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ABSTRACT

A computational method has been developed for the index-
ing of both unknown powder patterns and unknown rotating-crystal
patterns, based on the choices of possible parameters from the
difference analysis of the diffraction data (auxiliary computer
programs are used for reducing the number of the possible para-
meters for orthorhombic, monoclinic and triclinic systems), the
techniques of indexing search (branch-and-bound), the refinement
of the parameters by the use of least-square method (multiple
least~square method are used for monoclinic and triclinic systems)
and then selecting the unique solution by using standard deviation
determination. The method is also efficient for indexing those
patterns in which some reflections are either missing by accident
or because of translational symmetry. The programs can be used
for all the lattice structures including those of low symmetries,
such as monoclinic and triclinic crystals. Several experimental
patterns are used for illustrating the method. It should be
possible to adapt the method to any digital computer. The present

computer programs are written in FORTRAN IV for IBM/360 (WATFIV).
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COMPUTATIONAL METHOD FOR THE INDEXING OF UNKNOWN

POWDER PATTERNS AND UNKNOWN ROTATING-CRYSTAL PATTERNS
CHAPTER I
INTRODUCTION

Introduction
The characteristic X-ray diffraction effect from a fine-
grained crystalline aggregate was first discovered by Debye and

1

Scherrer™ in 1916 and almost simultaneously by Hull.2?’3 This

method of investigating crystals has proved to be extraordinarily
useful in those cases where one wishes to examine a crystalline
material that is not in the form of discrete single crystals.
Because the sample is an aggregate of fine crystalline material,
this way of examining materials is often called the powder method
as well as Debye-Scherrer method.

There are many applications of the powder method, but two
of these are of primary importance: (1) The powder method provides
a way of investigating the crystallography as mentioned above,
and (2) since the powder diffraction photograph produced by a
crystalline substance is a characteristic of that substance, the
powder method can be used és a means of identification of crystals.

1



2
However, it commonly falls to the lot of a chemist, physicist,
metallurgist, or even someone without much scientific or technical
background, to take powder photographs and interpret them. The
initial step is, of course, to index the powder pattern photo-
graphs. This requires a knowledge of X-ray diffraction theory,
considerable experience, and time-consuming trial and error before
a complicated powder pattern photograph can be solved.

During last several decades, many techniques for the index-
ing of unknown powder patterns were developed using graphic,
analytic, and even computer methods. This makés indexing quite
difficult because the indexers must learn so many techniques for
their purpose. Also, it is inconvenient and time~consuming to
index a powder pattern by trying several techniques. Furthermore,
the costs for wages and computer time for the indexing of unknown

powder patterns are often not economical.

Previous Work

The Cubic System

The first step in indexing any unknown powder photograph
is to find whether the symmetry is cubic. A graphic method for
indexing powder photograph of isometric crystals was described as

4

eérly as 1918 by Scherrer. Schiebold5 suggested a logarithmic

chart for the isometric system. Different isometric nomograms
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6 7

were described by Eulitz® in 1930. White' described a graphic
method for the powder patterns of cubic crystals by using polar
coordinates. Later, Straumanis® described a graphic method for
indexing the powder patterns of cubic substances, based on the
application of three dimensional reciprocal lattices. However,
the graphic method described by Azroff and Buerger9 makes a
detailed description of these other method superfluous.

In 1941, Thomas10 suggested a method for indexing powder
patterns of isometric symmetry by using a slide rule. If the
reflections for which 26 or (h%+k2+12?) are large are indexed by
the graphic methods, a self-indexing method for isometric

symmetry was suggested by Bloss11

in which one calculates the
quotients d;/di, di/dé, ooy di/d; where d1 is the largest inter-
planar spacing observed and d2, ooy dn are successively smaller
ones. A computer algorithm for rapid solution of indexing cubic
crystal powder photographs was suggested by the author.12 The
algorithm was based on the comparison between the permissible
integers for different Bravais lattice types of cubic materials
and the ratios Sin26i+l/sin26i (i=1,2,...,K-1) of the reflections,

where K is the total number of the reflections.

The Tetragonal and Hexagonal Systems

Indexing powder patterns becomes much more difficult as

the number of unknown lattice parameters increases. For example,
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there is only cne unknown parameter for the cubic system, the
lattice parameter, a, but there are two or more unknowns for
noncubic crystals. The tetragonal system is usually considered
next to the cubic system since the plane-spacing equation for
tetragonal system involves only two unknown lattice parameters,
a and c. The hexagonal system is considered next to the tetra-
gonal system althrough the plane-spacing equation of this system
also involves the same two unknown lattice parameters.

As early as 1917 and 1918, some numerical methods for
solving the powder patterns of tetragonal and hexagonal systems

13 and Johnson and Toeplitz14 which were

15

were developed by Runge
primarily of theoretical interest. Hull and Davey ~ were the

first to describe a graphic method, based on the equation:

2 log 4@ = =log (s+12/c?), (1)
g k1 g ( /

where s=h?+k? for the tetragonal system and s=h2?+hk+k? for the

hexagonal system, that allowed construction of chart by plotting

log dhkl vs. ¢ on semilogarithmic paper for each possible combi-
nation of the -Miller indices (hkl). The Hull-Davey graphic
16 17

method was modified by Ebert and Schneider, who feplaced the

curves in the Hull-Davey chart with straight lines.

18

Bjurstrom—° prepared a chart by plotting 1/d% vs 1/a? on

an arbitrary scale. The indexing of a set of lines on a powder



5
photograph using the Bjurstrom chart requires, simply, the
plotting of measured 1/d2 values on a strip of paper and a
search for a match on the chart, similar to the procedure used
in the Hull-Davey method. A similar chart prepared by Bond
(unpublished) plots log (h%+k?) and log 12 against c/a directly.
This variation has the advantage that such charts are easier to
prepare. Unfortunately, at very large cor very small values of
c/a the curves are nearly vertical, making them more difficult
to use in these ranges.

A graphic method, using nomograms for indexing tetragonal
and hexagonal powder photographs, was suggested by Schwarz and
summa.l® This method permits a more open scale than that of Hull
and Davey.15 Harrington20 described a graphic method by plotting
the axial ratio on a logarithmic scale. When this is done, it
turns out that all (hk0) curves have a slope of -2 and all (001)
curves a slope of +2. Since the curves of all pyramid planes
have. the same shape, Harrington's chart can be constructed very
easily with the aid of a single template.

Anothef graphic method of indexing tetragonal and hexagonal

powder patterns has been devised by Bunn.21

Like the Hull-Davey
chart, a Bunn chart consists of a network of curves, one for each
value of hkl, but the curves are based on somewhat different

functions of hkl and c/a than those used by Hull and Davey with
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the result that the curves are less crowded in certain regions of
the chart. However, Ferro22 suggested logarithm charts which were
a slight variation of the plot of interplanar spacing against c/a
described by the previous graphic methods. These graphic method
can be used equally well if the crystal is based on a rhombohedral

lattice.

A special chart for hexagonal close-packed lattices was

also prepared by Bunn21

by omitting all curves with Miller indices
(hikili) for which (hi+2ki) is an integral multiple of 3 and li is
odd. A new chart was constructed by Schnerr23 for hexagonal and
rhombohedral spacing covering c/a from 3 to 18, corresponding to
unit cell heights in close-packed structures of 4 to 21 layers.

A procedure was described by Ebert24 for indexing rhombohedral
powder patterns. In contrast to the method of Hull and Davey,15
it uses only systems of straight lines which cross each other and
connect equidistant points on two parallel lines.

