comprises a family of such cones with the primary X-ray

beam as common axis as depicted in Fig. 2a.

In compensation for the loss of three dimensional resolution, the

powder pattern offers a considerable simplification of the requirements

for measuring 9, , . . For a specimen with a truly random distribution

of crystallites, all the reflections can be found on a single circle cen-

tred on the specimen -with the X-ray beam as diameter. In the simplest
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powder diffraction instrument, the Debye - Scherrer (D - S) camera,

the reflections are recorded by placing a strip of photographic film

on this circle as shown in Fig. 2a. The angle 9, . - is then proportio-

nal to the interval S measured between the exit point of the primary

beam and the point on the equator (defined by the tangent between film

cylinder and recording circle) where the cone of reflection emerges.

As cell dimensions grow larger and cell symmetries become

lower the crowding of powder cones increases, particularly at values

of 9 between 40 and 60 . Vand has considered the general distribution

of reflections in a powder pattern in terms of the interaction of the

Ewald sphere with the reciprocal lattice [4]. For reflection down to

9, , . corresponding to interplanar spacing d, , . the radius of the re-

flecting sphere in reciprocal space is 1/d and its volume is according-

ly 4 TT/3d . For a unit cell of volume V, the reflecting sphere will

contain 4 TTV/3d reciprocal lattice points each of which gives rise

to a cone of reflection in the powder sample. Symmetry, however,

limits the number of independent reciprocal lattice points, an effect

represented by the multiplicity factor p for general hk£ reflections.

Thus p is 2 for triclinic, 4 for monoclinic, 6 for orthorhomibic, 8

for tetragonal and 48 for cubic crystals. Neglecting the jspecial

cases where, for example, one or two indices are identical or zero

the average number of powder lines is given approximately by

n = 4 TTV/3pd3

= (32 TTV/3pX3). sin39

The average number of reflections per unit of Bragg angle is then

dn/d9 = (32 nV/pA3) sin29Cos9

Fig. 2b shows the curve of this expression as a function of 9 together

with a representation of the change in reflection density along the length

of the powder pattern.

2. 3. Influence of Specimen Condition on Pattern Definition

The angular range, A9, over which X-rays are diffracted by a set

of crystal planes, spacing d, is governed by the number of planes N
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which are stacked uniformly along the normal, and which contribute

to reinforcement at Bragg angle 8 and cancellation at 9 t A9/2. For

values of N = 300 and d = 1 Å, the resulting spread may be as large

as 2 (29). As N exceeds 3000, however, 90% of the diffracted ra-

diation can be expected to lie within an angular range of 0. 2 (2 8).

The definition of the diffraction pattern is therefore determined to

some extent by the crystallite size and the degree to which the pre-

sence of inelastic strains and chemical inhomogeneities in the cry-

stallites disturb the regular stacking of reflecting planes.

Similarly, a powder specimen containing crystals above 1 p, in

size tend to produce discontinuous powder rings. This effect is dis-

counted for crystal sizes up to 5 |j, by rotating the powder specimen

in the X-ray beam to smooth out the individual reflections. It is

enhanced, however, but the use of fine collimators such that the

width of the X-ray beam approaches the mean size of the individual

crystals. For crystal sizes beyond 1 0 p, a radial spread of the X-

ray spots, leading to non-uniform broadening of the reflections, be-

comes evident. This is largely due to the effects of collimator geo-

metry. In the case of non-monochromatic X-rays, it may also arise

from the scattering of wavelengths within the spectral range but diffe-

ring from those of the characteristic radiation (see section 2. 5).

Optimum overall sharpness of the D - S pattern is afforded by

crystallites with sizes between 0. 25 and 5 |i, in a strain-free condi-

tion. Departure from this condition has a particular bearing upon

cell dimension measurements since line broadening clearly reduces

the precision with which the diffraction angles can be determined.

Specimen dependent line broadening is a function of diffraction angle,

increasing as 9 increases. As a result, marked loss of pattern de-

finition above 40 (9) is experienced for specimens which are either

cold worked or comprise crystallites less than 0.1 (i, in size. As

will be described in the next section, the angular range above 40 (9)

in D - S patterns is vital to the evaluation of reliable cell dimensions.

2. 4. Requirements and Problems of Powder Photography

Powder photography has two main applications in phase analysis,

namely the identification of crystalline phases and the measurement of
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the unit cell dimensions by which a phase is characterized. The main

requirements for such work are good resolution and maximum sharp-

ness of the pattern and a low background from unwanted components

of the X-ray spectrum.

For the measurement of unit cell dimensions and angles, a guide

to the precision of the measurement at different points on the pattern

is given by differentiating the Bragg equation, whence

Ud| = d cot9A9

Here Ad represents the random error in the measurement of d , - pro-

duced by a corresponding error A8. the measurement of the Bragg

angle.

Parish and Wilson [5] give curves (Fig 3) based on this expression

for the percentage precision of d as a function of 6 for various values

of the error A6. The improvement in precision to be expected from mea-

surements at high 9 is exemplified in the accompanying table construct-

ed for a D - S camera of 1 1 . 46 cm diameter (1 (6) = 2 mm(S), giving

A 9 = 0. 005 for a measurement error a of 0. 01 mm).

9 |Ad/d| • 103

20 13.738

40 4. 347

60 2. 887

70 1.819

80 0.882

85 0. 438

The random error is thus reduced to very small proportions at

high Bragg angles and, using sophisticated methods for scanning the

diffraction profile, accuracies of 1 part in 10 have been claimed. The

measurements are open to systematic error, however, and for a num-

ber of reasons described briefly below and more exhaustively in ref.

[6] it is rarely possible to achieve accuracies of better than 1 part in

1 03 from D - S films.

The main systematic errors in D - S measurements arise from diff-

raction in a cylindrical specimen which is ideally located at the exact

centre of the recording circle. Divergence of the diffracted beam, ab-
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sorption in the specimen and its eccentricity with respect to the record-

ing circle all contribute to displace the diffraction peak to higher values

of 9. The effect diminishes with increasing 0 and mathematical expres-

sions have been derived to permit correction of the D - S measurements

for these 9 dependent errors (Taylor and Sinclair [7] and Nelson and

Riley [8]). According to Cohen [9] the corrections are conveniently

applied using the method of least squares, coefficients for the 9 depen-

dent terms being derived from the analysis of a statistically suitable

number of measurements. Accordingly, for hexagonal and tetragonal

unit cells which are defined by two cell dimensions, the number of pa-

rameters to be determined is effectively doubled, necessitating a corre-

sponding increase in the number of observations in order to maintain

statistical accuracy.

As explained in 2.2, the D - S pattern attains maximum line densi-

ty in the region 40 - 60 (9). For non-cubic symmetries and CuK radia-

tion, unit cells greater than 6 Å tend to produce line overlap in this

region. At angles above 60 (9) small differences in cell dimensions

produce appreciable changes in diffraction angle. Accordingly, for non-

cubic cells, reflections may occur in a very different order to that ex-

pected on the basis of approximate cell dimensions. Clearly, in this re-

gion of the film the assignment of erroneous indices becomes increas-

ingly possible.

Difficulties of a physical nature serve to reduce the definition of

the pattern at successively higher angles. The effect of beam diver-

gence, K(* doublet separation and the small but finite spread of X about

the value for the characteristic radiation all contribute to broaden the

reflections. This broadening increases with 9, the a, - a? broadening

affecting line definition at 20 < 9 < 35 while angular divergence and

spectral spread exert their effects in the region 9 > 60 . Specimen-

dependent line broadening produced by micro-strains and sub-micron

inhomogeneities is similarly marked in this angular range, as describ-

ed in section 2. 3, and careful treatment of the X-ray sample is neces-

sary to optimize the sharpness of the pattern for precision measure-

ments. Finally, thermal vibrations of the diffracting atoms lead to an

attenuation of intensity, the effect becoming more pronounced with in-

creasing 9. For many organic materials, complexes and molecular



- 14 -

compounds, the effect of this temperature factor virtually eliminates

all detail above 50 (8) in diffraction patterns obtained with CuKo. radia-

tion.

Treated as a whole, the angular range above 40 (6) is seen to pre-

sent considerable difficulties as regards the accurate location of the

peak maximum for a given hk£ reflection within the expected precision

for the measurement. For the general, non-cubic case, there is, in

fact, only a limited chance of obtaining reliable data from this region

of the D - S pattern under routine conditions. There is, consequently,

a very great risk that results obtained from reflections in the measur-

able part of the pattern will be severely affected by both random and

systematic errors. To some extent the random error can be reduced

by using a camera with a larger film radius but the effectiveness of this

measure is limited by the increase in line width produced by beam diver-

gence. Stricter collimation may be used to combat the effects of diver-

gence but only at the expense of X-ray intensity and a useful exposure

time. In any case, the sources of systematic error remain.

From the foregoing it is evident that a general purpose camera for

powder diffraction work should overcome the principal limitations of the

D - S camera. Thus, it should yield sharply defined reflections in the

angular range up to at least 45 (9). It should be capable of yielding good

resolution, i. e. the effective camera diameter should yield at least 2

per mm film circumference. Finally the specimen should be ideally thin

to minimize the systematic error produced by absorption.

In the following sections it will be shown that a carefully adjusted

focusing camera of the Guinier type is capable of fulfilling these require-

ments.

2. 5. Problems Associated with the X-ray Spectrum

A major contribution to the complexity of the powder pattern is the

polychromatic character of the incident X-ray beam. The typical X-ray

spectrum comprises a continuum of low intensity and characteristic

peaks, K(3, , Ka-. , Ko1- etc. (Fig. 4) with wavelengths dependent on the

nature of the element used as anode in the X-ray tube. For a copper

anode X|3 = 1 . 3921 7, Xĉ  = 1 . 54051 and \a>2 = 1 . 54434 Ä.
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In the instance of copper radiation, the above distribution permits

the removal of the K|3 peak by absorption in a nickel foil. The intensity

of the a, peak, however, is attenuated by roughly 45% in raising the

ratio Kor, /Kp, to 1 OO/l using such a filter. A narrow range of wave-

lengths about the combined Key peak may be selected by transmitting

the beam through balanced filters of Ni/Co foils. While useful in redu-

cing the extent of background scattering due to the continuum, the dis-

crimination achieved, AX = 0. 1 2 Å, is insufficient to distinguish between

the components of the a, a~, doublet (åXa, a = 0. 0038 Å).

In the low-angle region of the D - S pattern, the or-, c*2 doublet is

unresolved. As 9 increases beyond 20 , however, reflections broaden

as the a-, and or̂  components separate in accordance with the require-

ments of the Bragg equation. In this angular region an estimate of diff-

raction angle corresponding to a particular value of X may therefore

be accompanied by a substantial error. Beyond 9 = 35 , the spectral

components of the reflections are resolved, thereby doubling the risk

of overlapping and near coincidence in patterns of non-cubic materials.

2.6. Crystal Monochromatization

An effective method for isolating a narrow band of wavelengths from

the X-ray spectrum utilises diffraction-reflection from a suitable face

of a single crystal. The crystal is inclined at an angle to the primary

beam so that for the wavelength selected, a set of strongly diffracting

planes occupies the reflecting position in accordance with the Bragg con-

dition. The principal weakness of the method is that only a fraction of

the available X-rays is reflected, most being transmitted through, or

absorbed in, the monochromator crystal. The practical application of

crystal monochromatization therefore depends upon techniques for opti-

mizing the diffraction conditions.

Diffraction from a plane crystal monochromator is depicted in Fig.

5a, the crystal surface being cut parallel to the reflecting planes. In

Fig. 5b, the reflecting surface is cut at an angle, a, to the diffracting

planes. By this means an increase in beam density is achieved by fore-

shortening the view of the X-ray source. This tilted surface technique
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is theoretically capable of yielding a nearly two-fold increase in inten-

sity for a parallel beam. The gain is in fact limited to between 1 0 and

20%by comparison with the plane-parallel method owing to intensity

losses through extinction in the crystal.

Although the tilted surface effectively concentrates the primary

beam, collimation, with attendant loss of intensity, is still necessary

to obtain sharp definition, owing to the natural divergence of the prima-

ry X-ray beam. Curving the crystal serves, however, to focus the di-

vergent beam and stringent collimation becomes unnecessary.

2.._6_j.2_. .£^9™etrjtea_-LC_oj^i?iP_n£^_for_the F o c u s i n g of D i v e r g e n t B e a m s

The principle of the focusing monochromator follows from the theo-

rem that the chord of a circle subtends equal angles at all points on its

arc. In Fig. 5c the divergent beam from source S is represented by two

components which strike a reflecting curved surface at points A and B.

This surface and the source lie on the same circle of radius R. If the

components at A and B are reflected to yield the same angle, 2$ they

will focus at point F, SF being the chord and SABF the arc referred to

above.

In the simplest approach, due to Johann, the reflecting surface is

a crystal cut in a direction parallel to a set of diffracting planes and

curved to a radius of R (Fig. 6a). The diffracting condition is only ful-

filled, however, when S, O and F lie on the surface of a circle of radius

R/2; the crystal is accordingly only tangential to the focusing circle at_

O. The source is thus not clearly defined with respect to the diffracting

surface and the focus has a width dependent upon the length of crystal ir-

radiated, i. e. upon the positions of S and O relative to the focusing circle

and the caustic circle, to which all diffracted rays are tangential.

The aberrations inherent in the Johann crystal are eliminated in

the geometry due to Johansson. Here the diffracting surface of the cry-

stal is first ground to a radius of 2R and then curved, by the application

of pressure, to the radius R of the focusing circle (Fig. 6b). As in the

case of the Johann crystal S and F are symmetrical about the point O

about which the crystal is ground and bent. The angle $ = TT/2 - 6 and

the source-crystal and crystal-focus distances are thus
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SO = OF = 2R sin9

Substituting X/2d = sin8 from the Bragg equation these distances are

seen to correspond to RX/d.

Guinier [l 0 ] advises the use of an asymmetric version of the

Johansson crystal to allow a greater crystal-focus separation, thus

increasing the available working space while maintaining a short source-

crystal separation (Fig. 7a). For this purpose the crystal is ground at

an angle a to the diffracting planes and the critical distances become

SO = 2R sin (9 - a)

OF = 2R sin (9 + a)

3. PRACTICAL CONSIDERATIONS

3.1. Guinier Focusing Geometry

A powder specimen placed in the X-ray beam reflected from a

curved crystal monochromator should give a pattern which is sharply

defined along the circumference of a circle containing the powder spe-

cimen and the focus of the incident beam. The main requirement here

is that the specimen should be infinitesimally thin. If film is used to

record the pattern, it too should comply with this requirement, double

coated film being stripped of emulsion on the side furthest from the

specimen to avoid diffuse and staggered patterns.

In the symmetrical arrangement (Fig. 7b) the incident beam, nor-

mal to the plane of the specimen, forms a diameter of the recording

circle. The expression for S, the diffraction interval along the circle,

is then rrR0/45, an improvement by a factor of two over the resolution

in a D - S camera of the same radius.

The main limitation of the symmetrical Guinier arrangement is the

small angular range, roughly 30 (9), which can usefully be recorded.

For radiation containing both a, and &? components, there is, moreover,

an asymmetry in the pattern due to differences in the way these peaks

become separated on either side of the primary beam. Thus in the pri-

mary beam itself, the oiy component is reflected from the crystal with

a slightly greater Bragg angle (smaller 0) than the #, component. In



- 1

subsequent diffraction at the specimen surface, those rays taking a di-

rection which is generally parallel to that of the beam striking the mono-

chromator, experience a focusing effect as, with increasing 9, the a?

peaks first converge on, and then cross over the a, peaks (Fig. 8a).

The effect is to produce reflections which are broad by comparison with

the primary focus, resolution of a, and a-, occurring at about 25 to 30 (8).

For X-rays reflected in the antiparallel direction on the other hand, the

Q\ - oty separation observed at the focus is further increased along the

circumference of the recording circle as 6 increases (Fig. 8b). By com-

parison with the parallel direction, reflections on this side of the focus

are sharper unless the pattern is of such complexity that cv? peaks begin

to merge with the a, peaks of neighbouring reflections.

An asymmetrical setting of the film cassette (Fig. 8) permits the

recording of diffraction patterns up to 45 or 50 (8) depending upon the

departure from 90 in the angle Q, between the monochromatic beam

axis and the tangent to the recording circle. Whether the cassette is

located in the parallel or antiparallel position is a matter of choice dic-

tated by a consideration of the influence of the a, cx-p separation on the

sharpness, as opposed to the overall resolution, of the pattern.

3. 2. The Monochromator Crystal

Elimination of the K(3 component from the X-ray beam is fairly easi-

ly achieved. The difference between the wavelengths of the Ka and K(3

components is such that a simple setting of the monochromator crystal

to the angle prescribed by the Bragg condition is generally effective. In

the instance of focusing monochromators discrimination is assisted by

the requirement for wavelength-dependent distances between source,

crystal and focus. These distances are so very different for the Ka and

K(3 components, however, that a precise setting is not essential.

Discrimination between the components of the Kot doublet is clearly

more difficult in view of their closely similar wavelengths. The main

requirement is for an accurately defined focusing geometry. Otherwise

the attenuation of the a, component will be too great when the angle of

the crystal is adjusted to eliminate o.~. Factors affecting the definition

of the focusing geometry are the width of the X-ray source and the mo-

saic spread in the monochromator crystal. These, if too large, limit
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des crimination. Alternatively a crystal which is too perfect, although

offering good discrimination, yields a much weakened monocrhomatic

beam owing to extinction effects.

A variety of materials have been tried in curved crystal monochro-

mators for X-ray work. A compilation has been prepared based on the

properties of the monochromatised beam, which should be strong with

only a small width, and those of the crystal which should be physically

and chemically stable, contain a low concentration of imperfections

and be capable of being formed to the required curvature [l 1 1.

Quartz, cleaved parallel to (1 01 1 ), has traditionally been employed

in Guinier cameras, owing to its good elastic properties and high dis-

criminatory power. The main drawback is the relative weakness of the

diffracted beam.

Ideally imperfect crystals should contain small mosaic blocks of
_3

1 0 mm size mis oriented by not more than a few minutes of arc in

order to minimize extinction. An approach to this condition in quartz

crystals is made by subjecting them to an elastic stress; the reflected

intensity can thus be increased by a factor of up to 20 LI 2]. The reflec-

tence may also be increased by gently abrading the crystal face with a

soft lead pencil to introduce a surface mosaic.

Oriented pyrolitic graphite appears to be superior to other mate-

rials as regards reflecting power; it gives a roughly fifteen-fold in-

crease in the intensity of CuKa radiation by comparison with quartz ac-

cording to calculations by Renninger [l 3]. For a beam divergence which

is less than the mosaic spread of the graphite the diffracted intensity is

as much as 50% of the incident intensity for CuKa radiation [l 4]. The

main drawback to the use of pyrolitic graphite is the relatively high mo-

saic spread in the material, generally of the order of 0. 4 , which se-

verely limits peak resolution. Reduction of this spread by a factor of

five or six is necessary before graphite can be considered suitable for

Guinier camera application.

The quartz crystals employed in the cameras constructed at Atom-

energi were manufactured by Mes ser s. A. Jobin and G. Yvon, 26 rue

Berthollet, Arcueil (Seine), France. The specifications are for a quartz

lamina with dimensions Length = 35 mm, Height = 1 5 mm, Thickness =

0. 3 mm with H parallel to [01 0 ]. The face LH is cut at a = 3° to the
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(1 01 1 ) set of crystal planes and ground to a radius of 500 mm (2R), the

cylinder axis being parallel to H.

The lamina is mounted in a curved press which on tightening bends

the crystal to the required radius of 250 mm. The press is mounted at

the specified distance SO from the anode of the X-ray tube, O being the

point about which the press is rotated to select the required wavelength.