In 1948, Hesse?3 gave the first complete account of a
numerical method for indexing powder patterns of tetragonal, hexa-
gonal, and orthorhombic symmetries without the use of single-
crystal data. A method proposed by Lipson26 for the three systems
mentioned is probably easier to understand than Hesse's more

mathematical approach, although basically both are the same. An

extension in scope and directness of the Hesse's method for index-
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ing powder photographs of the three systems can be made by direct
solution of the linear Diophantine equation suggested by Stosick.27
The numerical method suggested by Hesse25 has been modified
to permit computation on digital computers by Tannenbaum, Lemke,

and Kramer.28 Werner29

suggested a trial-and-error computer
method to index the tetragonal and hexagonal powder patterns

based on solving the cell constants by assigning the Miller indices
to the selected lower angle reflections. A computer program for
the indexing of the powder patterns of tetragonal and hexagonal
crystals based on the simultaneous use of reflections with low

30

indices was described by Jamard, Taupin, and Guinier. Hoff and

Kitchingman31

mentioned that a computer program could be done by
selecting the cell constants from the difference between the
observed values of Sin?6 and all combinations of possible cell
constants used in trial indexing of the tetragonal powder diff-

raction data.

The Orthorhombic System

For orthorhombic symmetry, the problem is more difficult
because three unknown lattice parameters, a, b and ¢, have to be
found. Moreover, the difficulty increases further if fhe problem
involves large unit-cell dimensions, large numbers of extinguished
reflections, or both.

As early as 1927, an extension of the graphic method was
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described by Wilhelm32 for determining crystal structures of the
orthorhombic system. Another graphic method was suggested by
Jocob and Warren33 for finding the unit cell of uranium success-
fully. However, graphic methods 6f indexing noncubic powder
patterns not only have the disadvantage of being time consuming
but they also hold the definite risk of a wrong solution,
especially when a large number of reflections are extinguished.

Some numerical methods suggested by Hesse,25 Lipson,26
and Stosick27 have 5een proved rather straightforward when
applied to tetragonal and hexagonal powder patterns but more
cumbersome and somewhat less systematic when applied to
orthorhombic powder patterns. Some organic substances, such as
certain forms of soaps, fats, and fatty acids, have unit cells
for which one dimension is much larger than the other two.
Vand34 proposed a method to distinguish such cases from the
more general ones of long-chain compounds whose three unit-cell
edges have more nearly equal lengths.

Ito35 described a general analytical procedure to index
the powder patterns of orthorhombic system that involves a good
deal of trial and error and is based on the reciprocal lattice
theorem. 1In 1964, Werner29 suggested a trial-and-error computer
method to index the orthorhombic powder patterns based on solv-

ing the cell constants by assigning the Miller indices to the
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selected lower angle reflections and selecting one possible cell
constant from the difference analysis of the observed Sin?@
values. A computer method was described by Hoff and Kitchingman31
for indexing the orthorhombic powder patterns by selecting the
possible unit-cell constants from differences between the observed
Sin?8 values and then using a trial=-and-error method for indexing
the data. Jamard, Taupin, and Guinier30 also suggested a computer
program for in@exing the powder patterns of orthorhombic materials
based on the simultaneous use of reflections with low indices
permitting the calculation of the cell volume and eliminating
incorrect solutions.

Recently, Visser35 suggested a computer program by finding
the constants of the reciprocal lattice from powder data. Planes
through the origin of the reciprocal lattice (zones) are found
first. After evaluating these, the program selects pairs of zones
with a common row to find reciprocal lattices which are then
reduced in a simple way.

The Monoclinic System

Monoclinic substances yield powder paﬁterns of great
complexity because the number of unknown parameters involved in
now four, a, b, ¢ and B. No generally successful method, either
analytical, graphid, or even computer, of indexing such patterns

has yet been devised.



10
A general approach for indexing powder photographs
regardless of symmetry was presented by Runge,13 rediscovered by
Ito,36 and refined by de Wolff.37 Another method developed by

Thewlis and Hutchinson38 is a variation on that of Ito36 and is
not so rigorous in its demands. The method is correspondingly
less powerful than Ito's. An analytical method suggested by
Zachariasen39 for indexing the powder patterns of unknown
monoclinic crystals is the most simple and direct. It involves
no novel principles and requires no computational aids.

The systematic trial—and-error method of Werner29 is
based on the use of a computer. However, the computing time
becomes prohibitive for lower symmetrical lattices. According
to Ito's and de Wolff's approach, some computer programmings
have been described by Liedl and Vorres40 and Viswanathan41
for indexing the powder photographs of lower symmetries.

The Triclinic System

It would appear from the previous literature that the
indexing of a unknown triclinic powder pattern is very unlikely
to succeed in practice since six lattice parameters, a, b, ¢, a,
B, and vy, are involved.

The general approach for indexing the powder patterns
presented by Runge,13 Ito,36 and de Wolff37 attacked the problem

from the low symmetries rather than from the higher symmetries



11
aspect and has to be followed by a cell-reduction procedure. Such
procedures are also discussed by Buerger42 and Azroff and Buerger.9
Another method was developed by Thewlis and Hutchinson38 which is
a variation on that of Ito and which is not so rigorous in its
demands. According to Ito's and de Wolff's épproach, some computer
programmings have been described by Liedl and Vorres40 and

41

Viswanathan ™~ for indexing the powder patterns of lower symmetries.

In 1968, Vand and Johnson43 described the theory and
method of indexing the powder patterns for the triclinic case that
most closely approaches the theory described by de Wolff.37'44
However, the method seems unlikely to be written into computer

programs with a reasonable amount of computer running time.

Scope and Objective

The objective in conducting this extensive study is to
develop an improved computational method capable of assigning
Miller indices of the reflections of unknown powder patterns of
all the six crystal structures.

The computer algorithm may be described briefly as
follows:

(1) calculation of the experimental angles. This is for
the purpose of changing the measurements from the powder film

reader into the Sin?6 values.
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(2) Difference analysis for deciding the crystal structure
and finding the possible parameters. The method of Lipson26 is
used to select the possible parameters from the differences bet-
ween the observed values of Sin?6. Auxiliary computer programs
are designed to reduce the possibilities of the parameters for
orthorhombic, monoclinic, and triclinic systems.

(3) Search for Miller indices. Using the Branch-and-Bound
method, various indexing techniques are designed for searching the
Miller indices of the observed reflections of the powder patterns
of six different structures.

(4) Refinement of the parameters by the use of least-
square method. The possible parameters are selected from only a
subset of the reflections; therefore, the refinement of the
parameters is necessary.

(5) Determination of a unique solution by using standard
deviation. This ensures a unique and acceptable solution for the
unknown patterns. It is believed that the solution determined by
minimum standard deviation can certainly satisfy the criteria

described by de Wblff45 46

and Lester and Lipson.
Generally speaking, the computer running time for this

method is quite fast compared to the other computer methods. An

attempt has also been made to apply this computer algorithm for

the indexing of unknown rotating-crystal patterns. The indexing
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procedures are described under the assumption that only one photo-
graph is needed in which the sample rotates around any of the three
axes, a, b, and c.
Some examples are used for illustrating the computer

technique. The computer programs have been written in FORTRAN IV

for IBM/360 (WATFIV).



CHAPTER II
RELATION OF BRAGG ANGLE 8 TO CELL GEOMETRY

Introduction

The powder pattern is obtained in the usual way. A powder
photograph shows a set of lines, for each of which a measurement
can be made that provides the Bragg angle 6 for that line. Each

8 can be readily transformed into the interplanar spacing d

hk1l
and Sin?%e@ for the plane responsible for the reflection to that

hk1l
line. Primary, then, a powder photograph yields a set of numerical
values for the various Sin?6 of the crystal sample, one Sin?6 for
each line of the powder pattern.

Calculation of Bragg Angle 6 and Sin?8

Let R be the radius of the powder camera and A be the arc
length of two corresponding lines on the pattern which is measured
by the use of a film reader. The relationship of the diffraction
angle, 06, to the measured arc length, A, is shown in Figure 1.

From this it may be seen that

40 = -%— (radians),

14



26
X-Ray beam

e
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Figure 1 Diagram Showing the Relationship of the Diffraction
Angle, 6, to the Arc Length, A.
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0 = B, (2)

4R
Therefore, if the distance, A, between corresponding lines
on either side of the X-ray beams is measured on the £ilm, the
appropriate 6 value for the set of reflection planes in question
and the corresponding Sin?6 value are then calculated according to
the equation (2).
A computer program, CEA, listed in Table 1, is then

written for converting the arc lengths of the powder patterns into

the Sin?6 values.

Bragg's Law
Consider Bragg's Law:
nA = 2d'Siné,
where n=1 is assigned to first order reflections, n=2 is second
order, etc. Each successive order exhibits a wider angle. For
diffraction, the smallest value of n is 1 (n=0 corresponds to a
beam diffracted in the same direction as the transmitted beam),

and thus Bragg's Law may be written in the form:

a' .
A= 2 -—-I-;-Slne.

Since the coefficient of A is now unity, we can consider a

reflection of any order as a first-order reflection from planes,
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TABLE 1

Computer Program (CEA) for Calculating Experimental Angles

C COMPUTER PROGRAM FOR CALCULATING EXPERIMENTAL ANGLES

S

S1

52

53
54
S5
56
58
59
60

6

7

8

DIMENSION A(70)eT(70)

IN=S

IM=6

READ (INs1) M

FORMAT (13)

DGC 20 L=1+M

READ (INs2) KsR

FORMAT (IS+F6.0)

READ (IN»3) (A(1)sI=1,K)
FORMAT (SF10.0)

DO 5 N=1,4K
THETA=A(N)/(4.0%R)
TI(N)=SIN(THETA)*SIN(THETA)
CONTINUE

WRITE (IM.51)

FORMAT (1Hl1+* DIFFRACTION LINE*s4Xs*ARC LENGTH? 36X, *DIFFRACTION LI

INE®+4X ' ARC LENGTH®)

WRITE (IMs52)

FORMAT (2X3160*=*)34Xs10(%=%)36Xs16(%=%)e8Xs10(%~1*))
LL=K/2

DO 58 N=1,LL

IF (K/2%2-K) 54,53, 54

LLL=N#LL

GO T4 S5

LLL=N#LL+]

WRITE (IM¢56) NsA(N)sLLL,JA(LLL)

FORMAT (7Xe13012XeFT763914X413513XsFTe3)

CONT INUE

IF (K/2%2-K) 59,60+ 59

NL=(K+1) /2

WRITE (IM,56) NL+A(NL)

WRITE (IMe6) A

FORMAT (1H1+* DIFFRACTION® 44X+ *SIN(SQUARE)* 46X, *DIFFRACTION®+4X,"'S

1IN(SQUARE)*)

WRITE (IM,7)

FORMAT (Sx.'LlNE'-lOX.'(OBSV.)'-llx.'LINE'.IOXq‘(OBSVo)')
WRITE (IM,8)

FORMAT (zx.xlc-—-).ax.xx('--).ax.txt-—-).Ax.llt'--))
KK=K/2

DO 14 N=1,KK

IF (K/2%2-K) 1049410

KKK=N+KK

GO TO 11
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TABLE 1 (CONTINUED)

10 KKK=N+KK+1
11 WRITE (IMe12) NeT(N)eKKKsT(KKK)
12 FORMATY (5Xs 130 10XsF8eSe11Xe [3110X¢F8e5)
14 CONTINUE
IF (K/2%2~-K) 16420416
16 NL=(K+1)/2
WRITE (IMel2) NLoT(NL)
20 CONTINUE
sSTQP
END

real or fictitious, spaced at a distance 1/n of the previous
spacing. This turns out to be a real convenience. Now let
d=d'/n and write Bragg's Law in the form:

A = 24 Sin®, (3)

and thus the Sin?0 can be expressed by d by using Bragg's Law:

Sin2g = A (4)
4d2 .

Relation of Sin%@ to Cell Geometry
The Cubic System

The plane-spacing equation for cubic system can be

written as:

1 h? + k2 + 12 , (5)

d2
hkl
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where a is the lattice parameter of the unit cell.

Inserting equation (5) into (4), we have:

. 2 = A2 2,1,2,12
Sin ehkl e (h<+k*+1%). (6)

For our convenience, equation (6) may be re-written in the form:
s 2 2,32.12 \

. = (h$+k%+1%) P
Sin 61 ( i i l) ’ (7)

where i=number of the reflection with Miller indices (hikili) and
P=parameter=A%/4a%, Here, the square of the sines of the angles
of reflection are directly proportional to the sums of the squares
of the Miller indices h, k, and 1 of the reflectiné planes.
Setting si=h;+k;+1; we recognize that s, must be an integer
because hi' ki' and 1i are integers. It can be verified that S5
can have all the values except 4P(8q+7), where p=0,1,2,... and
g=0,1,2,... The permissible integers for the three common Bravais
lattice types of the cubic crystals and a Diamond cubic type are
partially listed in Table 2.

The Tetragonal System

The plane-spacing equation for tetragonal system can be

written as:

+ (8)

where a and ¢ are the two lattice parameters of the unit cell.
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TABLE 2

Characteristic Sequences of the Three Common

Bravais Lattices and Diamond Type of Cubic Crystals

Simple Cubic

Body-Centered Cubic

Face-Centered Cubic

Diamond Cubic

l, 2, 3, 4’ 5' 6’ 8’ 9,

l6, 17, 18,
29, 30, 32,
42, 43, 44,
54, 56, 57,

2' 4' 6' 8'
26, 30, 32,

50, 52, 54,

3, 4, 8, 11, 12, 16, 19, 20,
35, 36, 40, 43, 44,

3, 8, 11, 16, 19, 24,

48, 51, 56,

19,
33,
45,
58,

10,

56,

59,

20, 21,
34, 35,
46, 48,
59, ...

12, 14,

36, 38,
58' L2 BN

10,
22,
36,

49,

16,

40,

11,
24,
37,

50,

18,
42,

24,

12, 13,
25, 26,
38, 40,

51, 52,

20, 22,

44, 46,

27, 32,

48, 51, 52, 56, 59,

14,
27,
41,

53,

24,

48,

27, 32, 35, 40, 43,
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We then obtain a relation between Sin?6 and Miller indices (hikili)

by inserting equation (8) into (4); thus, we have:
sin?8 = (h2+k®)P + 1% 0, i=1,2,...,K. (9)
i i i i

where i=number of the reflection with Miller indices (hik‘li) and
P=A2/4a? and Q= A%/4c?., The summation, h;+k;, is best ca;ried
out in a systematic manner. The quadratic forms of Miller indices
for this system are listed in Table 3.

However, the permissible integers of the summation of
h;+k;+l§ for two common Bravais lattice types, simple and body-
centered, of the tetragonal crystals are different. The char-
acteristic sequences of these two Bravais lattice types are shown

in Table 4.