For use with a Cu anode the critical distances and angles for the three

main spectral components are as follows, calculated on the basis of

d] QJ-J = 3. 344 Ä, of = 3° and R = 250 mm.
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Experience shows that in fact quartz crystals generally exhibit de-

partures in D, and D_ from these figures, probably owing to variability

in the angle a. Thus for the instruments described here the D. distances

are 91 and 88 mm. Such departures are of little significance, however,

as long as D, does not exceed 100 mm and D~ is not less than 1 30 mm.

A method for locating the crystal at the distance from the anode appro-

priate to the real values of R and a is given in section 4. 3b, based

on the account given in ref. [l 0].

3. 3. Mounting the Crystal

The crystal is supported in the press, A (Fig. 9) comprising two

brass blocks with a cylindrical interface of radius 250 mm (R). The two

halves of the press are drawn together by four spring-loaded bolts, B,

until the lamina assumes the curvature of the interface. The crystal

planes are now cylindrically curved with radius R. Care should be taken

in drawing up the screws to avoid uneven pressures which might crack

the fragile lamina. To this end, crystal and press surfaces are first

washed free of dust particles with alcohol. In addition, a seating for the

lamina can be improvised from a length of sellotape pressed against the
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surface of the concave block, C, parallel to the lower edge. Resting the

lamina on this thin edge ensures a common orientation for the cylinder

axes of press and crystal during the tightening of the bolts.

The press is then mounted on plate D, which extends into an arm

normal to the cylinder axis. This plate is, in turn, located on slide E

which permits lateral translation of the crystal axis with respect to the

primary beam. The stability of the alignment and, therefore, the per-

formance of the camera as a whole, depends ultimately on the means

used to unite slide and press, remembering that free rotation of the

press is necessary to bring the crystal into the reflecting position. The

device used here is that of a hollow, conical pivot, F, mounted on the

underside of plate D and threaded to receive set screw G. Pivot F

slots into the conical hole in slide E, the set screw being drawn up

against the tension of spring H until the two surfaces of slide and plate

are in firm contact. Experience shows that with lubricated surfaces,

rotation of the press is smooth without being disturbed by rocking about

the pivot axis.

The slide is now inserted into V-block I, and fastened in position,

temporarily, with one of the fibre screws, J. The V-block, I, is loca-

ted on the base plate of the camera with the help of pivot K and two bolts

passed through the slotted holes L. These slots afford a limited rotation

of 3 for the V-block, permitting a preliminary setting of the monochro-

mator in accordance with the take-off angle selected for the primary

beam axis.

3. 4. The X-ray Source

The use of a quartz crystal for discriminating between the a, and

a-p components of the X-ray spectrum is enhanced by the use of a fine

focus X-ray source. In this respect the introduction of fine focus tubes

in the early 1960's is to be regarded as a vital step in the application

of Guinier cameras for routine X-ray analysis. These tubes are prefe-

rably used in the line focus orientation, the cylindrical axis of the cry-

stal being parallel with the image of the filament on the anode of the tube.

In this position, the Philips FF tube (Copper anode PW 25633/62) used

with the Atomenergi cameras affords a line image which is 8 mm long
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and 0. 02 mm braod viewed at an angle of 3 to the plane of the anode.

In addition to providing a more sharply defined camera geometry, such

tubes afford X-ray beams which are less subject to air scattering than

normal focus tubes. Experience shows, however, that setting up the mo-

nochromator and cassette with a fine-focus tube is a more critical ope-

ration owing, presumably, to the reduced tolerance in the SO and OF di-

stances imposed by the sharp definition of the source.

In this connection, the mechanical stability of the X-ray tube shield

with respect to the focusing camera is an important factor as regards

long term performance. Brackets for mounting the tube shield in a hori-

zontal direction are particularly susceptible to mechanical vibration. In

the present case it became necessary to insert extra supports between

the tube shield and the bench bearing the cameras. In this way mm-size

variations in the height of the X-ray tube window, which had previously

been encountered, were eliminated.

4. SETTING UP THE CAMERA

4. 1 . Component Parts

The interior of the Guinier - Hägg camera is depicted in Fig. 10.

The component parts are mounted on a base plate, I, located inside a

heavy-duty steel casing, II, with the help of three levelling screws, A,

B and C, seated on a slot, a V and a plane respectively. The casing is

mounted within a framework of flat rails III which permit translocation

of the camera parallel to the X-ray tube axis. The casing may be lock-

ed in position by tightening a pair of setting screws K1 , K2 against the

front and rear walls; Kl may be fitted with a dial for precise setting.

Resting on the base plate are the monochromator assembly, IV,

comprising crystal press and slit system, and the sample -holder /cas -

sette assembly, V, mounted on a common plate U. This assembly, V,

consists of a circular specimen holder, E, and its associated slit sys-

tem, the film cassette, F, and the specimen rotating mechanism, G.

The cassette is positioned with three legs on its own moveable plate,

H, permitting adjustment with respect to the specimen surface so that

the requirement of tangentiality with the focusing circle can be met.
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4. 2. Preliminary Steps

a) With the base plate resting on the bench, check that there is a com-

mon height above the plate for the mid-points of monochromator,

sample holder, cassette window and the associated slit systems.

b) Locate the cassette in its approximate position with the help of plate

H; a line at 30 - 40 to the plane of the specimen should coincide

with the line scored in the top of the cassette, passing from window

to primary beam stop. The required distance from the specimen

surface can be gauged with the help of a thin rod, cut to match the

true cassette diameter. This is held inside the cassette with plast-

icine so that it coincides with the diameter normal to the window

through which it projects. On completion of this adjustment the tri-

angular plate, H, is secured in position (see, however, 4. 5. f).

c) The approximate height of the base plate above the floor of the cas-

ing is obtained as follows. With the base plate removed the X-ray

beam is admitted through the entry port of the casing and its verti-

cal extension is registered on a piece of fluorescent (ZnS) screen

mounted in plasticine. The mid-point of this extension is noted with

respect to a set of horizontal lines scored in the surface of the

screen and its height from the floor of the cassette is then measured.

The levelling screws A, B and C are now adjusted until the midpoint

of the monochromator press is at the same height from the bench

top as the midpoint of the X-ray beam from the floor of the casing.

4. 3. Adjustment of Monochromator (Sample Assembly Absent)

a) The primary (monochromator) slits are removed from the base

plate which is then seated inside the casing. A piece of fluorescent

screen is set up to register X-rays transmitted through the crystal

and, with the X-ray tube operating at half power, the casing is trans-

lated past the open window until a broad, luminous area is seen on

the screen.

With the crystal bathed in the primary beam, a shadow, due to ab-

sorption, is visible on the screen. Throughout the subsequent stages
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of adjustment, this shadow should be maintained at the center of

the illuminated field. This ensures that the rotation axis of the cry-

stal lies on the primary beam axis (see Fig. 7a).

b) While there are clearly two alternative ways of orienting the crystal

in the press, only one is valid owing to the asymmetrical alignment

of the (1 01 1) planes relative to the cylinder axis. The prevailing ori-

entation is determined by slowly rotating the press through its angu-

lar range and examining the effect on a fluorescent screen, the tube

being operated at full power. The incorrect orientation is characte-

rised by the appearance on the screen of a series of thin, bright

lines. Removal of the press from its mounting plate, D, and inver-

sion will now yield the correct orientation as demonstrated by the

appearance of one or two bright bands on the screen during rotation

of the press.

c) Starting with the arm of the monochromator assembly pointing in-

wards towards the X-ray anode, rotation away from the tube (in-

creasing 0) should yield in turn a bright and a dull, luminous band.

These are the a and (3 components of the X-ray spectrum which are

separated by a roughly 1 rotation of the press for CuK radiation.

d) If the X-ray source is correctly located on the circle defined by the

curved crystal, the a and (3 areas will be formed in turn by the coa-

lescence of two separate bands. These move symmetrically towards

each other as the wings of the crystal approach the circumference

of the circle. This can be understood from Fig. 1 1 . On passing

through the reflecting angle, the fluorescent bands meet and then

vanish promptly in a vertical direction as the near edge of the cry-

stal passes into, and the far edge leaves the focusing circle. This

is the condition to be aimed at for correct location of the crystal.

The presence of only one fluorescent band or the asymmetrical move-

ment of two bands indicates that the distance between the X-ray sour-

ce and the axis of crystal rotation departs from that specified for fo-

cusing (see section 3.2.). Thus, if the beam source lies outside the

focusing circle the greatest movement of the fluorescent bands is

towards the anode of the tube for a corresponding crystal rotation.
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The press assembly is translated sideways by steps of 0. 5 mm in

the appropriate direction and the movement of the fluorescent bands

re-examined at^each interval until the axis of rotation is correctly

located on the focusing circle.

e) More serious departures from ideal focusing are indicated by stria-

tions and irregularities of the luminous area. These may arise from

non-uniform stresses in a crystal clamped unevenly in the press,

or from a crystal seated so that the cylinder axis does not coincide

with the axis of the press. The press should be loosened slightly

and the luminous field re-examined. If there is no improvement,

slight rotations of the crystal in the plane of the press can be tried.

f) Assuming that a broad ( 5 - 8 mm) band can be obtained on the screen

placed one cm from the crystal, focusing of the reflected beam can

be examined by moving the screen along the beam axis. With the

screen normal to the axis, a fine intense line should be obtained at

roughly 140 cm (for CuKa) from the monochromator axis.. Inclina-

tion of the screen to the beam axis should resolve the a, a? doublet,

the weaker ot component being nearer the front of the casing (smaller

The crystal may now be locked in position, the fine-threaded screw

N (Fig. 8) being used to set the angle of the press against the ten-

sion of the retaining spring, M. If the application of tension leads

to any asymmetry of the luminous field it can be concluded that the

press is too loosely seated and that screw G, on the underside of

the slide, needs tightening. Before removing the slide, note its po-

sition in the V-block.

WARNING - Owing to the narrowness of the spot in fine-focus X-

ray tubes, adjustment of the monochromator is exceedingly sensi-

tive and with a good crystal, rotation of the press by a few seconds

of arc separates the ideal setting from a non-reflecting position.

Play in the moving parts of the monochromator is not permissible,

nor is careless handling of the equipment during adjustment. The

fine-focus beam is a particular hazard and hands should be kept

clear when the beam is admitted into the casing.
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A further danger is associated with the scattering of secondary ra-

diation from the component parts of the camera, in particular the mono-

chromator. Exposure to this radiation during the adjustment phase can

be minimised by laying a plate of lead glass over the open camera when

inspecting fluorescent pictures of the X-ray beam. On completion of the

adjustment, the monochromator should be covered over with a housing

of lead foil carrying a single exit slit, 10 mm square, for the monochro-

matised beam.

4. 4. Adjustment of the Sample-Film Cassette Assembly

a) The primary slits, P, (Fig. 8) are screwed to the base plate, the

vertical elements, Q, being opened to the fullest extent. With fluo-

rescent screens in place, one to receive the primary beam and a

second to receive the monochromatized beam, the horizontal ele-

ments are moved together with forceps until, on the first screen,

only the shadow cast by the crystal remains.

If the luminous field on the second screen exhibits irregular edges,

these can be eliminated by further closing the horizontal slits.

The monochromatized beam is now defined sufficiently to permit of

setting up the sample holder.

b) The sample-holder cassette assembly (slits removed) is set rough-

ly in position so that the beam makes an angle C, of 60 - 40 with

the plane of the sample holder. With a specimen of ZnS in the samp-

le holder, the assembly is manoeuvred in the focusing beam until a

vertical fluorescent band appears centrally on the specimen. Main-

taining this condition, the cassette is positioned with the primary

beam catcher, J, (Fig. 8) open and the metal shutter, L, removed.

With a fluorescent screen in place of the film, the passage of the

monochromatized beam through the cassette is checked, making

small angular displacements of the assembly about the specimen

axis. When the beam has been located centrally in the aperture of

the catcher, the distance D2 may be set up, moving the assembly

along the beam axis.

c) The assembly is secured in its approximate position by bolts pass-

ing through guide slots cut in the supporting plate. A millimetre
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scale is fastened against the edge of the assembly plate, parallel

to the beam axis.

A standard specimen of lead nitrate (cubic, a = 7.856 Å) is next

mounted in the camera and with film in the cassette an exposure of

fifteen minutes is given. The primary beam is recorded in under

two seconds with the tube operating at 1 2 kV and 6 mA. After deve-

loping the film, the sharpness of the reflections is examined

at X 20 magnification.

d) The assembly is moved along the beam axis in steps of 1 mm and

patterns recorded at each step. With the assembly at the position

yielding the sharpest pattern, the secondary (sample holder) slits,

T, are inserted and the fluorescent specimen replaced. The verti-

cal slits are closed until the luminous area is roughly 2 mm in

height and distributed symmetrically in the vertical sense about

the specimen centre.

The horizontal slits are now closed until they just graze the mono-

chromatized beam (ZnS dusted along the edges of the slits serves

to indicate their proximity to the beam). The slits may be closed

in steps of 0. 1 mm, with 1 5 minute exposures between each step:

diffuse bands recorded on the film as a result of diffraction from

the metal edges indicate too close a setting.

The luminous area at the centre of the fluorescent specimen should

have a horizontal extension of ~1 mm on either side of the centre

point.

4. 5. Final Adjustment

a) The above steps should yield a sharply defined pattern of lead ni-

trate over the whole 6 range. If the pattern is unsatisfactory, how-

ever, the position of the assembly along the beam axis should be

re-examined with a series of 0. 1 mm adjustments and 1 5 minute

exposures. Failing this, the horizontal components of the primary

slits may be closed to obtain a narrower beam, thus irradiating a

smaller area of crystal.
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b) Curved tails at the top and bottom of low angle reflections are due

to vertical divergence in the primary beam arising from the line

focus of the X-ray tube. These are minimized by further closing

the vertical elements of the secondary slits or, failing this, the pri-

mary slits.

c) Non-parallel reflections in the pattern, of the standard substance

arise through a non-parallel condition of the base plate with respect

to the primary beam. This effect may be examined by inserting

shims under the edges of plate U in turn and recording pairs of

patterns which are then placed bottom edge to top edge for compa-

rison. When the correct inclination of the base plate has been found,

the appropriate levelling screws are adjusted and the shims remov-

ed from beneath the assembly plate.

d) Extinction of the Ka~, component is achieved by increasing the angle

between the tube axis and the monochromator arm. The correction

required is only about 2 minutes of arc for CuK radiation and should

be followed with the aid of 1 5 minute exposures of the lead nitrate

specimen. An approach to the correct condition is marked on the

fluorescent screen placed about 2 cm from the crystal by a slight,

barely visible, separation between the two luminous bands describ-

ed in 4. 3 c. Over-correction quickly leads to loss of X-ray intensity.

e) The diffraction patterns of Pb(NO_)2 obtained with CuKcy, radiation

should exhibit little or no background darkening after a thirty minu-

te exposure. It is most probable, however, that the low angle re-

gion of the photograph will be heavily blackened owing to the pre-

sence of parasitic radiation scattered at the monochromator. Re-

moval of this radiation is achieved by inserting shutter S (Fig. 9, 10)

into the monochromator press until it just grazes the beam diffracted

from the wing nearest to the X-ray tube. This position is found by

examining the effect on a fluorescent screen as the shutter is pushed

in.

f) If it is observed that on moving the cassette-specimen holder as-

sembly towards the monochromator, a region of maximum sharp-

ness passes along the pattern, the position of plate H with respect

to the specimen holder should be re-examined.
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Non-linearity of the relationship between film measurement and

diffraction angle arises through missetting of the specimen holder

with respect to the recording circle as defined by the diameter of

the cassette. Some observations made in connection with this effect

are given in 6. 3. 2.

Measurement of a number of sharply defined patterns of a standard

substance can be used to derive an average value for the camera

constant defined by

1 n

K = - s e./s.
n i = 1 i' i

Slight adjustments to the separation of the cassette from the speci-

men holder and to the angle C, (4.4 e) can be used to follow the varia-

tion of K with 8 until a relationship has been obtained which is as

nearly linear as possible (see section 6.3.1.).

NOTE - As orginally designed, the Guinier - Hägg camera was ope-

rated in vacuo to eliminate background darkening due to the scatter-

ing of X-rays by air. Experience so far indicates that this precau-

tion is unnecessary, at least for exposures with a fine-focus tube

and CuKa, radiation. The heavy steel lid to the camera, essential

for vacuum operation, has therefore been replaced by a light-weight

cover of opaque plastic. There is, accordingly, less risk of distur-

bance to the critical adjustment of the monochromator from vibra-

tions , which are unavoidably generated on closing the camera with

a heavy metal cover. The beryllium window, through which the

primary beam was orginally admitted into the camera, has also

been removed.

It should be pointed out, however, that the camera design is par-

ticularly suitable for vacuum operation, a feature which is essential to

powder photography with longer wavelength radiation, such as CrKa.

5. EXAMINATION OF POWDER SAMPLES IN THE

GUINIER - HÄGG CAMERA

5. 1 . Specimen Treatment

Normally, powder patterns are obtained from specimens dusted on-

to an adhesive Dlastic tape stretched over a thin brass diaphragm. Care
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should be taken to obtain a thin (<30 p,), uniform layer of powder to en-

sure X-ray transparency and the sharpest possible definition for the fo-

cused reflections. A simple rule of thumb is that, with the brass dia-

phragm held up against the light, the powder sample, crushed to >200 #

should still transmit light without appearing unduly patchy in a 2 x 2 mxn

central region.

Due to the monochromatic character and focusing of the X-ray

beam, uniformly smooth reflections are obtained with crystallites

having sizes apprecially greater than those tolerated in a D - S speci-

men. This is clearly demonstrated in the patterns of BaCl?. ZH O

shown in plate II. The D - S pattern exhibits marked graininess due

to diffraction from crystallites larger than 20 |j,. For the same speci-

men treatment the G - H pattern is comprised of the customary sharp

reflections. In this connection it has been possible to obtain sharp G - H

patterns from thin alloy foil specimens which, after heat treatment

demonstrated crystal sizes of 40 - 50 p,.

Crystalline samples in the form of well developed needles con-

stitute the most serious hazard as regards irregularity of the speci-

men, since a fraction of the needles will tend to "hedgehog" from the

surface of the tape producing streaky and uneven reflections. While

smoothing the sample with a fine spatula achieves uniformity, the pow-

der will tend to exhibit preferred orientation with a consequent weaken-

ing or even extinction of some reflections and artificial strengthening

of others. A laborious but effective method of combating this phenome-

non is to mix the powder with a small quantity of a plastic cement which

becomes brittle on drying. Regular cleavage is not a property of such

material and crushing in a mortar will reduce the brittle mass to irre-

gularly shaped fragments.

A tape recommended for use in sample preparation is marketed

by 3Ms under the trade name Magic Mending Tape. This has a base

which retains its planarity on stretching and gives a low background,

uniform over the whole 8 range even on prolonged (4 hour) X-ray expo-

sures.

5. 2. Encapsulated Materials

Materials sensitive to moisture or air (deliquescent, hygroscopic

or pyrophoric compounds) or materials with which a health hazard is

associated, can be handled in thin plastic envelopes, circularly shaped

to fit the specimen holder.



Powder is first dusted over an area of tape and a circle of 3 mm

radius is punched out. The circle is then inserted, with the help of

forceps, into a bag of thin transparent plastic, the specimen being

maintained in a planar condition be feeding it through a wide-bore,

glass or per spex tube. The specimen is then sealed in with an annu-

lar weld, at least 3 mm wide, taking care not to heat the powder-coat-

ed area. (If HF heating is employed to make the weld, the specimen

can be positioned between two recessed metal formers, the powder-

coated area being located within the recess. ) A disc of appropriate

diameter can now be punched from the sealed envelope and mounted

between two brass diaphragms for exposure in the focusing camera.