The Hexagonal System

The plane-spacing equation for hexagonal system can be

written as:

2 2 2
21 - _4(h f;gf + k<) + 12 , (10)
dhkl 3a c

where a and c ére the two lattice parameters of the unit cell.
We then obtain a relation between Sin26i and Miller indices

(hikili) by inserting equation (10) into (4); thus,

Sin26i = (h;+hiki+k;) P + 1; Q, i=1,2,...,K, (11)



22

TABLE 3

Quadratic Forms of Miller Indices for Tetragonal Crystals

h2+k? 1,

2, 4, 5, 8, 9, 10, 13, 16, 17, 18,

32, 34, 36, 37, 40, 41, 45, 49,

12 1, 4, 9, le,

25, 36,

49,

20, 25, 26,

50, 52,

53,

58,

29,

Characteristic Sequences of the Two

TABLE 4

Common Bravais Lattices of the Tetragonal System

Simple Tetragonal 1, 2, 3, 4,

Body-Centered
Tetragonal

16, 17, 18,

29,

30, 32,

42, 43, 44,

54,

56, 57,

2, 4, 6, 8,

26,
48,

28, 30,
50, 52,

5, 6, 8, 9,

19,
33,
45,
58,

32,
54,

20,
34,
46'

21,

35,

48,

14,
36,
58,

1o,
22,
36,
49,

16’

38,

11,
24,
37,
50,

18,

40,

12,
25,
38,

51,

20,

42,

13,
26,
40,

52,

22,

44,

53,

24,

46,
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where i=number of the reflection with Miller indices (hikili) and
P=A%2/3a? and Q=A2/4c?. The summation, h;+hiki+k;, is most con-
veniently carried out by arranging the terms in tabular form
similar to that of the tetragonal system. The quadratic forms of

Miller indices for this system are listed in Table 5.

TABLE 5

Quadratic Forms of Miller Indices for Hexagonal Crystals

h2+hk+k? 1, 3, 4, 7, 9, 12, 13, 16, 19, 21, 25, 27, 28, 31, 36,
37, 39, 43, 48, 49, 52, 57, ...

12 1, 4, 9, 16, 25, 36, 49, ...

The Orthorhombic System

The plane-spacing equation for orthorhombic system can be
written as:

1 h? k2 12

2 2 2 2
dhkl a b c

(12)

where a, b, and c are the three lattice parameters of the unit
cell. We may obtain a relation between Sinzei and Miller indices

(hikili) by inserting equation (12) into (4); thus, we have:
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Sinzei = h; P + k; Q + 1;‘5, i=1,2,...,K, (13)

where i=number of the reflection with Miller indices (hikili) and
P=A2/4a?%, Q=12/4b%, and S=12/4c?.

The Monoclinic System

The plane-spacing equation for the monoclinic system can

be written as:

2 2c4npn2 2
1 - 1 ( h + kfsin®g | 1 + 2hlCos8 ), (14)

dﬁkl sin?B a? b? c? ac

where a, b, c, and B are the four lattice parameters of the unit
cell. We may then obtain a relation between Sin?6 and Miller
indices (hikili) by inserting equation (14) into (4); thus, we
have:

Sinzei = h; P + ki 0 + 1; S - hili v, i=1,2,...,K, (15)

where i=number of the reflection with Miller indices (hikili) and

P=12/4a?Sin%B, Q=A2/4b2, S=12/4c?sSin?p, and V=A2CscBCotB/2ac.

The Triclinic System

The plane-spacing equation for the triclinic system can

be written as:

1 -1 245 k2+S__1%+28_ _hk+2S__k1+2S__hl 16
32 vz(sllh 22" *83317+25,, 23k1*28 5y (16)
hk1l
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where the volume of the unit cell,

V = abc (1-Coszm-Cos"!B—Cos2'y+2CosmCosBCosy)!'5
= W2.2a3n2

Sll b“c“Sin“o
= A2n2Qin2

822 a“c“Sin“pg
— 2212012

833 = a‘b“Sin‘y

512 = abc? (CosaCosB-Cosy)

823 = a?bc (CosBCosy-Cosa)

813 = ab?c(CosYCosa-CosB)

where a, b, ¢, a, B, and y are the six lattice parameters of the
unit cell. We may then obtain a relation between Sin?6, and

i
Miller indices (hikili) by inserting equation (16) into (4); thus,

we have
Sin?%0 ,=h?pP+k20Q+12S+h .k .U+h.1 V+k.1.W, i=1,2,...,K, (17)
1 1 1 1 1l 1 1 1 1 1

where i=number of the reflection with Miller indices (hikili) and
- 2 /a2 - 2 52 - 2 A2 - 2 18332 - 2 10352
P Sll)\ /4V¢, Q 822)\ /4v4, S S33l /4Ve, U Slz)\ /2Ve, V 813)\ /2V¢4,

- 2 19052
and W SZ3A /2Ve,



CHAPTER III
DIFFERENCE ANALYSIS

Introduction

Lipson's difference method26 was previously used only for
selecting the possible parameters of the more highlv svmmetrical
Bravais lattice types, such as cubic, tetragonal, hexagonal, and
orthorhombic systems. As a matter of fact, it sometimes fails to
cover all the possibilities. Some additional criteria are des-
cribed in this chapter to complete the whole list of possible
parameters. The selection procedures are also summarized.

Due to the characteristic of the differences of the Sin?8
values for various systems, the difference analysis can be also
used as a means of determining the possible Bravais lattice type
to which the unknown powder pattern belongs. By doing so, we can
save quite a lot of effort for indexing a powder pattern as com-
pared to the classical method.

A computer program, DA, listed in Table 6, is so written
that the differences of the obser&ed Sin?6 values are listed in

ascending order

26
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TABLE 6
Computer Program (DA) for the

Difference Analysis of the Diffraction Data

C COMPUTER PROGRAM FOR DIFFERENCE ANALYSIS OF THE OIFFRACTION DATA

2

40

50

60

62
64
68
70
72
74

100
102

112
118

120

DIMENSION T(70)s TDIFF(2000),TD(2000)
IN=5

IM=6

READ (INesl1) M

FORMAT (13)

DG 300 I=1,M

READ (INsl) K

READ (INs2) (T(J)eJd=1eK)

FORMAT (10F7.0)

WRITE (1Me40)

FORMAT (1H1,° DIFFRACTION® 4Xs *SIN(SQUARE) *+7Xs '*DIFFRACTION®+4X+'S

1IN(SQUARE) )

WRITE (IMs50)

FORMAT (SXe'LINE®10Xs*(0BSVe)*s12Xs"LINE®, 10X, *(0BSV.)"*)
WRITE (IMe60) v '
FORMAT (2Xs11(*=®)3a8Xs11( =) g7Xs10("=?)s8Xs11(*'~*))
KK=K/2

DO 72 N=1,KK

IF (K/2%2~-K) 64,625 64

KKK=N+KK

GO TO 68

KKK=N+KK+1

WRITE (IMe70) NeT(N) sKKKsT(KKK)

FORMAT (SXeI3910XsFB8eSs12Xs13s10XeF8e5)

CONT INUE

IF (K/72%2-K) 74,100,744

NL=(K+1)/2

WRITE (IMes70) NL+TUINL)

WRITE (IM,102)

FORMAT (1H1,11X, *DIFFERENCE ANALYSIS OF THE POWDER DIFFRACTION DAT
1AY) :
KT=0

N=0

IF (K-15) 110,110,112

KO=K

GO TO 118

KO0=15

DO 120 LO0=2,K0O

KT=KT+1

TO(KT)=T(LO)~-T(1)

CONTINUE

TOMAX=TD(KT)
Kl=K~-1
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TABLE 6 (CONTINUED)

DO 130 L1=2,K1
L2=L1+1
D0 125 L3=L2¢K
TOF=T(L3)-T(L1)
IF (TDF-TDMAX) 124,130,130
124 N=N+1
TOIFF(N)=TDF
125 CONTINUE
130 CONTINUE
LK=0
D0 200 J1=1,N
LK=LK+1
DO 150 J2=1.KT
IF (TD{(J2)-TDIFF(LK)) 150,140,140
140 KT2=KT+J2+1 ’
DO 145 J3=J2,KT
KT3=KT2-J43
TOIKT3)=TD(KT3~-1)
145 CONTINUE
TD(J2)=TDIFF(LK)
GO TO 160
150 CONTINUE
160 KT=KT+1
200 CONTINUE
NO=N+KC-1
IF (NG-712) 230+,230,220
220 NO=712
230 WRITE (IM4250) (TD(J)eJ=1eNO)
250 FORMAT (8F9.5)
300 CONTINUE
STOP
END

Difference Analysis
The most probable differences occurring in Lipson's

difference method for indexing powder photographs was described
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by zSoldos.47 In the following, the permissible integers
determined by various Bravais lattice types are summarized.

The Cubic System

According to equation (7), the difference between any

two Sin%0 values can be written in the general form:

Sin® . ,-Sin®0 h'k|1'=(h2+k2+12)D-(h'2+k'2+1'2)P

= (s - s')P =N P, (18)

where N=1,2,3,4,5,6,7,8,9,10,... for simple cubic Bravais type;
N=2,4,6,8,10,12,14,16,... for body-centered cubic Bravais type;
and N=1,3,4,5,7,8,9,11,... for face-centered cubic Bravais type.

The Tetragonal System

According to equation (9), the difference between any two

Sin%6 values can be written as:

Sin2%6  -Sin2@ =[(h2+k2) - (h' 2+k'2) | P=nP, (19)
hk1l '

h'k'l

Sin%?@ __-Sin®e@ =(12=1"2) Q=m0 (20)
hkl ki1t )0=m0,
where n=1,2,3,4,5,6,7,8,9,10,... for simple tetragonal Bravais
type; n=2,4,6,8,10,12,14,16,... for body-centered tetragonal
Bravais type; and m=1,3,4,5,7,8,9,11,12,13,... for both Bravais

lattice types.
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The Hexagonal System

According to equation (ll), the difference between any

two Sin?%6 values can be written as:

Sinzehkl-sinzeh.k'l=[(h2+hk+k2)-(h‘2+h'k'+k'2)]P=nP, (21)

Sinzehkl-Sinzehkl'=(12_1'2)Q=mQ' (22)

where n=1,2,3,4,5,6,7,8,9,10,... and m=1,3,4,5,7,8,9,11,12,13,...
The Orthorhombic System

According to equation (13), the difference between any

two Sin?6 values can be written as:

Sin%6 -sin?e6 =(h2~h'?)P=mpP, (23)
hk1l h'kl
sin?e -Sin%@ =(k2~k'2)0=mQ (24)
hkl hk'1l ( ) Q=mQ,
Sin2%6 _ _-sin?6 =(12-1'2)8=mS 25
in bl in hk1® ( ) ’ (25)

where n=1,3,4,5,7,8,9,11,12,13,...

The Monoclinic System

According to equation (15), the difference between any

two Sin%6 values can be written as:
Sin%® __-Sin?@ =(k2-k"'?2)0=m (26)
o8 k1S Oyt )o=mQ,

where m=1,3,4,5'7,8,9'11,12,13,on.
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The Triclinic System

According to equation (17), the difference analysis
provides no information except that the powder pattern could be

triclinic.

Selection of Possible Parameters
From the output of the computer program DA, several
recurrent value groups may be selected. Combined the information
from equations (18) to (26) and the ratios between the selected
recurrent value groups, the possible Bravais lattice type and the
possible parameters can be determined. The procedures for various
lattice types together with some criteria are described as follows.

The Cubic System

(1) Let P be the medium or average of the smallest
recurrent value group. Suppose that there exists a Sinzei=7P (for
some i); the parameter P is therefore not the one we are seeking.

(2) Suppose that some values appeared in the difference
table which are less than P; the parameter we are seeking ﬁay be a
fraction of P. Of course, we would try P/2 first, then P/3, then
P/4, etc.

(3) Suppose that we have found some recurrent value

groups represented by the values P, 2P, 3P, ... and no integral

ratio between others; then the unknown powder pattern belongs to
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the isometric structure, and P is the possiblc parameter we arc
seeking.

The Tetragonal and Hexagonal Systems

(1) From the selected recurrent value groups, if two
categories are found, the first consists of those groups having
integral ratios of P, 2P, 3P, ..., where P is the value represent-
ing the smallest selected recurrent value group; the second con-
sists of those groups having integral ratios Q, 30, 4Q, 5Q, ...,
where Q is the value representing the smallest recurrent value
group in this category. The unknown powder pattern could have
tetragonal or hexagonal symmetry. The values P and Q are the
possible parameters.

(2) If the parameter P is ascertainable, we may assume
that the first or second observed Sin?8 value, which is not the
integral multiple of P, has low Miller indices such as (001),
(002), (101), etc. We may therefore find abset of possible Q
values. Comparing with step (1), if more information is available,
a possible Q is approved.

(3) If the parameter Q is ascertainable, we may assume
that the first or second observed Sin?6, which is not the integral
multiple of Q, has low Miller indices such as (100), (200), (l01),
etc. Thus, we may find a set of possible P values. Comparing

with step (1), if more information is available, a possible para-
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meter P is approved. However, if the difference table could not
supply further information of P or Q, the whole set of possible
parameters P or Q can be used as the input of the computer program
for indexing the unknown powder patterns. |

(4) Finally, if the difference table could not provide
any information foi selecting both possible parameters P and Q, -
an inspection method can be done by finding two observed Sin?6
values having a ratio of two or three (two is for tetragonal;
three is for hexagonal) between each other to find the possible
parameter P. Then, step (2) is followed.

The Orthorhombic System

(1) From the selected recurrent value group, the only
group chosen as possible parameters are those with a 3 : 1 or
4 : 1 ratio to an existing group.

(2) Besides the parameters chosen by step (1), some more
possible parameters are chosen from the observed Sin?6 values.
These low Sin26 values are selected on the basis of a 4 : 1 ratio
to an existing Sin?6 value, if its group has not been already
chosen by step (1).

(3) However, the trial-and-error method of indexiﬁg the
unknown orthorhombic powder patterns is too time consuming when
the possible parameters are numerous. The number of trials for

indexing is Cg, where n is the total number of possible parameters
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chosen from steps (1) and (2), and 3 is due to the parameter P,
Q, and S being symmetrical. Therefore, an auxiliary computer
program, AOR, listed in Table 7, is designed for the purpose of
reducing the possibilities of triplets (P,Q,S) and shortening the
computer running time for indexing the patterns.

The logic is as follows. (a) The inputs of the computer
program AOR are a set of low angle observed Sin?6 values (one
usually selects the first four or five Sin?6 values from the
diffraction data) and a set of possible parameters chosen from
steps (1) and (2). Both these sets are arranged in an ascending
order. (b) Assume that the low Miller indices, such as (001l) up
to (222), are assigned to the low angle Sin?6 values. (c) Then,
the logical loop is devised to select the third possible parameter
if the other two are given. From the output of the compuier pro-
gram AOR, a set of'triplets (P,Q,8) are chosen as the possible
triplets to trial indexing the diffraction data by the main com-
puter program.

The Monoclinic System

(1) From the difference table, the parameter Q can be
determined by choosing the lowest recurrent value group with a
l1:3,1¢:4,1:3: 4, etc. ratio to at least one other recurrent
value group.