Guttagena foil, from which the envelopes can be prepared, is ob-

tainable from Kalle AG, Wiesbaden-Blebrich, Germany. Plastic of

thickness 0. 08 mm, (grade T62 transparent, glossy) is sufficiently

durable to be formed into large bags from which envelopes for a num-

ber of specimens may be prepared. Exposure times are roughly treb-

led with this material and, as might be expected, diffuse bands appear

in the low-angle area of the diffraction pattern. General background

scattering is not significantly increased, however.

The G - H method is not ideal for the most chemically unstable

materials since it demands a specimen in the form of a thin film which

implies the existence of a large surface area for the air- or moisture-

sensitive powder. For this reason it is essential to preserve lengths of

tape, stretched on perspex blocks, and small plastic bags, dilated on

wire cages, in the dehydrating atmosphere of a vacuum desiccator.

5. 3. Fluorescent Specimens

All materials fluoresce, to some extent, on irradiation with X-rays

giving rise to a background continuum upon which the diffraction pattern

is superimposed. Strict monochromatization affords almost complete

elimination of this background except for materials containing elements

excited by the chosen X-ray component. One solution to this problem is

to replace the film with a scanning electronic detector fitted with a se-

cond monochromator. A simpler solution consists in screening the dif-

fracted radiation through a thin aluminium foil inserted in the window

of the film cassette, a narrow opening being left to permit passage of

the primary, monochromatized beam. Foil of 0. 03 mm thickness is

completely effective with compounds of the rare-earth and actinide ele-

ments and even permits photography of patterns from iron- and cobalt-
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containing compounds with CuKcf, . Exposures are increased roughly

two-fold and the high-angle reflections are disproportionately weak-

ened by absorption in the foil.

6. EVALUATION OF THE GUINIER - HÄGG CAMERA AS AN

ANALYTICAL INSTRUMENT

6. 1 . Exposure Times and General Sensitivity

A G - H camera, properly adjusted for the focusing of strictly

monochromatic CuKa, radiation, gives high quality powder patterns

over the full recording range up to 45 (9). The photographs reproduced

in plates I and II are representative of the patterns of well crystallised

materials examined in these laboratories during the past three years.

The D - S patterns of the same materials, reproduced for comparison

purpose, were obtained using the line focus of the same type of fine fo-

cus X-ray tube.

It will be seen that even with Key. radiation alone the exposure time

for a Guinier pattern is roughly one sixth of that for the corresponding

D - S pattern. Moreover, the G - H pattern is roughly ten times more

sensitive to the detection of weak reflections, owing to a combination

of the greater intensity of the incident beam in relation to the area of

sample irradiated, the focusing of the diffracted rays and the low rate

at which the peak/background ratio falls with exposure time.

Independently of the type of camera employed, specimens with a

high transparency to X-rays and a composition based on strongly scatte-

ring atoms can be expected to yield the shortest exposure times. This

is the case so long as the available diffracted intensity is concentrated

to a small number of reflections as in the cubic phases tungsten and

the dioxides of uranium or thorium. With increasing pattern complexity,

exposures lengthen and it may be necessary to overexpose the principal

reflections in order to reveal the fainter lines, if these are of signifi-

cance. This is often the case, for example, in phase analysis.

For X-ray film, the blackening curve is roughly linear, the inten-

sity of a reflection increasing proportionally with time. If the first vi-

sible evidence of a reflection is taken to represent an intensity of one,

the maximum registerable intensity is of the order of 180. Beyond this
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point, the reflections only increase in width. Below are listed some

typical minimum and maximum exposure times between which G - H

patterns have been fully registered without demonstrating line broaden-

ing due to over-exposure. The film used was Ilford Industrial G which

affords a good balance between speed and line definition. The patterns

were obtained with CuKof, radiation.

Specimen

Silicon

Black P

Pb(NO3)2

uo2

No. of reflections

6

18

19

9

Min. time (mins)

10

30

8

<5

Max. time {mins)

25

90

20

1 5

As an extension of this study, the sensitivity of the G - H camera

in phase analysis was tested by photographing various mixtures of well

crystallised UO2 and ThO~ which have comparable scattering proper-

ties for X-rays. The samples were made up by first ball milling the

powders in a weight ratio for UO"2/ThO2 of 1 0/l . This mixture was suc-

cessively diluted with futher additions of UO2 and ball milled to ensure

homogeneity. In this way 500 g mixtures of ThO? in UO_ were obtained

at dilutions of 1 %, 0. 5%, 0. 1 %, 0. 05% and 0. 01 %. The samples were

exposed in the focusing camera and the times taken to register the 1 1 1

and 200 reflections of ThO2 were recorded. Specimens of these mix-

tures were also exposed in a powder diffractometer in order to provide

a control of the peak heights of the 1 1 1 reflections from both ThO? and

UO?. For this purpose the 1 1 1 peaks and the adjacent backgrounds at

+ 4 (2 9) -were also step-scanned using a step length of 0.02 (2 9).

Dilution

% ThO?

in UO *

1

0. 5

0. 1

0.05

0. 01

Guinier -Hägg-patterns

Exposure times (mi-
nutes) in which prin-
cipal ThO2 reflections
are visible

111

30

60

200

950

Not visible

200

120

200

950

Not visible

Not visible

Powder diffractometer

Peak height counts for
1 1 1 reflections in

T h O 2

2150

2325

842

385

Not visible

uo2

22056

45789

88956

87601

90010

Peak ra t ios
1 1 1 ThO 2

1 1 1 UO2

0. 97

0. 51

0 . 9 5

0 . 4 3

Back-
ground
counts

158

289

589

600

610
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From the above results it is clear that for phases of comparable

scattering power, the detection of one component of a phase mixture

is guaranteed at the 1 % level for a normal G - H pattern exposure.

For prolonged exposures, detection is possible at the 0. 1 - 0.05%

level. The sensitivity is in this respect comparable to that obtained

in a powder diffractometer operated under step-scan conditions, with

the difference that the diffractometer result is quantitative. In both

instruments the 0. 01 % dilution yields no visible trace of the weaker

phase owing to interference from the background. These results are

comparable to those obtained by Parrish and Taylor for diffractome-

ter scans of silicon in LiF [l 5 ].

In less favourable cases where the minor phase scatters more

weakly or is in a poorly crystalline condition the sensitivity of the X-

ray method is clearly reduced and contents as high as 1 0 - 20%may

be undetectable.

6. 2. Treatment of Diffracted Intensities

By comparison with the powder diffractometer, the G - H camera

is a generally less satisfactory instrument for recording diffracted in-

tensities, largely owing to the limitations of the photographic method.

The sharpness of the focused reflections necessitates scanning by a

microdensitometer which provides a light beam of 0. 5 mm maximum

width or even smaller. This requirement is in conflict with the need

to employ as large a slit width and height as possible in order to mini-

mize the effects of film graininess. Possible solutions to this problem

are

a) to defocus the X-ray beam slightly by displacing the specimen from

the plane tangential to the film circle. The loss of resolution con-

sequent upon the resultant broadening of the reflections could be

compensated by using a film cassette of 50% greater radius.

b) to replace the film by a step-scanning proportional detector, fitted

with a 1 receiving slit which moves along the focusing circle.

The correction of intensities recorded with monochromatic radia-

tion must take account of the polarization of the incident beam by the

monochromating crystal. The combined Lorenz, polarization, oblique
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incidence and absorption corrections have been given by Hägg [l 6 "1 as

follows:

1 + cos2 20 cos2 26 . .
M = g " * ' e x P ( 1

sin 6 cos 9 cos (29 - ot) 29cos(29 - a)

-|j,,h

[1 - exp ( i )]
cos (2 6 - a)

where

9 = Bragg angle for reflection hk-L

9 = glancing angle for monochromator c rys ta l (1 3. 21 for Cukcv,

and quartz 1011 planes)

ex = 90 - Q = angle between axis of monochromatic beam and nor

mal to plane of specimen

|i = absorption coefficient of specimen

(Jbj- = absorption coefficient of film emulsion

t = thickness of specimen

h = thickness of emulsion layer

For thin specimens and high to medium X-ray transmission the

above expression can be approximated to

2
1 + cos 26 cos 2 9 ,

M = —
sin 6 cos 6 cos(26 - a)

The relationship between the observed Guinier intensity and the

structure factor is in any case given by

IObs=C.M.p. |F h k J 2

where

I_, = observed intensity

C = proportionality constant depending upon exposure time for

a given specimen

M = trigonometrical factor defined above

p = multiplicity factor for the set of hk-L planes

Fi-, p = structure factorhk-L
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An account of the solution of the Sr(OH)2. OH and Sr(OH)~ crystal

structures using G - H intensity data will be given separately.

6. 3. Pattern Definition, Calibration and the Measurement of 8

ofFilm

The G - H film cassette records the powder pattern only up to 45 -

50 (9). Although, as indicated in section 2. 4, this angular region is

not ideal as regards the precision for obtaining d, , „, the loss by com-

parison with high angle (>60 (9)) D - S measurements is largely offset

by the greater ease with which intensity maxima are located. Thus the

film geometry of the G - H camera gives a relationship between the

Bragg angle and the film measurement S of

(9/S) _ H = 45/TTR deg arc mm"

For D - S film geometry

(9/S) s = 90/nR deg arc mm

or a factor of two greater than that for the G - H camera with the same

film radius. Furthermore the focusing action of the G - H camera li-

mits the width of medium strength reflections to 0. 04 - 0. 05 mm; the

intensity maximum can generally be located to within 0. 01 mm. In the

80 mm diameter cassette this corresponds to a precision of 0. 0035 (9).

In addition the use of strictly monochromatic radiation eliminates the

risk of errors in 6 due to the overlap of peaks of different wavelength.

Under these conditions it has proved possible to resolve the peaks of

reflections which are separated by as little as 0.03 (9).

The patterns reproduced in plates I and II demonstrate the difference

in line definition to be expected as between D - S and G - H patterns. For

simple materials in a well crystallised condition, such as silicon, the

D - S patterns beyond 60 (8) is well developed and a high precision in

the measurement of 9 can be expected. For the majority of materials,

however, such as minerals, alloys, complexes and other compounds

with low symmetry structures or less favourable elastic properties,
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the D - S patterns are as those represented by black phosphorous,

U~Og or BaCL,. 2H-O. In these instances the high pattern definition

and good resolution of the G - H films clearly offers the only real

chance of obtaining reliable readings of 9. It should be pointed out

here that the width of the reflections in both types of pattern has been

increased in the process of photographic reproduction.

6_._3_L 2_. T he_ C am e_ra_C_ons tant_ a_nd_the_ _Or igi n_ £f__Sy_s tematic

Er ror s in the Meas ur^jrient 2JL !L

The value of the camera constant

K = 9/S

should be obtained as mentioned in section 4. 5 f for a number of reflec-

tions using a specimen for which the cell dimension is known to within

tO. 0001 Å. It will then be found that for the 80 mm diameter cassette,

K departs in a systematic fashion from the expected value of 0. 3581

over the whole angular range. The departures should be small (<1 %)

for a well adjusted cassette and an average value of K can be used for

most purposes. Thus a value of 0. 3576 has been used in the present

instance to construct a scale for the direct reading of interplanar spac-

ings in G - H patterns. The values of d so obtained are of acceptable

accuracy for use in phase identification with the ASTM Index to the

Powder Diffraction File.

The variability of K with 9 is generally attributed to the approxi-

mation to ideal focusing geometry in the arrangement of specimen and

film cassette. Thus a linear relationship between 9 and S in the focus-

ing camera is only possible when the specimen corresponds over all

its length with the recording circle. In practice, the specimen is at

best at a tangent to the circle and may in fact be displaced from it. A

major factor in producing variations in K is the departure from 90 in

C, the angle between the incident monochromatised beam and the plane

of the specimen.

Möller [l 7] has analysed the effects of specimen displacement e

from the tangential plane for different values of C and derived a para-

meter E to describe the relative camera constant K, (see Fig. 8a).



- 38 -

F _ AK _ 1_ s in2 6
K • K • s ~ 9 • cosC • cos (2 6 - Q

Variations in the camera constant K over the observable 9 range

are shown in Fig. 1 2a for -0. 67 <• e ^ 0. 04. Curves for E with £ = 70°,

55 and 45 are given in Fig. 12b. From these, it is seen that values

of Kfl over the diffraction range are most reliably interpolated from a

set of calibration points when C, = 55 . At C = 45 changes in E occur

most rapidly at 9 < 20 but are only small at 35 < 9 < 50 ; this inclina-

tion is therefore most appropriate if measurements at the higher Bragg

angles are desired.

Calibrati£nofG- JlPatterns

There is considerable difficulty in measuring e and in maintaining

a constant value for the specimen displacement from exposure to expo-

sure. Accordingly, accurate values of 9, , . are most readily obtained

from the Guinier patterns by including an internal calibrant in the X-

ray specimen and referring all readings of S, , . to the curve of K(6)

obtained for calibrant reflections.

Requirements for the calibrant are as follows:

a) It should give between five and eight reflections over the diffraction

range, the last reflection lying within a few degrees of Bmax for the

film.

b) The diffraction angles for the calibrant reflections should be known

to within 10% of the standard deviation estimate for the film read-

ing. This is most easily achieved if the calibrant is a cubic mate-

rial which can be readily obtained in pure form.

c) It should be chemically and physically stable and be hard and brittle

so that crushing in a mortar and mixing with the specimen do not

lead to detectable line broadening or other changes of pattern.

Semiconductor grade (>99.999% purity) crystals of silicon comply

with these requirements, six calibration points being afforded with CuKcy

radiation, the last at 44. 01 5 (9). The cell dimension of high purity sili-

con has been determined by a number of investigators to be 5. 43062 + 3 Å
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at 25 C [l8]. The coefficient of linear expansion is 22. 5 • 1 0~ Å deg"

so that variations in the quoted cell dimension at the + 0. 0001 Å level

can be ignored for a camera maintained at 23 i 3 C. Finally, silicon

can be crushed to a powder with particle sizes less than 50 \x without

evidence of line broadening. Calibration data for silicon with CuKa. ra-

diation are given in Table 1 .

6. 3. 4. Film Measurement and Derivation of K

After the variability of K with 8, the main systematic error associ-

ated with the measurement of G - H patterns results from film shrink-

age on developing and fixing. According to Hägg, shrinkage errors are

minimized by printing a 0. 1 mm graduated scale on the exposed film

before developing [19]. This has the advantage over the use of fiducial

marks of eliminating errors due to non-uniform shrinkage. For meas-

urement purposes the patterns and attendent scale are enlarged (X 30)

and read with a 0. 01 mm vernier. For a well defined pattern, with re-

flection widths of the order of 0. 05 mm, the peak positions of silicon

calibrant reflections can be estimated to within ± 0. 01 mm in successive

readings.

A calibration curve of K versus 9 can be constructed from the mea-

sured values of Sc. and the tabulated 6C. values and drawn on millimetre

paper to facilitate the derivation of KQ for any interval S. Examples of

some values of K for silicon in four different specimens are given in

Table 2.

A more rapid and objective approach to obtaining K is afforded by

computer methods. Thus a second degree Legrange interpolation can

be used to derive K for values of S between the calibration points. This

is the basis of the programme MOTT which has been incorporated as

a preliminary step in larger programmes for indexing powder patterns

and refining cell dimensions from G - H pattern measurements.

The camera constant Kn at an interval XP from the trace of the
u

primary reflection is obtained by a cumulative procedure which takes

account of three, adjacent calibration points K, , K?, K, at intervals

X] , X2 and X3>

Then

(XP-X2) (XP-X3) (XP-XJ) (XP-X3) (XP-X ] ) (XP-X 2)
K = K l (X, -X2) (X1 -X3) + K2 (X^X,) (X2-X3) + K3 (X3-X]) (X3-X2)
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Calculations show that for curves of the quality given in Table 2,

the error in 9 resulting from this interpolation is less than 1 0 % of the

random measurement error in 9. A listing of the MOTT programme

written in FORTRAN IV for the IBM 360/30 computer at Studsvik is

given in the appendix.

General experience shows that observation of the following points

serves to keep the influence of systematic errors to a level below that

of the random measurement error.

a) The graduations on the printed scale are aligned parallel to the X-

ray reflections.

b) Calibrant reflections should be sharp and clearly resolved, and

for silicon, the last five reflections in patterns obtained with CuKcf

radiation should not exceed medium intensity.

c) The CuKff? component should be absent, particularly if the cassette

is in the parallel position (section 3. 1 . ).

d) Background scattering should be less than one-tenth of the medium

strength intensities.

e) For broadened reflections, 9 is obtained from the averaged read-

ings of the low and high angle edges of the line.

f) The calibration curve should preferably be smooth and as nearly

linear as possible (dK/d9 < 10 mm ).

g) If for any reason, remeasurement of reflections becomes necessa-

ry, the whole pattern should be remeasured.

If it can be assumed that systematic errors in G - H film measure-

ments can be reduced to negligible proportions by employing an internal

calibrant and comparing the reflections with a scale printed on the film,

the dominant error is the random error associated with the location of

the reflection maxima. The total random error in a measurement at
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30 (8) can be expected to produce at most an error of 0. 01 % in the

determination of d, , . , or 0. 005 Å in the measurement of a 5 Å cell

dimension. For a D - S pattern, the accuracy obtainable at this angle

is probably not better than 0. 2 % owing to absorption in the specimen

and eccentricity in the specimen/camera geometry. If the D - S patt-

ern, for any of the reasons listed in 2. 3 and 2. 4, lacks definition be-

yond this angle, the removal of systematic errors is virtually impos-

sible and the uncertainty in the final results is considerable. Evaluation

of 9 from the G - H film, using the procedure described above, is there-

fore more consistently reliable, since it contains errors more closely

relatable to the absolute error in 9 than is the case with the D - S pattern.

The systematic errors which remain in the G - H measurements

are limited to the uncertainty in the wavelength of the radiation used and

the cell dimension of the calibrant. The wavelength of CuKa, radiation

is one of the most accurately determined X-ray constants. Quoted in Å

units, however, it is given as 1. 54051 ± 6 [20 ] owing to the uncertain-

ty in the factor relating the Å and KX units employed for the practical

measurement of X-ray wavelengths. In order to avoid confusion, there-

fore, it is generally recommended that where values of d, , . or cell

dimensions are derived from measurements of 8, the value of the wave-

length used should be given. Similar practice extends to the quoting of

the unit cell dimension of the compound used in calibrating the G - H

pattern.

6. 4. Unit Cell Dimension from Guinier - Hägg Film Measurements

6 ̂ 4.2 •

For powder reflections with known Miller indices values of 9, , - ,

obtained from film measurements as described above, can be used to

derive the dimensions of the crystallographic unit cell. For this pur-

pose the 9 values are converted to corresponding values of Q (= 4 sin 8/X)

and employed in the linear equation appropriate to the cell symmetry

given in Table 1 . Where the evaluation of more than one coefficient from

a number of different 9 . is entailed, it is convenient to employ the me-

thod of least squares in accordance with the approach originally suggest-

ed by Cohen [9 ]. The function, R, to be minimized, is formed from the
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differences AQ between observed values of Q and the values calculated

from the coefficients. Then

n 2
)R = S a). (AQ.)

i l X 1

where 0). represents a weighting term for Q., based on the reliability

of the measurement of S..
i

The advantage of G - H data in this context is that they are free

from large scale systematic errors which reduce the value of least

squares calculations. Measurement of all the reflections in the pattern

can therefore be employed to obtain a statistical distribution of the mea-

surement errors. In this way the probable error can be reduced to a

level considerably below that for the single reflection measurement de-

scribed in the preceding section.

It is assumed that the calibration procedure reduces the systematic

error in S to a level below the random measurement error. The weight-

ing scheme proposed by Hess [27]

co. = 1 / s i n 2 9.

based on the natural variation in the precision of d as a function of 8

(section 2. 4. ) can therefore be used with G - H data.