(2) The other three parameters, P, S, and V, cannot be
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TABLE 7

Auxiliary Computer Program (AOR) for the

Indexing of Unknown Orthorhombic Crystal Powder Patterns

C AUXILIARY COMPUTER ‘PROGRAM FOR THE INDEXING OF ORTHORHOMBIC CRYSTAL
C POWDER PATTERNS
DIMENSION TT{20)+PQ(50),S{300)

10

20

40
41

a2
a4

IN=S
ImM=6

READ (INe2) M

FORMAT (213)

DO 50 I=1,M

WRITE (IM,4) 1

4 FORMAT (1H1s' THIS IS THE NUMBER®sI13.°

1L POWDER

PATTERN' )

READ (INs2) KoL
READ (INs6) (TT(J)eJ=1,.K)
READ (INs6) (PQ(J)sJ=1,L)
FORMAT (10F7.0)

Li=L-2

DO 50 Ii=1l,.L1

P=PQ(I1)
L2=1I1+1
L3=L-1

DO 50 I[2=L2,.,L3

La=12+1
Q=Pa(I12)
N=0
NN=0

DO 41 13=1,K
DO 41 Ni1=1,3

AN1=NI-I

DO 41 N2=1.3

AN2=N2~-1

DIFF=TT(13)-AN1*AN]1 *P-AN2%AN2%*Q

IF (DIFF) 41,41,10

DO 40 N3=1.2

SSS=DIFF/(N3%¥N3)

DO 40 N4a=L4L

IF (ABS(SSS-PQ(N4))~0,0005) 20+,40.40

N=N+1

S({N)=SSS
CONT INUE
CONT INUE
IF (N-1)

50+50.42

WRITE (IM,44) P,0

FORMAT (/01X,?

WRITE (IM,45)

SET OF ORTHORHOMBIC CRYSTA

IF P=%4FB8e5e5X9'Q=*3F845)
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TABLE 7 (CONTINUED)

45 FORMAT (1Xe?* POSSIBLE S ARE ')
NS5=N-1
DO 47 N6=14+NS
N7=N6+1
DO 47 NB8=N7sN
IF (S(N6)-S(N8)) 47.,47,46
46 SLARG=S(N6)
SIN6)=S(N8)
S{(N8)=SLARG
47 CONTINUE
WRITE (IMe48) (S(J)ed=1sN)
48 FORMAT (8F9,5)
S0 CONTINUE
STOP
END

found from the difference analysis. Hence, an auxiliary computer
program, AMO, listed in Table 8, is designed for the purpose of
not only obtaining possible parameter triplets (P,S,V) but also
for reducing the possibilities for the trial-and-error method to
shorten the computing time.

The logic here is as follows. (a) Assume that several
possible parameters (but at least one), P (or S), are found from
the observed Sin%8 values by inspection. The parameters of P (or
S) are possible if there exists two or more observed Sin?8 values
such that the ratios among them are 1 : 4 : 9, 1 : 4, 4 : 9, etc.
This is because such ratios can happen for the observed Sin?8

values corresponding to the (100), (010), (00l), (lo0l), (110),
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TABLE 8

Auxiliary Computer Program (AMO) for the

Indexing of Unknown Monoclinic Crystal Powder Patterns

C AUXILIARY COMPUTER PROGRAM FOR THE INDEXING OF MONOCLINIC CRYSTAL .
C POWDER PATTERNS
DIMENSION AH(3)sAL( 7)o TT(10)sPS(10)eP(700)sS(700)+V(700)+sAP(700),S
15(700)vV{(700)+MODE(100)sNO(100)
IN=5
IM=6
READ (INs1) M
1 FORMAT (213)
DO 2 J0=1,3
AH(J0)=U0-1
2 CONTINUE
DO 3 Ji=1,7
AL(J1)=J1-4
3 CONTINUE
DO 50 I=1.M
WRITE (IM,4) |
4 FORMAT (1IH1414Xs*THIS 1S THE NUMBER®+13.* SET OF?')
WRITE (IM,S)
5 FORMAT (13Xs*MONOCL INIC CRYSTAL POWDER PATTERN')
READ (INsl1) KoL
READ (INs6) (TT(J)sJ=1,K)
READ (IN,6) (PS(J)eJ=1,L)
6 FORMAT (10F7.0)
DO 50 Li=1,.L
N=0
PP=PS(L1)
WRITE (ImM,8) PP
8 FORMAT (/18X 'POSSIBLE P OR S='4F8.5)
00 2S5 L2=1,.2
Ki=L2+]
D0 25 L3=K1,K
DO 25 J2=1,2
Cl=AH(J2)*AH(J2)
TP1I=TT(L2)=Cl*PP
DO 2S J3=1+3
C2=AH( J3) *AH( J3I)
TP2=TT(L3)-C2%PP
00 25 N2=2,6
C3=AL (N2 ) %AL(N2)
TS1=TT(L2)~-C3%PP
DO 25 N3=1.7
Ca=AL (N3 ) *AL (N3)
TS2=TT(L3)~-Ca%PP
CS=~AH(J2) *AL(N2)
Co6=~AH(J3) *AL{N3)
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TABLE 8 (CONTINUED)

DEL1=C3%C6—~C5%Ca
IF (DEL1) 11.,15,11
11 DELS=TP1 *C6-TP2%CS
S1=0ELS/DEL1
IF (S1) 15,515,12
12 DELVI=TP2%C3-TP1%xC4
V1=ABS (DELV1/DEL1)
VMAX1=0,8%SQRT(S1*PP)
IF (V1=-VMAX1) 14,14,15
14 IF (N) 146,146,147
146 N=N+1
MODE(N)=1
P(N)=PP
S(N)=S1
V(N)=V1
GO ¥0 15
147 DO 152 Na=1+N
IF (ABS(V1-V(N4))-0.0002) 148,148,152
148 IF (ABS(S1-=S(N4))=0.0002) 149,149,152
169 IF (ABS({PP-P(N4))-0.0002) 150,150+152
150 MODE(N&)=MODE(N& ) +1
GO TO 15
152 CONTINUE
GO TO 146
15 DEL2=C1*C6-C2¥%(CS
IF (DEL2) 16+25+16
16 DELP=TS1*C6-~TS2%CS
P2=DELP/DEL2
IF (P2) 25,25,17
17 DELV2=TS2%C1-TS1#%C2
V2=ABS (DELV2/DEL2)
VMAX2=0e 8%SQRT (P2%PP)
IF (V2=-VMAX2) 20,20,25
20 IF (N) 21,2122
21 N=N+1
MODE(N)=1
P(N)=P2
S(N)=PP
V(N)=V2
GO T0 25
22 DO 24 NS=1sN _
IF (ABS(V2-V(NS))=0,0002) 23,23.,24
23 IF (ABS({PP=-S(NS5))=0.0002) 235,235.,24
235 IF (ABS(P2-P(NS5))=0.0002) 236,236.24
236 MODE(NS)=MODE(NS) +1
GO TO 25
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TABLE 8 (CONTINUED)

24

25

26

30

32

40

44
46
50

CONTINUE

GO TO 21

CONTINUE

NN=0

DO 30 N6=1s+N

IF (MODE(N6)-2) 30+26+26
NN=NN+1

AP(NN)=P(N6)

SS(NN)=S {N6)

VV{NN)I=V (N6)
NO(NN)=MODE(NG6)

CONTINUE

N7=NN-1

DO 40 NB=1,N7

NI9=N8+1

DO 40 N1O=N9+NN

IF (VV(NB)-VVI(N10)) 40,40,32
VLARG=VV (N8)
VV{NB)=VV(N10)
VV(I(NL1O)=VLARG

BP=AP(N8)

AP(N8)=AP(N10)
AP(N10)=8P

BS=SS(NB)

SS(NB)=SS(N10)
SS(N10)=8BS

MNO=NC(NB8)
NO(N8)=NO(N10)
NO(N10)=MNO

CONT INUE

DO 44 NI1=1.NN

WRITE (IMe46) AP(NL11)eSS(N11)+VVINL1)NO(NL11)
FORMAT (10X ?'P=¢ sFB eS502Xs9S=? sFB8eSe2X s *V="*4FB8e592Xe*(*s12+%)°)
CONT INUE

STOP

END
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etc. planes. Here we assume that the values of Q and also the
other structures, such as isometric, tetragonal, hexagonal, and
orthorhombic, have previously considered. (b) The inputs of the
computer program AMO are a set of possible parameters of P (or S)
and a set of values in which are either the lower observed Sin?6
values or the values of Sin?6 - Q (if Sin?6>Q). Both sets are
arranged in ascending order. (c) The logical loop is devised to
choose the suitable possible triplets (P,S,V) for a certain Q.
(d) The criterion used in the loop for selecting the possible
values of S (or P) and V for all possible values of P (or S) is
described as follows.

From equation (15), we have the following relations:

2 2 2
pe——r g=— A ang v-2-CscBCotf (27)
4a%sin?p 4c?sin?B 2ac

Another form of V is

vV = )\ZCOSQ . . . (28)

2acSin?g

From equations (27) and (28), we have

4 L 2
PS= and v?=—>2 COS'B ' (29)

16a2c?sin*B 4a2c?sin'p

Thus, V2= 4PS Cos?B
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and lv] = 2 (PS)%ICOSBI (30)
Consider
0<|CosB|<0.4 if 66°25'¢B<113°35' in general.

The maximum values of V can be obtained as

vV =0.8 (pS)™ (31)
max

(e} From the output of the computer program AMO, one may easily
select the recurrent values of triplets (P,S,V) from the V column
since the V column is arranged in ascending order. This set of
triplets (P,S,V), together with the Q value, are then used for
trial indexing the diffraction data by the main computer program.

The Triclinic System

(1) The difference analysis cannot aid in finding any
possible parameters because there are hardly any recurrent value
groups in the difference table. The only information provided by
the difference table is that the powder pattern could possibly
belong to the triclinic lattice type.

(2) An auxiliary computer program, ATR, listed in Table
9, is then designed for the purpose of not only'finding the
possible parameter sets (P,Q,S,U,V,W) but reducing the possibi-
lities for the trial-and-error method so as to shorten the com-
puting time.

The logic is as follows: (a) Assume that a possible
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TABLE 9
Auxiliary Computer Program (ATR) for the

Indexing of Unknown Triclinic Crystal Powder Patterns

C AUXILIARY COMPUTER PROGRAM FOR THE INDEXING OF UNKNOWN TRICLINIC
C CRYSTAL POWDER PATTERNS
DIMENSION AH(3)s TT(15)+AQS(300)+AUVW(300)+NN(300),AK(4),PPQ(10),.PQ
1S(10),8QS{300),.,BUVW(300)sNO(300)
IN=S
IM=6
AH(1)=0e0
AH(2)=1.0
AH(3)=2.0
AK(1)=1e0
AK(2)=-1.0
AK(3)=2.0
AK(4)=-2+0
READ (INs1) M
1 FORMAT (313)
DO 40 I=1,M
WRITE (IMe2) 1
2 FORMAT (1H1+SXs*THIS IS THE NUMBER®sI3,* SET OF TRICLINIC CRYSTAL
1 POWDER PATTERN')
READ (INs1) KeL1l,sL2
READ (INs4) (PPQ(J)J=1,L1)
READ (INs4) (PQS(J)eJ=1,L2)
READ (INs4) (TT(J)eJ=1eK)
4 FORMAT (10F7.0)
DO 40 I1=1,L1
P=PPQ(I1)
DO 40 I2=1,L2
Q=PQsS(12)
N1=0
DO 30 13=1,K
T=TT(13)
DO 30 14=1,2
C1=AH(14)*AH(14)
C2=AK(14)%AK(14)
C3=AH( 14) %AK(14)
DO 30 I5=2,3
C4=AH( IS ) *AH(15)
D0 30 I6=1,4
CS=AK(16)*%AK(16)
C6=AH( IS5 ) %AK{( 16)
DEL=C2%C6-C3%C5
IF (DEL) 6+30,6
6 DELQS=CO6*Q-C3*T+P*(C3%C4~C1%CH6)
QS=DELQS/DEL
IF (QS) 30,30.8
8 DELUV=C2*T-C5%Q+P*{ C1*C5~C2%C4)
UVW=ABS(DELUV/DEL)
IF (UVW) 10+,30410
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TABLE 9 (CONTINUED)

10 UMX=1,36%SQRT(P%QS)
IF (UMX-UVW) 30,30012
12 IF (N1) 14,14,16
14 N1I=N1+1
NN(NL)=1
AGS(N1)=QS
AUVW(NL1)=UVw
GO TO 30
16 DO 24 17=1.N1
IF (ABS(QS-AQS(I7))-0.0002) 17+17+24
17 1F (ABS(UVW-AUVW(17))~-0.,0002) 18+16+24
18 NN(I7)=NN(I7)+1
GO TQ 30
24 CONTINUE
GO 70 14
30 CONTINUE
N2=0
DO 32 I8=1,N1
IF (NN(I8)-2) 32,31,31
31 N2=N2+1
NO(N2)=NN(18)
BQS(N2)=AQS(18)
BUVW(N2)=AUVW(1I8)
32 CONTINUE
N3=N2-1
DC 36 1I9=1,4N3
110=19+1
DO 36 111=1I10sN2
IfF (BUVW(I9)-BUVW(I1ll)) 36,36, 34
34 ULARG=BUVW(I9)
BG=BQAS(19)
BNO=NC(I9)
BQS(19)=BQS(1I11)
BUVW(19)=BUVW(111)
NO{I9)=NO(I11)
8Qs(I11)=8Bq
BUVW(I11 )=ULARG
NG(11l1)=BNO
36 CONTINUE
WRITE (IM,37) P
37 FORMAT (1H144X+"P OR Q='3FB8¢5s/)
WRITE (IM,38)
38 FORMAT (6X»'QS%3 10X s UVWN® 36Xs "NO® 98X "HZ=1%36Xs *H=1037Xe 'H==21%,6X
le*H=2?)
WRITE (IM,38S)
385 FORMAT (2X.+68(°*-*))
DO 40 I12=1,.N2
FT1=P+BQS(112)
SINI=FT1-8BUVW(I12)
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TABLE 9 (CONTINUED)

SIN2=FT1+BUVW(112)

FT2=4.,0%P+BQS(112)

SIN3I=FT2-2.0%BUVW(I112)

SINA=FT2+2.0%8UVW(I12)

WRITE (IMe39) BOS(I12)+sBUVW(I12)eNO(112)eSINL1sSIN2,SIN3ISINSG
39 FORMAT (2XeFB8e505XsF8eS5904X s [292XaF8e5:2XeF86S93IXsFBaS5:s2XsF845)
40 CONTINUE

sSToP

END

parameter P is found from the observed Sin?6 values by inspection.
The parameter P is possible if there exists two or more observed
Sin%6¢ values such that the ratios among them are 1 : 4 : 9, 1 : 4,
4 : 9, etc. (b) The smallest Sin?8 value which is not an integral
multiple of P is then chosen as the Sin?# value'corresponding to
either (010) or (110) plane. A logical loop is devised to find
the possible parameters Q and U. (c) The criterion used in the
loop for selecting the possible values of Q and U for the possible
parameter P is described as follows.