The least squares calculation is most conveniently performed with

a computer and a programme MOTT-CELL has been devised for this

purpose. In this programme the elements of the normal equations are

formed from the linear expressions for Q by partial differentiation

with respect to the parameters a , b , c etc. Values of the correc-

tions Aa, Ab, Ac etc. are obtained iteratively, the process being carried

out to convergence. Since the diagonal elements of the least square ma-

trix contain the partial derivatives dQ/da, 5Q/öb, SQ/dc etc. standard

deviations for the general cell parameter a. can be calculated according

to conventional statistical practice [22].

CT =R. A ' /
a

where

N = number of degrees of freedom (number of Q. employed (n)-



- 43 -

number of parameters to be determined (q)).

n ?

R = 2 a). (AQ.)
i=1 x x

A'.. = diagonal element of the inverted matrix corresponding to

parameter a..

Computer print-outs of G - H diffraction data treated in this way

are given in Appendix II by way of example. The compounds chosen range

from cubic UO, and ThO2 which afford patterns with only a few reflections

to monoclinic BaCl?. 2H9O with a line-rich pattern of 1 32 measurable
2

reflections. Inspection of the lists of Asin 9 given in the print-outs shows
_5

that discrepancies are generally less than 5 • 10 while the standard de-

viations of the cell dimensions are 0.005% or better.

§_-_4^ 2.. Signific ̂ nceJTjes ts_for_ _Re s_uhial_Sy s_temati£ _Er r_or_s

In order to test the correctness of the calibration and interpolation

treatment for obtaining 8 from film measurements, significance calcu-

lations have been made on the Bragg-angle data used to calculate cell

dimensions as described above.

The difference A between the observed and calculated values of

sin 9 is used in the least squares treatment as a measure of the ap-

proach to the probable cell dimensions. Measurement of n reflections

in the powder pattern represents n independent estimates of the cell di-

mensions required to define the pattern. The self consistency of these

n values of A is accordingly an indication of the probable correctness

of the dimensions; a transition from large negative values of A for low

9 reflections to large positive values of A for high 9 reflections should

therefore signify the operation of a systematic error in the derivation

of 9. If the discrepancies A are compared over the whole angular range

of the pattern with an estimate of the random error in the measurement

of 9, a measure is obtained of the degree to which the angular dependent

systematic errors are removed. This is the basis of the LRM or Likeli-

hood Ratio ftdethod developed by Beu [23 3 who uses the chi-squared dist-

ribution method for testing hypotheses, as follows.

The standard deviation estimate of the average 6 value for the ith

reflection is calculated using the conventional expression
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? i P ?

c n=l

where

o"Q = the standard deviation of 9
o

9 = the nth measurement of 9 for th ith reflection
n

p = the total number of measurements of 8.
1 p

6 = the average value — S 9 for p measurements of 9.
P i n

r n=l

A function W(a ) has been derived to measure the probability of

the cell dimensions from a comparison of the estimates of OQ and the

differences between observed and calculated values of 9. according to

W(a ) = S p in [1 + (AG/a )2]
o i = 1 i ö i

where n represents the number of 9. employed.

Calculation of W(a ) for a range of cell dimensions in the neighbour-
hood of the values obtained by the least squares method leads to the rea-
lisation of a minimum W which corresponds to the most probable di-
mensions a , b , c etc. W is a statistical function used to deter-

m m m m

mine whether or not systematic errors have been removed from the data

within the precision of the measurement. For this purpose W is com-

pared with W , a value of the chi-square distribution for N degrees of

freedom at the 5 %significance level [24]. If W < W , 9 dependent sys-

tematic errors are assumed to be absent within the precision of the mea-

surement. The values a , b , c etc. are accordingly cell dimensions
m m' m ° }

which satisfy the hypothesis of "no remaining systematic errors".

A programme LIRIC for Likelihood _Ratip_Calculations has been de-

vized by the writer to compute W(a ) for symmetries up to and includ-

ing orthorhombic. Values of the cell dimensions are taken at intervals

of 5 • 1 0 Å on either side of the least squares results and W(a ) is

calculated at each interval with 0.00 3 <CTQ<0. 004 for three readings

of 8.. Table 4 gives a comparison of the LRM cell dimensions for UO?,

Pb(NO )2 , a-Fe2O_ and a-SiO^ and the corresponding least squares

values together with the W value taken at the 5 % significance level and
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the interpolated value of W . The standard deviations at the 95% con-
m

fidence level of the dimensions are calculated in LIRIC using the ex-

pression

n _ ~
a = 1. 96 • a / ( S p. tan 9 /cr )
a. m. . , i m/ i '
J J i=l i

where

a = the LRM value for the jth parameter

9 represents the calculated value of 9. for the ith reflection
m i i

corresponding to parameters a
Jp. = the total number of measurements of 9.

a. = the combined error for the ith reflection whose observed
1 2 2 2

Bragg-angle is 9: a. = (§ - 8 ) + aQ.

The results in Table 4 are given for a cassette with the generally

recommended C % 55 setting and also for a cassette with Q = 70 . In

the first of these settings differences between the least squares and

LRM cell dimensions are insignificant, being roughly one-tenth of the

standard deviations. In all cases the test W < W for the removal of
m e

6-dependent errors is satisfied at the 5% significance level.

For the second setting where only five silicon reflections are avail-

able to define the calibration curve (c. f. Table 3), the results are less

satisfactory. The LRM values are consistently greater than the least
-4squares values by 3 - 5 - 1 0 Å. These discrepancies are covered,

however, by the standard deviations which are appreciably larger than

those for the £ = 55 setting. With the exception of UO,, the values of

W exceed W by more than a factor of two, indicating the presence

in the data of residual systematic errors.

From the agreement between the least squares and LRM results

for C = 55 , it is reasonable to assume that G - H patterns are capable

of yielding cell dimensions with 0. 005% accuracy. It is clear, however,

that the effectiveness of calibration procedures should be tested before

placing full confidence in the results of least squares calculations. In

this connection the approach afforded by the LRM calculations appears

to be an effective means of testing calibration reliability.
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In order to demonstrate the reliability of the G - H powder data,

cell dimensions for a number of the compounds listed in Appendix II

are compared in Table 5 with values quoted _in the literature.

Only those materials with an acknowledged freedom from variations

in stoichiometry were chosen for this comparison. Thus cubic ThO?

has been selected rather than UO~, CeO. or PuO?, each of which is

a member of a binary solid solution.

The agreement between the G - H and literature results is signifi-

cant, particularly in the case of the cubic phases where the errors are

concentrated to a single parameter. In this connection, the value for

Pb(NO,)9 was remeasured using a D - S camera in view of the large
-4o~ of 6. 1 0 Å given in the literature. The D - S measurements werea

refined with the MOT T-CELL programme introducing additional terms

in the linear equation for Q., , . to account for specimen eccentricity and

absorption [25]. The D - S results for black phosphorous were obtained

using CrKa radiation, the pattern with CuKa radiation being indistinct

beyond 35 (6) (see plate I). The graphical Nelson - Riley treatment of

the data which led to the published results has since been checked us-

ing the MOTT-CELL programme. The revized values of the cell dimen-

sions agree with the published values within the limits of the standard

deviations.

The results obtained for BaCL,. 2H9O are particularly striking in

view of the quality of the D - S film which is clearly quite unsuitable

for measurement (Plate II). The literature values are based on the pre-

cise measurement of twelve hk£ reflections using a single crystal diff-

ractometer. The G - H pattern which contains 1 32 measurable reflec-

tions was indexed on a probability basis using the programme PIRUM

devized by P. E. Werner of the Department of Inorganic and Physical

Chemistry, University of Stockholm. Of the listed reflections only three
2 -4

yield differences Asin 8, which exceed 2 - 1 0

7. APPLICATIONS

The short exposure times (1 5 - 30 minutes), sharp line definition

(< 0. 05 mm) and large effective film diameter (1 6 cm) make the G - H

camera ideal as an instrument for rapid phase analysis of materials

available as homogeneous powders. Since only microgramme quantities
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of sample are required, the method is particularly suited to the ana-

lysis of small amounts of material. The D - S method is only superior

when it becomes necessary to study, in situ, coatings on fragments of

material or inclusions in transparent media such as glass.

The accuracies obtained for cell dimensions by routine treatment

of the powder data facilitate the study of solid solubility effects in phases

with low symmetry and/or large unit cells. The good resolution at low

Bragg angles permits a high degree of sensitivity for the detection of

line splitting, indicative of a reduction in crystal symmetry, which can

accompany the formation of a solid solution or a defect compound. The

level of accuracy, which is generally better than 0. 01 %, is adequate

for most analytical work involving the solubility of small amounts of

material. Powder diffractometer and D - S results are only superior

in the relatively limited context of detecting variations in lattice spac-

ings at the 0. 001 % level in well-crystallized materials with high sym-

metry.

Where powder patterns of hitherto unreported phases are recorded

it is often desirable to determine the cell symmetry and space group in

order to make possible a comparison with established compounds. For

this purpose, it is necessary to determine the hk'L indices of the con-

stituent reflections of the pattern, a process which depends upon the
2

occurrence of specific relationships between the values of sin 9 for the

different symmetry classes. Since low-angle reflections have the sim-

plest indices, often of the form 100, 010, 002 etc. , the various trial-

and-error indexing methods which have been devized are largely based

on assumed values for the indices of these reflections. G - H powder

data is particularly suited to this type of treatment in view of the close

correlation between values obtained for the cell dimensions using low-

angle data and those derived from data in the 30 - 45 (9) region. In

this connection only diffractometer data is of comparable quality while

measurements of D - S films have in the past led to many spurious in-

dexings.
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TABLE 1

LINEAR EQUATIONS FOR THE RELATIONSHIP BETWEEN BRAGG ANGLE,

MILLER INDICES AND UNIT CELL PARAMETERS

FOR MONOCLINIC TO CUBIC SYMMETRIES

Q - Bragg angle; A = radiation wavelength; hk>t = Miller indices; a, b, c = cell dimensions; (3 = angle

between a and c axes; Q, , . * 4 sin Ö-L^./X

MONOCLINIC

a^b/c

ORTHORHOMBIC

a=p=Y=90°

a/b/^c

TETRAGONAL

a = (3 = Y = 9 0 °

a . b ^ c

HEXAGONAL

a = (3 = 90o , Y = 1 2 0 °

a =b ^ c

CUBIC

o? = p = 7=90°

a =b = c

Q j ^ . Ah2 + Bk2 +C12 + Dht

O ^ ^ = Ah2 + Bk2 +C12

Qhk£ = A(h2 + k2) + Cl2

Q, . , =A(h2+hk+k2) + Cl2

Qhk^ = A ( h 2 + k 2 + ^ )

2 Z
A = 1 /a s in (3

A=i / a 2

A=l /a 2

A=4/3a2

A=l /a 2

B = 1/b2

B = l /b 2

-

-

-

C=l/c2sin2(3

C = l / c 2

C = l / c 2

C = l / c 2

-

D = -2cos(3/ac sin (3

-

-

-

-



TABLE 2

CALIBRATION DATA FOR SILICON POWDER

.o= 5. 43062 + 5 Ä at 25 C; o?T = 22. 5 10" 6 Ä deg"1 C;

ACuKcy, = 1 . 54051 Å (assumed as basis for calculation)

h

1

2

3

4

3

4

3

k

1

2

1

0

3

2

3

1

0

1

0

1

2

3

s in 9

0.060352

0. 160939

0.221291

0. 321877

0.382229

0. 482816

0.543168

e

14.2212

23.6514

28.0612

34. 5651

38.1882

44.0152

47. 4764



TABLE 3

CAMERA CONSTANTS AND THEIR DEVIATIONS OBTAINED "WITH

SILICON CALIBRANT FOR 80 MM DIAMETER CASSETTE

C. is angle between axis of incident beam and plane of specimen;

cr(s) is error in K produced by an error in film measurement

of t 0. 01 mm

CT(9) is error in K produced by error in silicon cell dimension

of + 0. 0001 Ä.

K

70

70

55

55

11 1

0.35492

0.35518

0.35816

0.35788

220

0.35498

0.35503

0.35809

0.35769

31 1

0.35499

0.35499

0.35805

0. 35767

400

0.35514

0. 35485

0. 35812

0.35765

331

0.35492

0.35475

0. 35821

0.35763

422

-

-

0.35830 ̂

0.35764

333

-

-

-

-

o-(e)

0. 0001 1

0.00008

0.00005

0.00008

0.00004

0. 00007

0. 00004

0.00007

0.00003

0.00007

0.00003

0.00006



TABLE 4

COMPARISON OF CELL DIMENSION CALCULATIONS FROM

GUINIER - HÄGG DATA USING LEAST-SQUARES AND

LIKELIHOOD-RATIO METHODS

C = 5 5 ^

C = 7 0 '

Least squares

Result

LRM

Result

N

W
mW
e

Least squares

Result

LRM

Result

N

Wm

U°2
ao

5.4706

i 3

5.4706

+ 3

8

4.54

15.51

5.4696

t 3

5.4697

± 4

7

14. 05

14.07

Pb(NO 3 ) 2

7

7

7

7

a o

. 8552

+ 1

.8551

± 3

19

17.58

30. 14

. 8545

± 8

.8551

+ 6

16

63.21

26.30

5.

5.

5.

5.

a-Fe

a o

0351

+ 1

0351

± 2

13.

2 3 .

0374

+ 4

0377

± 3

1

50.

19.

5 2°

13

13

i

13

68

13

13

1

51

68

3

co

. 7515

t 5

. 7 5 1 4

± 5

. 7 5 7

± 1

. 7 5 8

+ 1

4.

4.

4.

4 .

c

a

91

±

91

i

91

+

91

+

¥-Si

o

24

1

25

2

°2

5.

5.

21

30.

32.

47

2

49

2

02

67

5.

5.

20

72.

31.

51

41

co

4045

+ 3

4048

+ 2

4040

± 3

4043

i 3

Cell Dimensions in Å based on following assumptions:

XCuKo?1 = 1 . 540510 Ä

a (S.) = 5.43062 A at 23°C.
o v i/



TABLE 5

COMPARISON OF CELL DIMENSIONS FROM GUINIER -

HÄGG DATA WITH LITERATURE VALUES

Phase
No of
reflec-
tions

Guinie r -Hägg
Data at 24± 1°C

Literature Value
in Å

Technique Ref.

Cubic Symmetry

Cf-Fe

ThO2

Pb(NO3)2

Mo3Sb?

<y-Sn

a-Al2O3

c-Fe2O3

a-Quartz

(sio2)

3

9

19

23

12

20

16

23

a = 2.8659 ± 4o
a = 5.5971 + 2o

a = 7.8552 + 1o

a = 9. 5688 + 2o

Tetragonal

a = 5.8312 ± 2
o

c = 3. 1808 + 2
o

Hexagonal

a = 4. 7587 + 2o
c =12.991+1o
a = 5.0351 + 1o
c = 13. 7515 ±5o
a = 4.9125 + 1o
c = 5.4044 ± 3
o

2.86615 t 2

5.5971 ± 1

5.5969 ± 1
7.8561 + 6

(7.8555 t 1*)

9.5688 ± 1

Symmetry

5. 8315 ± 2

3.1812 ± 2

Symmetry

4.7591 + 4

12. 989 i 3

5.0345 i 5

13. 749 i 2

4.9125 + 5

5.4042 + 5

D-S+N-R(20°C)

Diff ractomete r
(26°C)

D-S+N-R(25°C)

D-S+N-R(23°C)

D-S+N-R(23°C)

D-S+N-R(25°C)

D-S+N-R(25°C)

D-S+N-R(20°C)

D-S+N-R(18°C)

26

27

28

29

30

31

32

33

34

O rth o rhombic Symmetry

Black P

BaCl2-2 H2O

18

132

a = 3.3140 + 2
o

b =10.479+1o
c = 4.3769 + 4o

Monoclinic

a = 6.7218 ± 2
o

b = 10.9083 + 4
o

c = 7. 1321 ±2
o

p = 91.102° + 3

3.3138 i 2

10.4776+6

4.3759 + 3

Symmetry

6.7215 + 2

10.9077 + 3

7. 1315 + 3

91. 102°±3

D-S+N-R(22°C)

Single crystal
Diff ractomete r

Least squares
refinement of
1 2 s i n ^

35

36

* = This work.
D-S = Debye-Scherrer powder pattern.
N-R = Nelson-Riley extrapolation for data correction.





Fig. 1 a Reflection-Diffraction according to
]Bragg*s Law

Incident
Beam

Cone of
.Normals

Cone of
Reflection

Transmitted
Beam

Fig. 1b Generalion of a cone of reflection in powder diffraction.
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Fig. 2a Debye-Scherrer Powder Geometry
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Fig. 2b. Average number of powder lines per unit of Bragg angle

and schematic appearance of powder pattern.
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Fig.U Intensity Distribution for CuK Radiation with superimposed
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( a ) P l a n e P a r a l l e l

(b) Tilted Surface

(c) Focusing Monochromator

Fig 5 Monochromator Geometries



(a) Johann Bent Crystal

•y= Radius of focal circle
R Radius of crystal curvature
C Radius of caustic (error circle)

(b) Johannson Ground and Bent Crystal (Symmetrical)

F ig 6. Practical Focusing Monochromators



Crystal

D} = 2R sin (9 -oc)

D2 = 2R sin { 8 + . : )

a) Asymmetric monochromator

Crystal

- te- R • 8
"~7

b) Asymmetric monochromator with symmetrical cassette

Fig 7. Guinier camera geometries for diffraction from

monochromator and from sample



b) Antiparallei

Fig. 8 Alternative placings of asymmetric cassette for operation
at angles up to 45*{6).



Fig. 9 Fully adjustable Crystal Monochromator for use with fine-focus sources



Fig, 10 Interior of Guinier-Hägg Camera

I I I



Fluorescent images of approach to focusing condition
(1) incorrect distance source to crystal
(2,3,&O correct source-crystal distance for focusing

Fig.11 Alignment of the Monochromator Crystal.





PLATES I & II

COMPARISON PHOTOGRAPHS OF POWDER PATTERNS

obtained with

A. Debye - Scherrer camera of 11 • 46 cm diameter

(2 mm = 1 B) CuKa, 7 radiation

B. Guinier - Hägg camera of 8 cm diameter

(2 . 8 mm s }°6) CuKa. radiation





B

Silicon

Exposure time 3 hours

0 10 • 20 30 10 50 60 70 80 90 100 110 120 130'
1 5 14 25 - I JS | . | "SS I . • . | 85 j . i 1 . 115 • j I . • 1
I.Mrli'.i.hliMp J,I.I,1,1,1.1.1,1, 1|.|.|il,|,l,Kl.l.lil.l.[il1i.l,NI.I,l.l.l.Mil,l.l,l,l.lll.li1ililil.li1.|.[,l ilil,[ilil.|,lil, ilil^l.lilii.lil.l.i.l.Miiil.l.l.lil.l.Milil.l.lilii.l.M.l.lilil.l.lil,!. .li:,tiJil.lil,l.!,li!,i,l,l,!,l,|.|.'.!J,;;;l

Exposure time 15 minutes

B
20 30 10 50 60 70 BO

Exposure time 8 hours

90 100 110 120 130-'

Exposure time 30 minutes

Black Phosphorous





B

Exposure time 6 hours

0 10 30 30 tO 50 60 70 . 80
j 5 .1 15. . j JS [ .S 55 j 65 •! 75 |

100 110 120

Exposure time 90 minutes

BaCI2-2H2O

B
10 20 30 40 50 60 70

S 15 I ?5 15 *S 5! 65 j

U3O8

Exposure time 4 hours

90 100 110 120 130-'

Exposure time 30 minutes





APPENDIX I

LISTING OF COMPUTER PROGRAMME MOTT





DOS FORTRAN IV 36^N-F?-479 3-1 MAINPGK DATE 02/09/70 TIME 1 5 . 4 2 . 2 5

C
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

MÖTT : A PROGRAMME FOR D E R I V I N G BRAGG ANGLES FR3M
G U I N I E R - H X G G F I L M ME A S I K F Mf NTS BASED ON REFERENCE
REFLECTIONS PROVIDED RY AN INTERNAL C A L I B R A N T .
wRITTFN BY ALLAN rtR0W\, A T O M E N E R G I f S T U D S V I K , 1 9 6 6

1ST CARD : T I T L E CARD FCRMAT(20A4 )

2ND CARD : CONTROL CARD :NPUNCH,NREF,SO,LAMBDA,NEWCAL
F O R M A T ( 2 1 5 , 2 F 1 0 . 5 , 4 3 X , 1 5 )

NPUNCH=3 :DATA ARE PUNCHED ON CARDS IN FORM
H , K , L , S I N S Q < T H E T A ) , W I , I V L ( 3 I 5 , 2 F 1 0 . 5 , I 2 )

=1 : N 0 DATA CARDS PRODUCED
NREF : N 0 OF REFERENCE ( C A L I B R A N T ) REFLECTIONS

USED
SO :READINiG OF P O S I T I O N OF PRIMARY BEAM

TRACE ON F I L M
LAMBDA :WAVELFNGTH OF RADIATION USED (DATA FOR

A SECOND SPECTRAL COMPONENT IS
TREATED AS A SECOND PROBLEM

NEwCAL=O :ONLY ONF PROBLEM TO BE TREATED
=1 :THIS DATA DECK TO BE FOLLOWED BY A

StCOND (NEW TITLE AND CONTROL CARDS)

3RD CARD

4TH CARD

REFERENCE DISTANCES (RfcFX) FOR CALIBRANT REFLECTIONS
NREF VALUES (MAXIMUM OF 8) WITH FORMAT 8F10.0
FORMED BY SUBTRACTING BY HAND SO FROM READINGS
OF POSITION CF REFERENCE REFLECTIONS

RFFER.ENCE CAMERA CUNSTANTS (REFY)
NREF VALUfcS CORRESPONDING TO REFX WITH SAME FORMAT
FORMED BY DIVIDING BY HAND REFX VALUE 8Y BRAGG
ANGLE FOR REFERENCE REFLECTION

DATA CARDS: H,K,L,S,WI
H
K
L
S

WI

IVL

END CARD PUNCH 1

,IVL FORMAT(3I5,2F1C.5, 12) ANY NUMBER
MILLER INDICES FOR MEASURED
REFLECTIONS : UStD FOR IDENTIFICATION
NOT NECESSARY TO CALCULATION
READING OF POSITION OF REFLECTION

(FROM SAME ORIGIN AS USED FOR PRIMARY
BEAM)

WFIGHTING FACTOR FOR RELIABILITY OF
MEASUREMENT FOR PUNCHING ON OUTPUT
CARDS : CAN BE LEFT BLANK

INDICATOR FOR CHANGE OF WAVELENGTH FOR
PUNCHING ON OUTPUT CARDS USEO WITH
MOTT-CELL LEAST SQUARES PROGRAMME
CAN BE LEFT BLANK

IN CCLUMN 1 OF CARD FOLLOWING LAST
DATA CARD



nos FORTRAN IV 36^M-F0-479 3-1 MA IN PGM DATE G2/U9/7C TIME 1 5 . 4 2 . 2 5

UOOI
cor 2

000 3
LOt 4
O0C5
00C 6
GOL'7

0008

0009
CO 10
0011

00 12

or. 14

0015
CC l b
0017
0C18
OLIV
CO 2*.
C 0 2 1
0C22
CC23
C024
0025
0U26
0027
Of 2b
CC29
00 3.'
00 31
C132
00 33
0034
0035

0037
C038
0039
0C40
0<J41
00^2
0043

C
ICO
101
102
1 0 1
104

1 0 5

106
107
108

1 0 9

111
C

7

1

2

3
4

5
6

DIWENSIO\| I H ( 3 ! , * F F X ( f U , R E F Y m , T I T ( 2 0 )
REAL LAMBDA

FORKAT(2I5,2F10.'5,45X,I5)
FORMAT(KF10.C)
FORMAT(3I5,2F1C.5,I2 )
FORMAT(5F10.5,2X,3I5,I7,5X,F10.5)
F O R M A T ! ' 0 ' , 5 X , ' S . , 7 X , ' S - S 0 ' , 8 X , • C K . , 5 X , • 1 HET A . , 6 X , ' S I N S Q ' i 7 X , • H . , 4

" X T ' K ' ^ X . ' L ' . O X . ' N ' . I O X . ' D ' , / )

F O R M A T ! ' 1 ' , 2 0 X , ' T H I S MOTT C A L C U L A T I O N CONCERNS MEASURED G U I N I
* C R I N T E R V A L S F O R ' , / )

F Ö R M A T C H ' , 2 C A 4 , / / / / / )
F 0 R M A T ( 2 0 A 4 )
FORMAT! M V , ' T H E F O L L O W I N G ' , 1 5 , 2 X , . C A L I B R A T ING POINTS HAVE BEEN

• USl iD" , / / / )
F O R M A T C O ' , 2 0 X , ' S - S 0 ( C A L ) S 3 F 1 0 . 3 )
FORMAT! ' 0 ' , 2 0 X , .CK ( C A D ' , 8 F 1 0 . 0 )
F O R M A T C C , 2 0 X , ' S O = ' F 1 0 . 3 i 2 0 X , ' L A M B D A = ' . F I C . S , 1 J 1 , / / )

R t = . A D ( 5 , l O 7 ) ( T I T ( I ) , I = 1 , 2 O )
RLAD(5 , l r i ^ )NPUNCH,MRtF,Sn,LAMBDA,Mt:WCAL
R F A D ( 5 , 1 0 1 X P E F X ! I ) , I = 1 , M R E F )
r<FAD(5, l ' j l ) (RbFY! I ) ,1=1 ,NREF )
W R I T E ( 6 , 1 0 5 )
W R I T E ! 6 , 1 0 6 ) ! T I T ( I ) , 1 = 1 , 2 0 )

W R I T E ( 6 , 1 0 8 .NREF
W R I T E ( 6 , 1 0 9 ) ( R E F X I I ) , 1 = 1 , N R E F )
W R I T E ( 6 , 1 1 0 ) ( R b F Y ( I ) , I = 1 , M R E F )
WRITE ( 6 , 1 1 1 ) S 0 , L A M B D A
W R I T E ( 6 , 1 0 4 )
rj=i
R E A D ( 5 , 1 0 2 ) ( I H ( I ) , I = 1 , 3 ) , S , W I t l V L

SSO=S-S0
CALL INT=R(1 ,NREF,2 ,SS0 ,CK,REFX,REFY)
THETA=SSO*CK
THRAD=THETA/57.29579 5
SINTH=SIN(THRAD)
SINSQ=SI,MTH*SINTH
0=0.5*LAMBDA/SINTH
U R I T E ( 6 , 1 C 3 ) S , S S O , C K , T H E T A , S I N S Q . ( I H ( I ) , 1 = 1 , 3 ) f N , D
I F ( N P U N C H ) 4 , 3 , 4
W R I T E ( 7 , 1 0 2 ) ( I H ( I ) , I = 1 , 3 ) , S I N S Q , W I , I V L
N = N + 1
Gn TO 1
I F ( N E W C A L ) 6 , 6 , 7
CALL EXIT
END



DOS FORTRAN IV 361N-F0-479 3-1 INTER DATE 02/09/70 TIME 15.44.10

0001
00C2
0003

0004
0005
0006
0007
000 8
0009
0010
0011
C012
0013
0014
0015
COlb
0017
0018
on 19
00 20
0C21
0022
00 23
0024
0025
002b
0027
0C28
0029
CO 30
0031
0032
0033
0034
0035
0^36

SUBROUTINE INTER(JB,JE,L,XP,YP,X,Y)
DIMENSION X(l)fYd)

100 F0RMAT(51H0 TOO HIGH ORDER OF INTERPOLATION REQUESTED. ORDER=, 13,5
1H USED)

101 FDRMAT(5H^ X = ,IPtl2.4 ,16H NOT IN INTERVAL)
IF(L+JB-JE)2,2,1

2
3

4
5

If*
6
7

A

9

10
11

12

13
14
15

WRITE(6 ,
I F ( X U B )
WRITE I6 ,
GO TO 9

100
-XP
101

IF (XP-XUE)
WRITE(6,
GO TO 11
1=JB+1
IF(XP-X(
1=1 + 1
GD TO 6
IB=I-L/2

IFIIR-JR
IB=JB
IS=L+JB
GO TO 12
I F U E - I S
IB=JE-L
IS=JE
YP = O.
DO 15 1=
A = Y ( I )
DO 14 K=

A = A * ( X P -
CONTIMUE
YP=YP+A
RETURN
END

m i

)L
14,9,3
)XP

)16,11,5
)XP

I ) ) 8 , 8 , 7

19,

)11

I P ,

1 3 ,
•a 1
X(K

i.
12,10

,12,12

IS

I S

) ) /<X( I )

0003
0004
0005
0006
0007
0006
J0C9
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
C024
002
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037





APPENDIX II

RESULTS OBTAINED FROM MEASUREMENTS OF SOME

GUINIER - HÄGG PATTERNS OBTAINED IN ROUTINE STUDIES





REFINEMENT OF
CE 02 CUBIC

H

1
2
2
3
2
4
3
4
4

K L

WAVELENGTH

1
C
2
1
2
0
3
2
2

NIMBER

1
0
C
1
2
0
1
0
2

OF

SINSQ(O)

= 1.54051

C.060771
0.081006
0.162093
0.222802
0.243123
0.324104
0.384852
0.405249
0.4862C6

REFLECTIONS

SINSG(C)

0.060775
0.081033
0.162066
0.222841
0.243099
0.324133
0.384907
0.405166
0.486199

9

CBS-CALC

-0.000004
-0.000027
0.000026

-0.000039
0.000024

-0.000028
-0.000056
0.000083
0.000007

D ORS

3.12453
2.70630
1.91317
1.63183
1.56215
1.35298
1.24162
1.20997
1.10465

NUMBER OF REFLECTIONS USED = 9 FCR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 5.411693 0.000134

0.00030

LAST SHIFTS

0.000000



REFINEMENT OF

H

TH 02

S I N S Q ( O )

CUBIC

S I N S Q ( C ) ORS-CALC

WAVELENGTH = 1 .54C51

NUMBER OF REFLECTIONS = 9

NUMBER OF REFLECTIONS USED = 9 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 5.597126 0.000173

D OBS

1
2
2
3
2
4
3
4
4

1
0
2
1
2
0
3
2
2

1
0
0
1
2
C
1
0
2

0.056782
0.075752
0.151478
0.208330
0.227271
0.302915
0.359851
0.378844
0.454523

0.056815
C.075753
0.151506
0.208320
0.227258
0.303011
0.359826
0.378764
0.454517

-0.000033
-0.000001
-0.000028
0.000010
0.000012

-0.000097
O.OOOO25
0.000080
0.0000C6

3.23243
2.79858
1.979J6
1.68756
1.61571
1.39950
1.28402
1.25142
1.14250

0.00030

LAST SHIFTS

0.000000



REFINEMENT OF

H

U 02

SINSQ(O)

CUBIC

SINSQ(C) OBS-CALC

WAVELENGTH = 1.54051

NUMBER OF REFLECTIONS USED = 9 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 5.470595 0.000107

D OBS

1
2
2
3
2
4
3
4
4

1
0
2
1
2
0
3
2
2

NUMBER

1
0
0
1
2
0
1
0
2

OF

0.059465
0.079318
0.158567
0.218091
0.237939
0.317226
0.376660
0.396444
0.475762

REFLECTIONS

0.059473
0.079298
0.158595
0.218068
0.237893
0.317190
0.376663
0.396488
0.475785

= 9

-0.000008
0.000020
-0.000028
0.000023
0.000046
0.000035

-0.000003
-0.000043
-0.000023

3.15867
2.73495
1.93432
1.64936
1.57907
1.36757
1.25505
1.22333
1.11671

0.00030

LAST SHIFTS

-0.000000



REFINEMENT OF
PU 02 CUBIC

H

1
2
2
3
2
4
3
4
4

K L

WAVELENGTH

1
0
2
1
2
0
3
2
2

NUMBER

1
0
0
I
2
0
1
0
2

OF

SINSQIO)

= 1.54051

0.061076
0.081603
0.163009
0.224112
0.244489
0.326093
0.387298
0.407643
0.489421

REFLECTIONS

SINSQ(C)

0.061150
0.081533
0.163067
0.224217
0.244600
0,326134
0.387284
0.407667
0.489200

9

OBS-CALC

-0.000074
0.000070
-0.000058
-0.000105
-0.000112
-0.000041
0.000015
-0.000024
0.000221

D CBS

3.11672
2.69638
1.90778
1.62705
1.55778
1.34885
1.23769
1.20641
1.10101

NUMBER OF REFLECTIONS USED = 9 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 5.395066 0.000357

0.00030

LAST SHIFTS

0.000000



REFINEMENT OF
PB(N03)2 CUBIC

H K L SINSQ(O) SINSQ(C) OBS-CALC

WAVELENGTH = 1.54051

NUMBER OF REFLECTIONS USED = 20 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 7.855203 0.000138

D OBS

1
2
2
2
2
3
2
4
3
4
4
5
4
5
6
6
5
6
7
6

1
0
1
1
2
1
2
0
3
2
2
1
4
3
0
2
3
2
1
4

NUMBER

1
0
0
1
0
1
2
0
1
0
2
1
0
1
0
0
3
2
1
0

OF

0.028876
0.038455
0.048090
0.057729
0.076935
0.105782
0.115395
0.153857
0.182708
0.192310
0.230772
0.259544
0.307661
0.336595
0.346090
0.384565
0.413534
0.423049
0.490281
0.500051

REFLECTIONS

0.028845
0.038460
0.048076
0.057691
0.076921
0.105766
0.115381
0.153842
0.182687
0.192302
0.230763
0.259608
0.307683
0.336529
0.346144
0.384604
0.413450
0.423065
0.490371
0.499986

= 20

0.000031
-0.000005
0.000014
0.000039
0.000014
0.000016
0.000014
0.000015
0.000021
0.000007
0.000009

-0.000063
-0.000022
0.000066

-0.000054
-0.000039
0.000084
-0.000016
-0.000089
0.000065

4.53281
3.92787
3.51243
3.20580
2.77698
2.36826
2.26747
1.96370
1.80200
1.75644
1.60340
1.51192
1.38867
1.32764
1.30930
1.24208
1.19779
1.18424
1.10005
1.08925

0.00030

LAST SHIFTS

0.000000



REFINEMENT OF
MO3 SR7 CUBIC

SINSQ(O) SINSQ<C) OBS-CALC D CBS

WAVELENGTH = 1.54C51

2
2
3
2
3
4
4
4
4
5
4
5
6
5
6
7
7
6
8
8
6
8
6

O
1
1
2
2
O
1
2
4
3
4
3
2
4
2
2
3
5
O
1
4
2
6

O
1
O
2
1
O
1
O
<J
o
2
2
O
1
2
1
O
1
O
1
4
2
2

0.025921
0.038885
0.064801
0.077771
0.090701
0.103679
0.116614
0.129575
0.207313
0.220313
0.233277
0.246228
0.259196
0.272156
0.285089
0.349919
0.375814
0.401699
0.414719
0.427612
0.440616
0.466549
0.492445

0.025918
0.038877
,064796
,077755
,090714
,103673
,116632

0.129591
0.207346
,220305
,233264
246223
,259182
,272142
,285101
349896
,375815
,401733
,414692

0.427651
0.440610
0.466528
0.492447

0.
O,
O.
0.

o,

o,
0.
0.
o,
o,
0.
0.
0.
0.
0.

0.000002
0.000008
0.000005
0.000017

-0.000013
0.000006

-0.000018
-0.000017
-0.000033
0.000008
0.000013
0.000005
0.000013
,000015
,000012
,000023
,000001

-0.000034
0.000027

-0.000039
0.000006
0.000020

-0.000002

0.
-0.
0.

-O,

4.78422
3.90608
3.02583
2.76201
2.55758
2.39216
2.25558
2.13981
1.69169
1.64102
1.59477
1.55226
1.51294
1.47647
1.44259
1.30212
1.25646
1.21530
1.19607
1.17790
1.16039
1.12768
1,09763

NUMBER OF REFLECTIONS = 23

NUMBER OF REFLECTIONS USED = 23 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 9.568894 0.000071

0.00020

LAST SHIFTS

0.000000



REFINEMENT OF
SI 02 (ALPHA QUARTZ) HEXAGONAL

K L SINSQ(O) SINSQ(C) OBS-CALC

WAVELENGTH = 1,54051

D OBS

1
1
1
1
1
2
2
1
2
1
2
1
2
2
3
1
3
2
2
2
1
3
3

0
0
1
0
1
0
0
1
0
0
1
1
1
0
0
0
0
2
1
2
1
1
1

0
1
0
2
1
0
1
2
2
3
1
3
2
3
1
4
2
0
3
1
4
0
1

0.032804
0.053210
0.098312
0.113985
0.118654
0.131164
0.151362
0.179485
0.212307
0.215630
0.249655
0.281149
0.310691
0.313929
0.315319
0.357735
0.376249
0.393361
0.412323
0.413612
0.423394
0.426168
0.446515

0.032779
0.053092
0.098337
0.114029
0.118650
0.131116
0.151429
0.179588
0.212367
0.215593
0.249766
0.281151
0.310704
0.313930
0.315324
0.357781
0.376262
0.393348
0.412267
0.413661
0.423339
0.426127
0.446440

0.000025
0.000118
-0.000025
-0.000045
0.000005
0.000047
-0.000067
-0.000102
-0.000060
0.000037
-0.000111
-0.000002
-0.000012
-0.000001
-0.000005
-0.000046
-0.000013
0.000013
0.000056

-0.000049
0.000056
0.000041
0.000075

4.25279
3.33916
2.45658
2.28145
2.23611
2.12681
1.97982
1.81811
1.67168
1.65875
1.54157
1.45267
1.38188
1.37473
1.37170
1.28782
1.25573
1.22811
1.19954
1.19767
1.18375
1.17990
1.15270

NUMBER OF REFLECTIONS = 23

NUMBER OF REFLECTIONS USED = 23 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
C

4.912537
5.404452

0.000143
0.000270

0.00020

LAST SHIFTS

0.000000
0.000000



REFINEMENT OF

H

1
1
1
1
2
2
1
2
1
2
3
2
1
1
2
3
2
3
2
2

K L

WAVELENGTH

0
0
1
1
0
0
1
1
0
1
0
0
0
1
2
0
2
1
1
0

NUMBER

2
4
0
3
2
4
6
2
8
4
0
8
10
9
0
6
3
2
8
10

OF

AL2 G3

SINSQ(O)

= 1.54051

0.048930
0.091080
0.104760
0.136400
0.153670
0.195890
0.231270
0.258540
0.259910
0.300780
0.314260
0.364830
0.386500
0.389540
0.419230
0.441080
0.450830
0.468220
0.469590
0.491270

REFLECTIONS

HEXAGONAL

SINSQ(C)

0.048995
0.091183
0.104796
0.136437
0.153790
0.195979
0.231361
0.258586
0.259938
0.300775
0.314387
0.364733
0.386503
0.389569
0.419182
0.440953
0.450824
0.468177
0.469529
0.491299

= 20

OBS-CALC

-0.000065
-0.000103
-0.000036
-0.000037
-0.000120
-0.000089
-0.000091
-0,000046
-0.000028
0.000005

-0.000127
0.000097
-0.000004
-0.000029
0.000047
0.000127
0.000006
0.000043
0.000061

-0.000029

D OBS

3.48215
2.55225
2.37978
2.08558
1.96490
1.74032
1.60168
1.51485
1.51086
1.40446
1.37401
1.27523
1.23897
1.23412
1.18962
1.15978
1.14717
1.12567
1.12402
1.09894

NUMBER OF REFLECTIONS USED = 20 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 4.758751
C = 12.990552

0.000189
0.000735

0.00025

LAST SHIFTS

0.000000
0.000000



REFINEMENT OF

H

WA

1
1
1
1
2
1
1
2
3
1
2
3
2
2
3
2

K

ALPHA-FE2 03

L

VELENGTH =

0
0
1
1
0
1
0
1
0
0
2
0
1
0
1
2

2
4
0
3
4
6
8
4
0
10
0
6
d
10
4
6

SINSQ(O)

1.54051

0.043722
0.081464
0.093655
0.121902
0.175000
0.206586
0.232033
0.268601
0.280789
0.344893
0.374420
0.393812
0.419208
0.438541
0.455842
0.487372

HEXAGONAL

SINSQ(C)

0.043753
0.081402
0.093610
0.121847
0.175012
0.206558
0.232000
0.268622
0.280829
0.344948
0.374439
0.393777
0.419219
0.438557
0.455841
0.487387

OBS-CALC

-0.000031
0.000062
0.000045
0.000056

-0.000012
0.000029
0.000033

-0.000020
-0.000040
-0.000054
-0.000019
0.000035

-0.000011
-0.000016
0.000001

-0.000014

D OBS

3.68371
2.69868
2.51692
2.20612
1.84126
1.69466
1.59904
1.48621
1.45360
1.31157
1.25880
1.22741
1.18965
1.16313
1.14085
1.10333

NUMBER OF REFLECTIONS = 16

NUMBER OF REFLECTICNS USED = 16 FOR A GATE OF

PARAMETERS STANOARO DEVIATIONS

A = 5.035054
C = 13.751387

0.000168
0.000696

0.00050

LAST SHIFTS

0.000000
0.000000



REFINEMENT UF
C A 5 I 0 H ) ( P 0 4 ) 3 HFXAGONAL HYDROXY APETITE

SINSQ(O) SINSQ(C) OBS-CALC D CBS

WAVELfcNGTH = 1 .54C51

1
1
2
1
0
1
2
2
1
3
2
3
2
3

3
1
2
3
3
2
3
4
4
0
3
3
4
3
2
5
3
5
4
5
4
5
5
4
2
4
6
4
5
5
4
4
4
1
3

0
0
0
1
0
0
1
i
1
0
0
0
1
1
2
1
1
2
1
2
1
2
1
0
0
2
1
2
3
1
0
0
1
2
1
3
2
2
2
1
3
1
1
1
2
4
3
2
1
2

NUMBER

0
1
0
1
2
2
0
1
2
0
2
1
2
0
1
1
3
2
2
0
3
1
0
2
4
2
3
C
1
4
2
4
1
2

(NJ

1
0
1
3
5
2
C)
4
3
2
0
3
4
6
5

OF

0.OO8R90
0.021360
0.C35540
0.039200
0.O50C20
0.058880
0.062360
0.074890
0.C76840
0.080190
0.085730
0.092840
0.112520
0.115970
0.119340
0.128450
0.13947C
0.157090
0. 166050
0.1693C0
C.175170
0.181970
0.187380
0.192790
C.2CC4C0
0.219480
0.228580
0.249740
0.253420
0.262640
0.273070
0.2806C0
0.2*8930
0.299730
C.32635G
0.342580
0.347970
C.36030C
C.362270
C.375480
0.380010
0.383220
0.387820
0 . 3 8 P 9 fl 0
0.397980
0.42R05C
0.442650
0.449970
0.477730
C.4826C0

REFLECTIONS

0.008917
C.021440
0.035667
0.039274
0.050092
0.059009
0.062418
0.074941
0.076843
0.08025?
0.085760
0.092775
0.112510
C.115919
0.119525
0.128442
0.139458
C.157094
0.166011
0.169420
C.175125
C.181943
0.187254
0.192762
0.200369
0.219512
0.228626
0.249672
0.25327B
0.262786
0.273C13
0.28C620
0.288945
0.299764
0.326514
0.342446
0.347757
0.360280
C.362379
0.375494
0.380015
0.383424
0.387622
C.389120
0.397849
0.428008
0.442630
C.450040
0.477580
0.482496

= 50

-0.000027
-0.000080
-0.000127
-0.000074
-0.000072
-0.000129
-0.00n058
-0.000051
-0.000003
-0.000062
-0.000030
0.000065
0.000010
0.C00051
-0.000185
C.000008
0.000012
-0.000004
0.000039
-0.C0O120
0.000045
O.C00027
0.000126
0.000028
0,000031
-0.000032
-0.000046
0.000068
0.000142

-0.000146
0.000057

-0.000020
-0.000015
0.000016
-0.000164
0.000134
0.000213
0.000020
-0.000109
-0.000014
-0.000005
-0.000204
0.000198

-0.000149
0.000131
0.000042
0.000020

-0.000070
0.000150
0.0001C4

8.16928
5.27028
4.08579
3.89038
3.AAAO0
3.17A32
3.08A48
2.R1464
2.77869
2.72003
2.6306fl
2.52794
2.29625
2.26184
2.22967
2.14915
2.0625C
1.94339
1.89023
1.87200
1.84037
1.80565
1.77940
1.754-25
1.72062
1.64413
1.61107
1.54131
1.53008
1.50298
1.47400
1.45409
1.43297
1.40680
1.34-832
1.31599
1.30576
1.28322
1.27973
1.25702
1.24950
1.24426
1.23686
1.23501
1.22097
1.17730
1.15772
1.14827
1.11441
1.10877

NUMBER OF REFLECTIONS USED = 50 FOR A GATE OF

PARAMETERS STANDARD DFVIATIDNS

A
C

9.418860
6.8R3C31

0.000456
0.CO0556

0.00030

LAST SHIFTS

o.o&oooo
n.000000



REFINEMENT OF
TH AU3 HEXAGONAL P6(3 )

H K L SINSQ(O) SINSQ(C) OBS-CALC D OBS

WAVELENGTH = 1.54C51

0
2
3
2
3
3
1
4
2
3
3
2
3
4
3
4
0
1
3
5
3
4
2
4
4
2
5
3
4
4
2
3
4
6
1
5
4
3
2
4
6
3
4
4
5
5
7
6
4
6
6
4

0
1
L
2
1
0
1
0
2
1
2
1
2
1
0
1
0
0
2
0
1
1
0
0
2
1
1
2
2
1
2
1
3
0
1
2
2
2
1
1
1
1
3
2
2
1
0
1
1
2
0
3

2
2
0
1
1
2
3
1
2
2
0
3
1
0
3
1
4
4
2
G
3
2
4
3
1
4
0
3
2
3
4
4
0
1
5
1
3
4
5
4
2
5
3

3
4
2
3
5
2
4
4

0,027890
0.061610
0.062660
0.064830
0.069510
0.071170
0.077120
0.084040
0.085680
0.090450
0.091530
0.096330
0.098620
0.101170
0.105880
0.108160
0.111390
0.116220
0.119280
0.120410
0.125240
0.129070
0.130660
0.139740
0.141780
0. 145230
0.149300
0.154130
0.162640
0.163650
0.169220
0.173970
0.178150
0.180200
0.188560
0.194990
0.197410
0.203050
0.207630
0.212360
0.234790
0.236640
0.240840
0.246190
0.250550
0.260830
0.263910
0.269700
0.275090
0.278320
0.284660
0.289630

0.027858
0.061570
0.062606.
0.064755
0.069571
0.071201
0.C77129
C.084019
0.085649
0.090465
0.091502
0.096393
0.098466
0.101133
0.106024
0.108098
0.111434
C.116249
0.119360
C.120397
0.125288
0.128992
0.130697
0.139735
0.141809
0.145145
0.149292
0.154183
0.162703
0.163815
0.169224
0.174040
0.178188
0.180336
0.188563
0.194784
0.197526
0.202935
0.207826
0.212567
0.234941
0.236721
0.240869
C.246278
0.250501
0.260 726
0.263837
0.269764
0.275248
0.278284
0.284805
0.289621

0.000032
0.000040
0.000054
0.000075

-0.000061
-0.000031
-0.000009
0.000021
0.000031

-0.000015
0.000028

-0.000063
0.000154
0.000037
-0.000144
0.000062

-0.000044
-0.000030
-0.000080
0.000013

-0.000048
0.000078

-0.000037
0.000005

-0.000029
0.000085
0.000008
-0.000053
-0.000063
-0.000165
-0.000004
-0.000070
-0.000038
-0.000136
-0.000003
0.000206

-0.000116
0.000115
-0.000196
-0.000207
-0.000151
-0.000081
-0.000029
-0.000088
0.000049
0.000104
0.000073
-0.000064
-0.000159
0.000036

-0.000145
0.000009

4.61222
3.1C319
3.07708
3.02515
2.92153
2.88726
2.77365
2.657D0
2.63145
2.56112
2.54597
2.48173
2.45274
2.42163
2.36716
2.34208
2.30787
2.25941
2.23024
2.21975
2.17652
2.14399
2.13090
2.06051
2.04563
2.02119
1.99345
1.96196
1.90994
1.90404
1.87244
1.84670
1.82491
1.81450
1.77382
1.74433
1.73360
1.70936
1.69040
1.67147
1.58963
1.58340
1.56953
1.55238
1.53882
1.50819
1.49936
1.48318
1.46858
1.46003
1.44368
1.43124



5
5
6
2
6
6
8
6
4
7
6
4
5
3
5
6
4
7
6
6
4
3
9
4
0
9
6

4
2
3
2
3
2
0
1
0
1
0
1
0
3
1
2
4
3
3
2
3
2
1
1
0
0
1

NUMBER

0
4
0
6
1
3
1
4
6
3
5
6
6
6
6
u

VJ
l

2
4
5
6
7
0
7
8
3
6

OF

0.293770
0.299130
C.303430
0.308490
0.310330
0.313170
0.315430
0.318570
0.327690
0.337120
0.347490
0.351840
0.371170
0.380850
0.400270
0.404310
0.405290
0.408360
0.414740
0.424590
0.429210
0.432980
0.438230
0.4425C0
0.445720
0.453090
0.457800

REFLECTIONS

0.293769
0.299253
0.303400
0.308516
0.310365
0.313107
0.315181
0.318516
0.327780
0.337187
0.347487
0.351859
0.371123
0.380754
0.400C18
0.404534
C.405277
0.408313
0.414834
0.424541
0.428913
0.432767
0.438245
0.442399
C.445734
0.452768
0.457808

= 79

0.000001
-0.000123
0.000030
-0.000026
-0.000035
0.000063
0.000249
C.000054
-0.000090
-0.000067
0.000003

-0.000019
0.000047
0.000096
0.000252

-0.00C224
0.000013
u.000047

-O.OC0094
0.000049
0.000297
0.000213

-0.000015
0.000101

-0.000014
0.000322*

-0.000009

1.42112
1.40833
1.39832.
1.3868D
1.38268
1.37640
1.37146
1.36468
1.34556
1.32661
1.30666
1.29856
1.26429
1.24812
1.21747
1.21137
1.20991
1.20535
1.19604
1.18209
1.17571
1.17058
1.16355
1.15792
1.15373
1.14431
1.13840

NUMBER OF REFLECTIONS USED = 78 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
C

12.81640C
9.229675

0.000535
0.000499

0.00030

LAST SHIFTS

0.000000
0.000000



REFINEMENT OF
ALPHA-TIN TETRAGONAL

H K SINSQ(O) SINSQ(C) OBS-CALC D OBS

WAVELENGTH = 1.54051

2
1
2
2
3
1
4
3
4
4
3
4

0
0
2
1
0
1
0
2
2
1
1
3

0
1
0
1
1
2
0
1
0
1
2
1

0.069770
0.076097
0.139628
0.145950
0.215641
0.269478
0.279197
0.285417
0.348982
0.355297
0.409038
0.494805

0.069792
0.076090
0.139585
0.145883
0.215675
0.269464
0.279170
0.285468
0.348962
0.355260
0.409049
0.494845

-0.000023
0.000007
0.000043
0.000067

-0.000034
0.000014
0.000027

-0.000050
0.000020
0.000037

-0.000011
-0.000040

2.91609
2.79222
2.06134
2.01620
1.65870
1.48379
1.45774
1.44176
1.30387
1.29223
1.20435
1.09501

NUMBER OF REFLECTIONS = 12

NUMBER OF REFLECTIONS USED = 12 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
C

5.831230
3.180755

0.000159
0.000189

0.00020

LAST SHIFTS

0.000000
0.000000



REFINEMENT OF

H

1
1
2
1
2
2
0
2
2
1
3
3
2
4
3
4
4
4
2
3
4

K L

WAVELENGTH

0
1
0
0
1
0
0
2
0
0
1
2
2
0
0
1
2
0
1
1
i

NUMBER

1
2
0
3
1
2
4
0
4
5
2
1
4
0
5
3
2
4
7
6

VJ
I

OF

MN3 04

SINSQ(O)

= 1.54051

0.024437
0.062242
0.071503
0.077436
0.096112
0.097997
0.105968
0.143082
0.177480
0.183374
0.205314
0.239156
0.248965
0.286355
0.326620
0.363825
0.384365
0.392214
0.413831
0.417277
0.469670

REFLECTIONS

TETRAGONAL

SINSQ(C)

0.024513
0.062266
0.071571
0.077474
0.096084
0.098052
0.105922
0.143142
0.177493
0.183395
0.205408
0.239226
0.249064
0.286284
0.326538
0.363758
0.384336
0.392206
0.413849
0.417252
0.469680

= 21

OBS-CALC

-0.000076
-0.000024
-0.000068
-0.000037
0.000028
-0.000055
0.000046
-0.000060
-0.000013
-0.000021
-0.000095
-0.000071
-0.000099
0.000071
0.000082
0.000067
0.000029
0.000008
-0.000018
0.000026

-0.000010

D OBS

4.92735
3.08740
2.88053
2.76797
2.48454
2.46053
2.36618
2.03630
1.82835
1.79873
1.69991
1.57505
1.54371
1.43940
1.34776
1.27699
1.24240
1.22991
1.19735
1.19240
1.12393

NUMBER OF REFLECTIONS USED = 21 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
C

5.758319
9.466774

0.000237
0.000595

0.00020

LAST SHIFTS

-0.000000
-0.000000



REFINEMENT OF
SR(0H)2.8H2 O TETRAGONAL P4/NCC

SINSQ(O) SINSQ(C) OBS-CALC D DBS

WAVELENGTH = 1.54051

1
0
2
1
2
2
0
2
3
1
3
2
2
3
4
2
3
4
3
4
3
4
0
4
1
3
4
4
2
5
3
5
2
3
5
4
5
4
5
5
4
6
0
3
3
6
6
4
4
6
5
6
5
3
6
6
4
6
6
5
3
6
7
4
7
7
6
1
5

1
0
0
1
0
2
0
2
1
1
1
0
1
1
0
2
3
0
1
2
3
2
0
2
1
1
3
0
0
1
3
1
2
1
3
4
3
2
1
3
0
0
0
1
3
2
2
4
2
2
3
0
1
1
2
4
4
4
3
3
3
0
3
2
1
3
2
1
I

NUMBER

0
2
0
2
2
0
4
2
1
4
2
4
4
3
0
4
0
2
4
0
2
1
6
2
6
5
1
4
6
0
4
2
6
6
0
2
1
5
4
2
6
2
8
7
6
0
1
4
6
2
4
4
6
8
4
0
6
2
4
6
8
6
0
8
4
2
6
10
8

OF

0.014560
0.017587
0.029177
0.032192
0.046824
0.058406
0.070506
0.076037
0.077366
0.085036
0.090655
0.099700
0.106993
0.112650
0. 116866
0.128904
0.131380
C.134428
0.143486
0.146031
0.149037
0.150416
0.158616
0.163607
0.173062
0.183015
0.186980
0.187223
0.187660
0.189755
0.201862
0.207390
0.216812
0.231479
0.248048
0.251126
0.252480
0.256013
0.260109
0.265713
0.275193
0.280280
0.281851
0.288614
0.289916
0.291843
0.296222
0.304002
0.304404
0.309471
0.318508
0.333194
0.348223
0.354840
0.362385
0.379573
0.392093
0.397158
0.398931
0.406708
0.413217
0.421283
0.423318
0.427763
0.435432
0.440946
0.450317
0.454916
0.471603

REFLECTIONS

0.014597
0.017613
0.029193
0.032209
0.046806
0.058386
0.070451
0.075999
0.077386
0.085048
0.090595
0.099644
0.106943
0.112612
0.116772
0.128838
0.131369
0.134385
0.143434
0.145965
0.148981
0.150368
0.158516
0.163578
0.173112
0.183063
0.186860
0.187224
0.187709
0.189755
0.201820
0.207368
0.216902
0.231498
0.248141
0.251157
0.252544
0.256046
0.260206
0.265754
0.275288
0.280350
0.281806
0.288740
0.289884
0.291930
0.296334
0.303996
0.304481
0.309543
0.318592
0.333189
0.348270
0.354788
0.362382
0.379509
0.392060
0.397122
0.398873
0.406657
0.413175
0.421253
0.423299
0.427771
0.435364
0.440912
0.450446
0.454918
0.471561

= 69

-0.000037
-0.000026
-0.000016
-0.000018
0.000018
0.000020
0.>000055
0.000038
-0.000020
-0.000012
0.000059
0.000055
0.000050
0.000039
0.000093
0.000066
0.000011
0.000043
0.000052
0.000066
0.000056
0.000048
0.000100
0.000029
-0.000051
-0.000048
0.000120
-0.000001
-0.000049
0.000000
0.000042
0.000023
-0.000090
-0.000019
-0.000093
-0.000031
-0.000063
-0.000032
-0.000097
-0.000041
-0.000095
-0.000070
0.000045

-0.000126
0.000031
-0.000087
-0.000112
0.000006
-0.000077
-0.000073
-0.000084
0.000006

-0.000047
0.000052
0.000003
0.000064
0.000033
0.000036
0.000058
0.000052
0.000043
0.000030
0.000019

-0.000008
0.000068
0.000034
-0.000129
-0.000002
0.000042

6.38348
5.80820
4.50933
4.29301
3.55958
3.18716
2.90082
2.79334
2.76924
2.64139
2.55823
2.43942
2.35481
2.29492
2.25316
2.14537
2.12505
2.10082
2.03343
2.01564
1.99520
1.98603
1.93402
1.90429
1.85154
1.80049
1.78130
1.78015
1.77807
1.76823
1.71438
1.69138
1.65422
1.60095
1.54656
1.53705
1.53292
1.52231
1.51028
1.49427
1.46830
1.45492
1.45086
1.43376
1.43054
1.42580
1.41523
1.39700
1.39608
1.38460
1.36482
1.33440
1.30529
1.29306
1.27953
1.25022
1.23010
1.22223
1.21951
1.20779
1.19824
1.18672
1.18386
1.17769
1.16728
1.15996
1.14782
1.14201
1.12162

NUMBER OF REFLECTIONS USED = 69 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

9.016229
= 11.607788

0.000215
0.000426

0.00020

LAST SHIFTS

0.000000
-0.000000



REFINEMENT OF
SR(OH)2.H2O ORTHOROMBIC PMMA

H K L SINSQ(O) SINSQ(C) OBS-CALC D OBS

0
1
0
2
0
2
1
I
2
0
2
1
3
0
1
0
3
0
2
0
1
1
4
3
4
2
2
2
0
1
4
3
4
0
2
3
3
0
1
5
4
3
2
5
5
4
1
0
4
0
0
1
3
2
1
2
4
2
6
1
2
6
4

WAVELENGTH

0
0
1
0
1
0
1
0
1
1
1
1
0
0
0
2
0
1
0
2
1
2
0
1
0
2
1
2
0
2
1
0
1
1
0
1
2
2
2
0
0
2
2
1
0
1
0
3
2
3
2
3
2
0
1
3
0
3
0
3
2
0
1

NUMBER

1
1
0
0
1
1
1
2
0
2
1
2
1
3
3
0
2
3
3
1
3
1
0
2
1
0
3
1
4
2
0
3
1
4
4
3
1
3
3
1
3
2
3
1
2
3
5
0
1
1
4
1
3
5
5
0
4
1
0
2
4
1
4

OF

= 1.54051

0.015390
0.028570
0.044560
0.052640
0.060030
0.068110
0.073190
0.074920
0.097180
0.106330
0.112680
G.119500
0.133930
0.138980
0.152070
0.178290
0.180110
0.183470
0.191500
0.193760
0.196680
0.206830
0.210530
0.224770
0.226020
0.230940
0.236160
0.246290
0.246990
0.253250
0.255040
0.257320
0.270510
0.291580
0.299600
0.301890
0.312130
0.317230
0.330320
0.344430
0.349480
0.358430
0.369970
0.388980
0.390870
0.394100
0.398980
0.401120
0.404240
0.416640
0.425380
0.429830
0.435570
0.438670
0.443870
0.453790
0.457510
0.469320
0.473740
0.476230
0.478100
0.489180
0.502070

REFLECTIONS

0.015438
0.028597
0.044577
0.052635
0.060015
0.068073
0.073174
0.074911
0.097212
0.106329
0.112650
0.119488
0.133867
0.138943
0.152102
0.178306
0.180182
0.183520
0.191578
0.193745
0.196678
0.206903
0.210541
0.224758
0.225979
0.230942
0.236155
0.246380
0.247010
0.253218
0.255118
0.257372
0.270556
0.291586
0.299645
0.301949
0.312174
0.317249
0.330408
0.344409
0.349484
0.358488
0.369885
0.388985
0.390723
0.394061
0.399112
0.401189
0.404286
0.416628
0.425316
0.429786
0.435679
0.438588
0.443688
0.453825
0.457551
0.469263
0.473718
0.476101
0.477952
0.489156
0.502128

= 63

-0.000048
-0.000027
-0.000017
0.000005
0.000015
0.000037
0.000016
0.000009

-0.000032
0.000001
0.000030
0.000012
0.000062
0.000037

-0.000032
-0.000016
-0.000072
-0.000050
-0.000078
0.000015
0.000002

-0.000073
-0.000011
0.000012
0.000041

-0.000002
0.000005
-0.000090
-0.000020
0.000032

-0.000078
-0.000052
-0.000046
-0.000006
-0.000045
-0.000059
-0.000044
-0.000019
-0.000088
0.000021

-0.000004
-0.000058
0.000085

-0.000005
0.000147
0.000039

-0.000132
-0.000069
-0.000046
0.000012
0.000064
0.000044

-0.000109
0.000082
0.000182

-0.000035
-0.000041
0.000057
0.000022
0.000129
0.000148
0.000024

-0.000058

6.20891
4.55700
3.64890
3.35719
3.14377
2.95141
2.84714
2.81407
2.47085
2.36215
2.29462
2.22818
2.10473
2.06613
1.97521
1.82419
1.81495
1.79826
1.76015
1.74986
1.73682
1.69367
1.67872
1.62467
1.62017
1.60282
1.58501
1.55207
1.54987
1.53059
1.52521
1.51844
1.48096
1.42645
1.40722
1.40188
1.37869
1.36756
1.34019
1.31245
1.30294
1.28657
1.26634
1.23501
1.23202
1.22696
1.21944
1.21618
1.21148
1.19331
1.18099
1.17486
1.16709
1.16296
1.15613
1.14342
1.13877
1.12435
1.11909
1.11616
1.11397
1.10129
1.08706

NUMBER OF REFLECTIONS USED = 63 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
B
C

6.714691
3.648220
6.199225

0.000212
0.000109
0.000207

0.00030

LAST SHIFTS

0.000000
0.000000
0.000000



REFINEMENT OF
SR(OH)2 ORTHOROMBIC PNMA

L SINSQ(O) SINSQ(C) OBS-CALC D OBS

WAVELENGTH = 1.54051

1
2
2
0
2
0
1
3
2
2
4
1
4
3
2
4
1
4
0
3
2
1
2
0
1
2
4
2
5
5
6
1
3
4
2
4
0
1
4
6
4
6
1
1
7
2
5
3
4
3
7
0
5
2
6
4
4
6
1
8
5
0
1
1
8
2
2
6
1
4
3
4
3
7
6
0

0
0
0
1
1
0
0
0
1
0
0
1
0
0
1
1
0
1
2
1
0
2
2
1
1
2
1
1
1
0
0
2
2
0
2

IS
)

0
0
2
1
1
0
1
2
0
1
1
1
0
2
0
3
2
3
2
1
2
1
0
0
0
2
2
3
1
2
3
2
1
3
0
3
3
2
0
3

1
0
1
1
0
2
2
1
1
2
0
2
1
2
2
0
3
1
0
2
3
I
0
3
3
1
2
3
1
2
0
2
1
3
2
0
4
4
1
1
3
2
4
3
1
4
3
4
4
3
2
1
2
0
0
4
3
3
5
1
4
4
4
2
0
4
2
2
5
0
5
1
2
1
4
3

0.021910
0.024240
0.040100
0.054470
0.062890
0.063370
0.069410
0.070490
0.078750
0.087680
0.0971)0
0.108090
0.112970
0.118090
0.126280
0.135720
C.148660
0.151600
0.154510
0.156720
0.166980
0.176460
0.178840
0.181370
0.187500
0.194740
0.199140
0.205690
0.206290
0.215170
0.218500
C.224020
0.224950
0.239850
0.242190
0.251720
0.253560
0.259800
0.267620
0.272970
0.278520
0.281860
0.298370
0.303440
0.313130
0.316580
0.332850
C.346890
0.350670
0.351850
0.360710
0.363510
0.369550
0.371770
0.372850
0.389250
0.394220
0.399570
0.402310
0.404020
0.405180
0.408110
0.414350
0.417170
0.426930
0.432530
0.435310
0.436110
0.441050
0.444820
0.450950
0.460620
0.465840
0.467710
0.472120
0.490680

0.021920
0.024268
0.040121
0.054489
0.062904
0.063413
0.069480
0.070456
0.078757
0.087681
0.097071
0.108116
0.112924
0.118016
0.126317
0.135707
0.148747
0.151560
0.154544
0.156652
0.166948
0.176465
0.178812
0.181316
0.187383
0.194665
0.199120
0.205584
0.206163
0.215086
0.218409
0.224025
0.225000
0.239751
0.242225
0.251615
0.253653
0.259720
0.267469
0.272899
0.278387
0.281823
0.298356
0.303291
0.313133
0.316557
0.332989
0.346892
0.350724
0.351827
0.360693
0.363578
0.369631
0.371993
0.372954
0.389360
0.394295
0.399725
0.402400
0.404137
0.405326
0.40819B
0.414265
0.417205
0.426919
0.432465
0.435406
0.436367
0.441036
0.444796
0.450936
0.460649
0.465741
0.467677
0.472063
0.490405

-0.000010
-0.000028
-0.000021
-0.000019
-0.000014
-0.000043
-0.000070
0.000034

-0.000007
-0.000 001
0.000039

-0.000026
0.000046
0.000074
-0.000037
0.000013

-0.000087
0.000040

-0.000034
0.000068
0.000032
-0.000005
0.000028
0.000054
0.000117
0.000075
0.000020
0.000106
0.000127
0.000084
0.000091

-0.000005
-0.000050
0.000099

-0.000035
0.000105

-0.000093
0.000080
0.000151
0.000071
0.000133
0.000037
0.000014
0.000149

-0.000003
0.000023

-0.000139
-0.000002
-0.000054
0.000023
0.000017

-0.000068
-0.000081
-0.000223
-0.000104
-0.000110
-0.000075
-0.000155
-0.000090
-0.000117
-0.000146
-0.000088
0.000085

-0.000035
0.000011
0.000065

-0.000096
-0.000257
0.000014
0.000024
0.000014
-0.000029
0.000099
0.000033
0.000057
0.000275

5.20372
4.94730
3.84647
3.30032
3.07145
3.05980
2.92364
2.90115
2.74479
2.60126
2.47174
2.34284
2.29167
2.24144
2.16754
2.09080
1.99773
1.97827
1.95955
1.94568
1.88496
1.83363
1.82139
1.80864
1.77883
1.74545
1.72606
1.69835
1.69588
1.66052
1.64782
1.62739
1.62402
1.57277
1.56515
1.53524
1.52966
1.51118
1.48893
1.47427
1.45951
1.45083
1.41012
1.39829
1.37649
1.36897
1.33509
1.30779
1.30072
1.29854
1.28249
1.27754
1.26706
1.26327
1.26144
1.23458
1.22678
1.21853
1.21438
1.21181
1.21007
1.20572
1.19660
1.19255
1.17884
1.17119
1.16744
1.16637
1.15982
1.15489
1.14702
1.13491
1.12854
1.12628
1.12101
1.09960

NUMBER OF REFLECTIONS = 76

NUMBER OF REFLECTIONS USED = 76 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
B
C

9.888949
3.918662
6.117504

0.000452
0.000164
0.000243

0.00030

LAST SHIFTS

-0.000000
0.000000
0.000000



REFINEMENT OF
U3 08 ORTHORHOMBIC

H K L SINSQ(O) SINSQ(C) OBS-CALC

WAVELENGTH = 1.54051

D OBS

1
0
1
2
1
2
2
1
2
3
0
0
1
2
3
3
0
1
3
2
4
4
2
4
1
1
3
3
4
0
3
0
5
2
4
1
2
5
1
4
5
3

1
0
3
2
3
0
2
5
4
1
0
6
5
4
3
1
6
3
3
6
0
2
6
0
7
5
5
1
2
6
3
0
1
6
0
3
0
3
9
6
3
1

NUMBER

0
1
0
0
1
1
1
0
0
0
2
0
1
1
0
1
1
2
1
0
0
0
1
1
1
2
1
2
1
2
2
3
0
2
2
3
3
0
1
1
1
3

OF

0.017300
0.034510
0.050460
0.069230
0.085020
0.087120
0.103760
0.116650
0.119060
0.122600
0.138090
0.149290
0.151350
0.153590
0.155840
0.157110
0.183880
0.188540
0.190350
0.201940
0.210470
0.227130
0.236350
0.245050
0.250820
0.254680
0.256690
0.260790
0.261560
0.287280
0.293740
0.310580
0.333280
0.339940
0.348700
0.360980
0.363130
0.366190
0.383330
0.394270
0.400680
0.433100

REFLECTIONS

0.017306
0.034508
0.050471
0.069223
0.084979
0.087148
0.103730
0.116801
0.118971
0.122586
0.138030
0.149243
0.151309
0.153478
0.155751
0.157094
0.183751
0.188501
0.190259
0.201884
0.210561
0.227143
0.236391
0.245068
0.250805
0.254832
0.256589
0.260617
0.261651
0.287274
0.293782
0.310569
0.333147
0.339914
0.348591
0.361039
0.363209
0.366312
0.383465
0.394312
0.400820
0.433155

= 42

-0.000006
0.000002

-0.000011
0.000007
0.000041

-0.000028
0.000030

-0.000151
0.000089
0.000014
0.000060
0.000047
0.000041
0.000112
0.000089
0.000016
0.000129
0.000039
0.000091
0.000056

-0.000091
-0.000013
-0.000041
-0.000018
0.000015

-0.000152
0.000101
0.000173
-0.000091
0.000006
-0.000042
0.000011
0.000133
0.000026
0.000109
-0.000059
-0.000079
-0.000122
-0.000135
-0.000042
-0.000140
-0.000055

5.85614
4.14631
3.42895
2.92744
2.64164
2.60961
2.39122
2.25524
2.23230
2.19983
2.07278
1.99351
1.97990
1.96541
1.95117
1.94327
1.79625
1.77391
1.76546
1.71405
1.67896
1.61621
1.58437
1.55599
1.53799
1.52629
1.52030
1.50830
1.50608
1.43708
1.42119
1.38213
1.33423
1.32109
1.30439
1.28201
1.27821
1.27286
1.24408
1.22670
1.21685
1.17042

NUMBER OF REFLECTIONS USED = 42 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

0.000379
0.000902
0.000276

A
B
C

6.
= 11.

4.

714377
962947
146456

0.00020

LAST SHIFTS

0.000000
0.000000
0.000000



REFINEMENT OF
U SI ORTHORHOMBIC

H

1
2
0
2
1
2
1
2
3
1
3
0
4
1
2
4
3
2
2
1
1
2
3
3
5
0
1
5
5
4
4
2
5
0
1
2
6
2
3
6
5
1
0
5

1

K L

WAVELENGTH

0
0
1
0
i
1
0
1
0
1
1
2
0
2
2
1
1
0
2
1
2
1
0
2
0
0
0
1
0
0
2
2
1
3
3
3
1
3
2
1
2
3
2
1

NUMBER

1
0
1
1
1
0
2
1
1
2
1
0
1
1
0
0
2
3
1
3
2
3
3
1
1
4
4
1
2
3
1
3
2
1
1
0
0
1
3
1
1
2
4
3

OF

SINSQ(O)

= 1.54051

0.028658
0.040369
0.057505
0.058877
0.067618
0.079427
0.084110
0.097913
0.109431
0.123263
0.148409
0.156207
0.179937
0.184705
0.196512
0.200442
0.203899
0.206972
0.214910
0.215628
0.240291
0.245903
0.257421
0.265527
0.271050
0.296057
0.305958
0.310048
0.326274
0.328034
0.336098
0.363210
0.365315
0.369773
0.380056
0.391977
0.402368
0.410344
0.413602
0.421054
0.427164
0.435636
0.452135
0.457854

REFLECTIONS

SINSQ(C)

0.028595
0.040380
0.057549
0.058880
0.067644
0.079429
0.084095
0.097929
0.109354
0.123144
0.148403
0.156197
0.180018
0.184792
0.196576
0.200567
0.203903
0.206880
0.215076
0.215644
0.240292
0.245929
0.257354
0.265551
0.270872
0.296000
0.306095
0.309921
0.326372
0.328018
0.336215
0.363076
0.365422
0.369943
0.380038
0.391822
0.402465
0.410322
0.413551
0.420965
0.427069
0.435538
0.452197
0.457922

= 44

OBS-CALC

0.000063
-0.000010
-0.000045
-0.000002
-0.000026
-0.000002
0.000015
-0.000015
0.000077
0.000119
0.000006
0.000010

-0.000081
-0.000086
-0.000064
-0.000125
-0.000005
0.000093

-0.000166
-0.000016
-0.000000
-0.000026
0.000067
-0.000024
0.000178
0.000057

-0.000137
0.000127

-0.000098
0.000015

-0.000117
0.000134

-0.000106
-0.000169
0.000019
0.000155

-0.000097
0.000021
0.000051
0.000088
0.000095
0.000098
-0.000062
-0.000068

D OBS

4.55002
3.83361
3.21206
3.17439
2.96213
2.73306
2.65590
2.46158
2.32844
2.19391
1.99942
1.94888
1.81583
1.79223
1.73756
1.72044
1.70580
1.69308
1.66152
1.65875
1.57132
1.55329
1.51814
1.49479
1.47948
1.41562
1.39253
1.38331
1.34848
1.34485
1.32862
1.27807
1.27438
1.26668
1.24943
1.23028
1.21429
1.20243
1.19769
1.18704
1.17852
1.16700
1.14551
1.13834

NUMBER OF REFLECTIONS USED = 44 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
B
C

7.666263
3.897880
5.663025

0.000405
0.000194
0.000375

0.00020

LAST SHIFTS

-0.000000
0.000000
0.000000



REFINEMENT OF
ORTHORHOMBIC

H K SINSQ(Q) SINSQ(C) OBS-CALC O OBS

WAVELENGTH = 1.54051

0
0
0
1
0
1
1
2
1
1
2
2
0
2
2
2
2
1

2
2
4
1
0
3
1
0
5
3
2
2
2
A
0
6
4
7

0
1
0
1
2
1
2
0
1
2
0
1
3
0
2
0
2
2

0.021590
0.052520
0.086430
0.090360
0.123840
0.133650
0.183330
0.215990
0.220000
0.226550
0.237660
0.268630
0.300320
0.302440
0.340060
0.410720
0.426480
0.442600

0.021610
0.052580
0.086440
0.090393
0.123879
0.133613
0.1833U3
0.216084
0.220C53
0.226523
0.237694
0.268664
0.300338
0.302524
0.339963
0.410574
0.426403
0.442622

-0.000020
-0.000060
-0.000010
-0.000033
-0.000039
0.000037
0.000027
-0.000094
-0.000053
0.000027
-0.000034
-0.000034
-0.000018
-0.000084
0.000097
0.000146
0.000077
-0.000022

5.24214
3.36103
2.62001
2.56240
2.18879
2.10693
1.79894
1.65736
1.64219
1.61828
1.58000
1.48613
1.40554
1.40060
1.32086
1.20188
1.17947
1.15779

NUMBER OF REFLECTIONS = 18

NUMBER OF REFLECTIONS USED = 18 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A
B
C

3.314005
10.479428
4.376888

0.000242
0.001141
0.000407

0.00030

LAST SHIFTS

0.000000
0.000000
0.000000



REFINEMENT

H K

OF

L

WAVELENGTH

0
0
0
0
0
0
0
0
1
1

c
1
1
0
1
0
0
1
0
1
0
0
1
1
0
0
1
1
0
0
1
1
0
1
0
0
2
0
1
0
1
2
1
2
1
0
0
2
1
0
2
1CNJ

0
0

0
0
2
2
2
0
2
2
1
1
2
1
1
2
1
2
4
3
0
1
4
4
3
1
4
2
3
3
4
2
3
1
4
3
2
4
0
2
5
0
3
0
5
2
5
6
6
2
5
6
2
5
2
6
4

2
4
0
1
3
6
4
5
0
2
6
3
4
7
5
8
2
0
10
7
3
4
4
8
5
10
5
6
7
11
7
10
8
8
12
9
0
13
0
14
10
4
3
0
4
1
2
3
5
3
4
6
5
5

12

RE3

S

•2.

0
0
0
0
0

c
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0,
0
0.
0,
0
0
0,
0,
0,

c,
0,
0.
0,
0,
0,
0,
0,
0,
0,
0,
0.
0,
0,
0.
0,
0,
0,
0.
0.

GE7

IN SO (0)

1.54C51

.004870

.019590

.028980

.0302C0

.040010

.C44260

.048670

.059670

.064150

.069130

.073270

.075230

.083900

.089230

.094970

.107680

.120890

.122200

.122890

.124410

.127020

.135700

.141910

.142950

.146820

.151930

.152920

.166440

.176260

.177790

.182440

.187180

.194730

.200940

.206C70

.215480

.227800

.236810

.238190

.241170

.245400

.247490

.249320
,256750
.258010
.262380
.266010
.268000
,268880
.272210
,276550
.282540
,287610
,291850
,293100

OF

SI

0.
0.
0.
0,
0.
0.
0.
0.
0.
0.

c.
0.
0.
0.
0.
0.
c.
0.
0.
0.

c.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
c.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

C.TH0R0M8

'NSQ(C)

,004920
,019678
,029012
,030242
,040081
,044276
048691
059760
064218
069137
073289
075287
083896
089277
094965
107726
120969
122243
122990
124483
127119
135728
141921
142931
146797
152002
152990
166519
176315
177830
182507
187207
194763
200956
206118
215671
227859
236865
238292
241060
245232
247537
249361
256871
257970
262342
266031
267940
269040
272181
276549
282568
287618
291859
293155

IC CMCM

OBS-CALC

-o.
-0,
-0,
-0.
-0.
-0.
-0,
-0.
-0.
-0.
-0.
-0.
0.

-0.
0.

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
0.
0.

-0.
-0.
-0.
-0.
-0.

-o.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
0.
0.

-0.
-0.
-0.
0.
0.

-0.
0.

-0.
0.
0.

-0.
-0.
-0.
-0.

,000050
.000088
,000032
,000042
,000071
,000016
.000021
,000090
000068
000007
000019
000057
000004
000047
000005
000046
000079
000043
000100
000073
000099
000028
000011
000019
000023
000072
000070
000079
000055
000040
000068
000027
000033
000016
000048
000191
000059
000055
000102
000110
000168
000047
000041
000121
000039
000038
000021
000060
000160
000029
000001
000028
000008
000009
000055

11
5
4
4
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1.
1.
1
1,
1
1,
1.
1
1,
1.
1.
1.
1.
1,
1,
1,
1,
1,
1,
1,

D CBS

.03748

.50323

.52466

.43232

.85079

.66125

.49143

.15324

.04114

.92955

.84558

.80827

.65921

.57857

.49943

.34729

.21533

.20343

.19723

.18377
•16122
.09095
.04469
.03724
.01021
.97612
.96971
.88802
.83467
.82676
.80333
.78035
.74549
.71831
.69679
.65932
.61383
.58283
.57824
.56846
.55488
.54830
.54261
.52012
.51641
.50373
.49343
.48788
,48544
,47633
,46470
,44909
,43626
,42579
.42274



1
2
O
O
O
2
O
1
2
1
O
1
O
2
2
2
O
1
1
2
2
O
2
O
1
2
2
1
1
1
2
O
1
2
1
1
1
1
2
O
1
O

o
1

3
2
6
2
O
2
4
3
2
5
6
1
2
A
O

4
5
3
4
2
2
4
4
3
4
2
7
7
7
4
2
7
2
3
5
7
1
2
8
7
8
8
7

12
6
6
15
16
7
13
13
8
9
8
15
16
2
10
3
14
10
14
5
10
17
6
15
15
7
11
0
1
2
8
18
4
12
16
13
6
18
13
2
7
3
4
8

0,
0,
o,

0.299370
0.301370
0.305390
0.305670
0.314790
0.317230
,323870
,330200
,335610

0.338090
0.339690
0.34C870
0.343830
0.34fifi20
0.350900
0.354900
0.357170
0.361190
0.363350
0.374790
0.379880
0.384490
0.388010
0.392760
0.399110
0.404250
0.405660
0.412290
0.413510
,417390
,422870
,427380
,432190
,434050
,437270
,446310

0.456680
0.462900
0.464770
0.469190
0.4728C0
0.475350
0.483890
0.491180

0,
0,
0,
0,
0,
0,
0,

0.
o,
o,

0.299348
0.301147
0.3C5388
0.3C5739
0.314854
0.317136
0.323902
0.330095
0.335584
0.337914
0.339825
0.340945
C.343866
0.348828

350R48
354977
357109

0.361282
0.363302
0.374656
0.379861
0.384453
0.388184
0.392776
0.398969
0.404173
0.405688
0.412367
413596
417286
422622

0.427499
0.432045
0.433976
0.437096

446145
0.456643
0.462704

464724
469118
472632
475268

0.483877
0.491080

0,
0,

o,

o

o,
o,
0.

o,

0.000022
0.000223*
0.000002

-0.000069
-0.000064
0.000094
-0.000032
0.000105
0.000026
0.000176
-0.000135
-0.000075
-0.000036
-0.000008
0.000052

-0.000077
0.000061
-0.000092
0.000048
0.000134
0.000019
0.000037

-0.000174
-0.000016
0.000141
0.000077

-0.000029
-0.000077
-0.000086
0.000104
0.000248*

-0.000119
0.000145
0.000074
0.000174
0.000165
0.000037
0.000196
0.000046
0.000072
0.000168
0.000082
0.000013
U.000100

1.40777
1.40309
1.39382
1.3931R
1.37285
1.36756
1.35347
1.34044
1.32959
1.32470
1.32158
1.31929
1.31360
1.30417
1,30030
1.29295
1.28883
1.28164
1.27783
1.25817
1.24972
1.24220
1.23655
1.22905
1.21924
1.21146
1.20935
1.19959
1.19782
1.19224
1.18449
1.17822
1.17165
1.16914
1.16482
1.15296
1.13980
1.13212
1.12984
1.12450
1.12020
1.11719
1.10729
1.09904

NUMBER OF REFLECTIONS = 99

NUMBER OF REFLECTIONS USED = 97 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

0.000169
0.000316
0.000887

A
B
C

3.
9.

= 21.

227244
044252
963430

0.00020

LAST SHIFTS

-0.000000
-0.000000
0.000000



REFINEMENT OF
ZR 02 MONOCLINIC

SINSQ(O) SINSQ(C) OBS-CALC 0 OfiS

WAVELENGTH = 1.54C51

1
0
1
1
1
0
0
2
1
0
2
X
2
1
1
1
2
2
0
2
1
2
2
3
2
0
1
1
3
1
2
1
3
1
2
3
0
1
0
1
2
L
2
2
1
2
1
3
1
2
0
4
0
4
0
1
4
2
3
2
3
1
0
1
2
3
2
4
3
2
1
3
2
4

0
1
1
1
1
0
2
0
0
2
1
1
1
0
2
1
0
1
2
2
2
2
0
0
2
1
1
3
1
3
2
3
0
1
1
1
2
2
3
2
3
3
2
3
3
3
2
2
0
3
4
0
4
1
3
0
0
1
3
2
2
2
2
3
3
3
4
2
0
4
2
1
0
1

NUMBER

0
1
0
1
1
2
0
0
2
1
0
2
I
2
1
2
2
2
2
0
2
1
2
0
1
3
3
0
1
1
2
1
2
3
3
1
3
3
2
3
0
2
2
I
2
1
3
I
4
2
0
0
1
1
3

2
4
0
3
3
4
4
3
3
1
1
0
4
1
4
3
4
3

OF

0.022933
0.043409
0.044768
0.0592C0
0.073439
0.086183
C.087413
0.091834
0.094738
0.109042
0.113596
0.116544
0.120986
0.123316
0. 124756
0.145262
0.149377
o.i7i589
0.173617
0.179328
0.182307
0. 186617
0.206252
0.206656
C.215161
0.215777
0.217474
0.219589
0.228696
0.234223
0.236923
0.248210
0.250100
0.260165
0.264H32
0.271633
0.281290
0.282638
C.282919
0.282919
0.288841
0.291674
0.294116
0.296052
0.320138
C.324628
0.325387
0.337305
0.333839
0.345945
0.349988
0.367598
0.371458
0.382362
0.390400
0.395961
0.396695
0.401292
0.403501
0.416064
C.4241C4
C.426087
0.432292
0.435151
0.439320
0.446488
0.44867?
C.455233
0.465376
0.477676
0.483458
0.486603
C.493777
0.497744

REFLECTIONS

0.022975
0.043396
C.044838
0.059232
0.073511
0.086132
0.087453
0.091899
0.094828
0.108986
0.U3763
0.116691
0.121017
0.123386
0.124822
0.145250
0.149473
0.171337
0.173586
0.179353
0.182281
0.186606
0.206590
0.206774
0.215165
0.215661
U.217217
0.219745
0.228751
0.234138
0.236927
0.248417
0.250068
0.260055
0.264723
0.271589
0.281251
0.282807
0.282902
0.282B07
0.288669
0.291598
0.294043
0.295923
0.320156
0.324482
0.325645
0.337179
0.338946
0.346243
0.349813
0.367597
0.371346
0.382435
0.390568
0.396063
0.396613
0.401175
0.403543
0.415988
0.423768
0.426399
0.431983
0.434961
0.439629
0.446495
0.448966
0.455051
0.465628
0.477525
0.483516
0.486691
0.493546
0.497583

= 74

-0.000042
0.000013

-0.000070
-0.000032
-O.OOOO72
0.000050
-0.000040
-0.000065
-0.000090
0.000056

-0.000166
-0.000147
-0.000030
-0.000070
-0.000065
0.OÖOO12

-0.000097
0.000252
0.000032
-0.000024
0.000026
0.000010

-0.000338
-0.000117
-0.000004
0.000115
0.0002136

-0.000156
-0.00U055
0.000085
-0.000003
-0.000207
0.000031
0.000110
0.000109
0.000045
0.000039
-0.000169
0.000017
0.000112
0.000172
0.000076
0.000073
0.000128

-0.000018
0.000146

-0.000258
0.0P0126

-0.000107
-0.000298
0.000175
0.00C001
0.0COU2

-0.000074
-0.000168
-0.000102
0.000082
0.000116

-0.000042
0.OOC076
0.000336

-0.000312
0.000309
0.000190

-0.000310
-0.000008
-0.000 294
0.000182

-0.000252
0.000151

-0.000058
-0.000089
0.000231
0.000160

5.08630
3.69694
3.64043
3.16573
2.84231
2.62376
2.60524
2.54175
2.50249
2.33259
2.28535
2.25626
2.21445
2.19343
2.18074
2.02096
1.99294
1.85948
1.84858
1.81891
1.80398
1.78303
1.69604
1.69438
1.66055
1.65818
1.65170
1.64373
1.61066
1.59155
1.58245
1.54605
1.54020
1.51012
1.49675
1.47789
1.45230
1.44884
1.44812
1.44812
1.43319
1.42622
1.42028
1.41563
1.36134
1.35189
1.35031
1.32624
1.32324
1.30958
1.30199
1.27042
1.26380
1.24565
1.23276
1.22408
1.22294
1.21592
1.21258
1.19414
1.18276
1.18001
1.17151
1.16765
1.16210
1.15274
1.1499 3
1.14161
1.129 10
1.11447
1.10778
1.10420
1.09615
1.09177

NUMBER OF REFLECTIONS USED = 74 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

A = 5.148434
B = 5.209265
C = 5.317997
BETA = 99.235773

0.000410
0.000413
0.000381
0.006552

0.00040

LAST SHIFTS

0.000000
0.000000

-0.000000
-0.000002



REFINEMENT OF

H

0
1
0
1
1
1
1
0
1
1
0
0
2
0
2
1
1
2
1
2
2
1
2
0
1
2
2
2
I
2
2
0
1
1
2
1
3
2
3
1
1
1
1
2
2
2
3
1
3
0
3
3
0
2
0
2
2
0
3
1
1
1
2
0
3
3

3
2
0
0
2

K L

WAVELENGTH

1
1
2
0
0
1
1
2
2
2
0
1
0
3
1
3
1
1
3
1
2
2
2

0
0
1

1
3
1
0
0
2
1
0
A
1
5

2

3
4
3
2
5
3
5
3
3
6
4
0
5
5
6
4
4
1
6
3
2
4
3
1
1
5
5
3
4

1
0
0
1
1
1
1
1
1
1
2
2
0
1
0
0
2
1
1
1
0
2
1
1
0
I
2
2
1
2
1
3
3
3
2
3
1
0
1
0
2
3
2
2
1
2
1
1
0
2
1
1
0
2
4
1
1
1
0
3
4
1
3
4
1
2
0
3
2
3
4
3

BA CL2.2H2 0

SINSQ(O)

= 1.54051

0.016650
0.018040
0.019940
0.024330
0.025240
0.029260
0.030250
0.031620
0.044180
0.045160
0.046650
0.051640
0.052470
0.056580
0.C5747O
0.058030
0.065720
0.068190
0.069160
0.07012C
0.072490
0.080650
0.083220
0.091430
C.092840
0.097300
0.101C70
0. 102240
0.104060
0.106090
0.108130
0.109960
0.116640
0.119580
0.120960
0.121660
0.128430
0.132250
0. 136290
0.137750
0.138610
0.139430
0.140550
0. 142250
0.144920
0.145890
0. 14H410
0. 149920
0.163010
0.171340
0.173230
0.176260
0.1796C0
0.180800
0.186740
0.187810
0.189810
0.191280
0.198100
0.199440
0.202940
0.203900
0.205310
0.206620
0.208C80
0.212510
0.215110
0.223840
0.225920
0.229850
0.231480
0.234430

MONOCLiNIC

SINSQ(C)

0.016654
0.018122
0.019944
0.024328
0.025280
0.029314
0.030266
0.031612
0.0442 72
0.045224
0.046672
0.051658
0.052543
0.056542
0.057529
0.058010
0.065746
0.068245
0.069202
0.070149
0.072487
0.080704
0.083203
0.091445
0.092913
0.097311
0.101120
0.102297
0.104104
0.106106
0.10B133
G.109998
0.116719
0.119576
0.121064
0.121706
0.128462
0.132320
0. 136304
0.137787
0.138632
0.139520
0.140537
0.142185
0.144940
0.145994
0. 148406
0.149931
0.163096
0.171323
0.173336
0.176193
0.179498
C.180896
0.186688
0.187910
0.189815
0.191166
0.197999
0.199353
0.202905
0.203826
0.205286
0.206632
0.208238
0.212625
0.215158
0.223935
0.225771
0.229663
0.231563
0.234475

OBS-CALC

-0.000004
-0.000082
-0.000004
0.000002

-0.000040
-0.000054
-0.000016
0.000008

-0.000092
-0.000064
-0.000022
-u.000018
-0.000073
0.000038

-0.000059
0.000C20

-0.000026
-0.000055
-0.000042
-0.000029
0.000003

-0.000054
0.000017
-0.000015
-0.000073
-0.000011
-0.000050
-0.000057
-0.000044
-0.000016
-0.000003
-0.000038
-0.000079
0.000004
-0.000104
-0.000046
-0.000032
-0.000070
-0.000014
-0.000037
-0.000022
-0.000090
0.000013
0.000065

-0.000020
-0.000104
0.000004

-0.000011
-0.000086
0.000017

-0.000106
0.000067
0.000102
-0.000096
0.000052
-0.000100
-0.000005
0.000114
0.000101
0.000087
0.000035
0.000074
0.000024

-0.000012
-0.000158
-0.000115
-0.000048
-0.000095
0.000149
0.000187
-0.000083
-0.000045

D 08S

5.96936
5.73478
5.45472
4.93814
4.84831
4.50295
4.42866
4.33165
3.66456
3.62458
3.56623
3.38955
3.36263
3.23820
3.21302
3.19748
3.00459
2.94967
2.92892
2.90880
2.86085
2.71227
2.67006
2.54736
2.52794
2.46932
2.42283
2.40893
2.38777
2.36482
2.34240
2.32283
2.25533
2.22744
2.21469
2.20831
2.14932
2.1 1805
2.08642
2.07534
2.06889
2.06280
2.05456
2.04225
2.02335
2.01661
1.99942
1.98932
1.90778
1.86082
1.85065
1.83467
1.81753
1.81149
1.78244
1.77736
1.76797
1.76116
1.73058
1.72476
1.70982
1.70579
1.69992
1.69453
1.68857
1.67088
1.66075
1.62804
1.62053
1.60662
1.60095
1.59085



2
1
1
3
2
3
2
3
4
3
1
4
4
3
0
4
2
2
2
A
3
3
1
4
1
2
1
2
1
0
5
4
3
2
3
4
0
3
5
3
0
2
0
1
X
2
4
3
2
3
2
4
3
5
5
2
0
5
4
3
4
1
1
4
2
0
6
3
5
2
4

0
6
6
4
6
2
1
5
3
5
7
1
0
3
4
2
6
5
3
4
5
6
6
4
7
7
1
4
5
8
0
4
6
1
6
5
7
5
2
7
6
2
4
8
8
3
4
4
7
0
7
1
7
3
4
6
1
1
5
2
6
7
7
7
9
6
1
6
5
2
6

4
2
2
2
1
3
4
1
0
1
0
2
2
3
4
2
2
3
4
0
2
0
3
1
2
1
5
4
4
1
1
2
2
5
2
1
3
3
1
0
2
5
5
2
ii
5
3
4
3
5
3
4
2
2
1
4
6
3
3
5
2
4
4
1
1
5
0
4
2
6
3

0.235380
0.238300
0.240210
0.241H20
0.244600
0.247390
0.247980
0.253120
0.255180
0.255840
0.257470
0.258020
0.260420
0.263820
0.266470
0.273050
0.280650
0.285080
0.287850
0.289940
0.292550
0.297780
0.299C90
0.303380
C.305110
0.307580
0.312310
0.315200
0.326500
0.330660
0.337540
0.340490
0.341560
0.344460
0.347190
0.348430
0.349320
0.352240
0.357610
C.362520
0.365760
0.368950
0.371480
0.377880
0.379700
0.384360
0.389220
0.390440
0.398920
0.402950
0.404670
0.409390
0.412020
0.415220
0.417370
0.422360
0.424890
0.431370
0.434090
0.437120
0.440280
0.442260
0.445B00
0.464320
C.467310
0.471360
0.478030
0.490190
0.494870
0.498180
0.500490

0.235422
0.238353
0.240258
0.241814
0.244661
0.247463
0.248026
0.253113
0.255047
0.255970
0.257452
0.258022
0.260653
0.263823
0.266465
0.272980
0.280617
0.285063
0.287915
0.289949
0.292402
0.297720
0.299074
0.303522
0.305077
0.307575
0.312203
0.315199
0.326380
0.330775
0.337682
0.340430
0.341535
0.344468
0.347249
0.348396
0.349329
0.352170
0.357626
0.362539
0.365779
0.368949
0.371477
0.377963
0.379867
0.384357
0.389248
0.390400
0.399015
0.402780
0.404728
0.409465
0.412067
0.415180
0.417459
0.422538
0.425034
0.431251
0.434122
0.437008
0.440151
0.442236
0.446045
0.464252
0.467129
0.471198
0.477874
0.490121
0.494956
0.498249
0.500396

-0.000042
-0.000053
-0.000048
0.000006
-0.000061
-0.000073
-0.000046
0.000007
0.000133

-0.000130
0.000018

-0.000002
-0.000233*
-0.000003
0.000005
0.000070
0.000032
0.000017
-0.000065
-0.000009
0.000148
0.000060
0.000016

-0.000142
0.000033
0.000005
0.000107
0.000001
0.000120

-0.000115
-0.000142
0.000060
0.000025

-0.000008
-0.000059
0.000034
-0.000009
0.000070
-0.000016
-0.000019
-0.000019
0.000001
0.000003

-0.000083
-0.000167
0.000003
-0.000028
0.000040

-0.000095
0.000170

-0.000058
-0.000075
-0.000047
0.000040
-0.000089
-0.000178
-0.000144
0.000119

-0.000032
0.000112
0.000129
0.000024

-0.000245*
0.000068
0.000181
0.000162
0.000156
0.000069
-0.000087
-0.000069
0.000094

1.58763
1.57787
1.57159
1.56635
1.55742
1.54861
1.54677
1.53099
1.52479
1.52283
1.51800
1.51638
1.50938
1.49962
1.49214
1.47405
1.45396
1.44262
1.43566
1.43048
1.42408
1.41152
1.40842
1.39843
1.39446
1.38885
1.37829
1.37196
1.34801
1.33950
1.32578
1.32003
1.31796
1.31240
1.30723
1.30490
1.30324
1.29782
1.28804
1.27929
1.27361
1.26809
1.26377
1.25302
1.25O01
1.24241
1.23463
1.23270
1.21953
1.21341
1.21083
1.20383
1.19998
1.19535
1.19227
1.18520
1.18167
1.17276
1.16908
1.16502
1.16083
1.15823
1.15362
1.13038
1.12676
1.12191
1.11406
1.10015
1.09494
1.09129
1.08877

NUMBER OF REFLECTIONS = 143

NUMBER OF REFLECTIONS USED = 141 FOR A GATE OF

PARAMETERS STANDARD DEVIATIONS

0.000209
0.000330
0.000224
0.002833

A
B
C
BETA =

6.721821
10.908276
7.132084

91.101905

0.00020

LAST SHIFTS

-0.000000
0.000000
-0.000000
-0.000019
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