From equation (17), we have:

S.. A2 S, ,A2 S, . A2
P = li , Q= 23 , and U = 13 . (32)
472 472 2V2
=h2~2ain2 =n2a2Q3n2
where Sll b c“Sin‘a, s22 a‘c“Sin“sg,
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and 2=abc2(CosaCosﬁ-Cosy),

Sl
From equation (32), we have:

PQ = x“s11522/167“= A*a?b2c"*Sin20Sin2B/16V?

= A“SlzsinzuSin23/16V*(CosaCosB-C05y)

u? (—SinasSing )2,
4 CosaCosB-Cosy

But then,
U2 = 4pQ (CosaCosB-Cosy)z.
SinaSing

Therefore,

lu] = 2 (PQ)% ICosaCosB-Cosyl . (33)

SinoSing '
Consider
66°25' < o, B, v < 113°35' in general;

that is,

0 < | Cosa, CosB, Cosy | ¢ 0.4, (34)
and

| Sina, SinB | < 0.916. (35)

Substituting inequalities (34) and (35) into equation (33), we

obtain

lul ¢ 2 (PQ) 19256 | < 1.36 (pQ) ™. (36)
0.839
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Inequality (36) is then used to reduce the number of possible
parameter triplets (P,Q,U). Similar relations hold for parameters
P, S, and V and for Q, S, and W. (d) From the output of the
computer program ATR, the possible parameter triplets (P,Q,U) can
be selected by considering the more highly recurrent values which
most often match the observed Sin?0 values from the H=-1, H=1,
H=-2, and H=2 columns, especially the H=-1 column because H=-1
means that the calculated value of Sin?6 corresponds to the (I10)
plane with respect to possible parameters P and Q. (H=1 corres-
ponds to the .(110) plane; H=-2 corresponds to. the (210) plane;
and H=2 corresponds to the (210) plane). (e) After obtaining the
possible values of P and Q by inspection, the same procedures are
used again to find the other two sets of possible parameter
triplets (P,S,V) and (Q,S,W). That is, the computer program ATR
is used twice to obtain three sets of possible parameter triplets
(p,Q,v), (P,s,V), and (Q,S,W). Comparing the values of these three
triplets, a set of possible parameters (P,Q,S,U,V,W) may be deter-
mined. This set of possible parameters is then used for trial

indexing the diffraction data by the main computer program.



CHAPTER IV
INDEXING SEARCH TECHNIQUE

Introduction
Consider the general relationship between the observed

Sin?® and the parameters P, Q, S, U, V, and W that were defined

in Chapter II:

Sinzehkl = h?P + k2Q + 128 + hkU + hlV + Kk1W, (37)

where h, k, and 1 are integers.
For various lattice structures, the criteria may be
described as follows: .
(1) The cubic system: P=Q=Sx%0, U=V=W=0, h,k,120.
(2) The tetragonal system: P=QXSX0, U=V=W=0, h,k,1>0.
(3) The hexagonal system: P=Q=UxSX0, V=W=0, h,k,120.
(4) The orthorhombic system: P%xQ%Sx0, U=V=W=0, h,k,120.
(5) The monoclinic system: P%Q%SXVx0, U=W=0, h,k>0,
and 1 can be any integer.
(6) The triclinic system: P¥Q=SkxUxVxWx0, k>0 and h,l can
be any integer.

For each observed Sin?6,, i=1,2,...,K, there exists at
, i

47
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least one Miller index (hikili) such that:
Sin%0,+A » h?P+k?Q+1%S+h X . U+h.1.V+k.1.W > Sin2@.-A, (38)
i i i i i i i'i i'i i

where A is a small fraction of Sinzei and (hikili) is the Miller
index for the ith reflection.
In other words, the indexing search problem for the ith

reflection can be written mathematically as follows:
minimize |f(h,,k.,1.)|, where £(h ,k.,1.) = Sin?%8, -

i1 i i i i i

(h2p+k 20+1%S+h k U+h 1 V+k, 1 W),
1 1 1 11 11 11

subject to |f(h ,k ,1)| €A, h , k , and 1 are integers,

i i i i i i
where i=1,2,...,K.

The branch-and-bound method is recommended to solve this

indexing search problem because it is efficient and occupies

minimal storage in the computer.

Branch~-and-Bound Techniques

Branch-and-bound techniques have been developed by

Eastman, 48 Little, et al;49 and Shapiro.50

51

Additionally, Hatfield
and Pierce™™ used this technique to solve a job sequencing problem
but were constrained from further use by the job deadline. The

work of Little, et al, is a tour=-building algorithm, while Eastman
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and Shapiro's studies are examples of subtour elimination algo-
rithms. A rather complete survey of branch-and-bound methods
has been given by Lawler and Wood . 22

Formal Definition of Branch-and-Bound Technigques

Let G = {gj} be the set of possible solutions to a problem
P* in which we are interested. Let |G|, the cardinality of G, be
a finite number. Let f be a function defined on the elements gj
of subset of G. We would like to find the solution g*eG that
minimizes the function £ and is feasible; i.e., it satisfies a
set of conditions {C}.

Suppose we have a property, depending on the nature of the

problem, which allows us to make a partition P of a subset
c(n-1)

of G.
Omlmz...mr
n-1
(n) (n) (n)
? = {G IG ’OOO’G }l m>l, (39)
Omlmz...mrnl Omlmz...mrnz Omlmz...mrnm

where the subsets are defined recursively by

(n)

Gomlmz...mr ml = ¢I m'=l,2,-..,m. (40)
n
m .
¥J Gé;)m m_m' Gé: ;)l m ’ (41)
m'=l 172 Ty 12 ro_1
(n) (n) _
G0m1m2...mr m N GOm]_mz...mr mir = ¢ (42)

n n
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where ¢ 1is the empty set, for 1 < m', m'' ¢ m, and m' X m'', with

the initial condition

G(1)

o -G

A graphic representation of this set of relationships is
shown on Figure 2; there we build a tree usually called the
search~tree. Each node bears the name of a subset G(n)

Om-m,...m_ m'
172 rn

of solution of P*. It is convenient to call the superscript n the
level. The set of n indices Omym,...m m' indicates a path from
the indices' node to the root of the tree.

On Figure 2 for example, node Gé%ir is at level 4, and
the path to the root of the tree is Géiir4' Gégi, Géi), Gé4).
Sometimes this information is very useful.

A closed node of the search-tree is a node that can no

longer be partitioned. A pending node is one that is not closed.

For example, on Figure 2

(1)
0

(2)
01

(4)

N 0llr,

:r G are closed; G is pending.

Since each subset corresponding to each node is partitioned
into two or more non-empty subsets, the cardinality of the subsets

decreases monotonically along a branch of the search-tree; i.e.,

(4)
lGo_ur

or | < legl = lal.

| < ledd] < |e
4
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Figure 2 Search Tree for Problem P* (Here each
partition contains r subsets) .
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Since |G| is finite, we will eventually reach a level at which
one of the pending nodes, Gé;)m coumy m' contains only one element
of G; i.e., contains one solution to nP*. This is a terminal node.

The goal of the method is to get a minimal solution, g%*,
by enumerating as few nodes as possible. To do so at each node
we must be able to cdmpute, over the subset assigned to the node,
an upper and lower bound for the function f£f. Usually this is an
easy task.

The strategy consists of branching from the pending node
having the least lower bound. 1In other words, one uses the pro-
perty attached to the nature of the problem to make a partition of
the most promising pending node. For a terminal node the upper
and lower bounds collapse to the value of f for the solution
assigned to this node. The search is ended when a node contains

a feasible solution, the value of which is less than or equal to

the least lower bound of the pending vertices.

Indexing Search Techniques
Using the branch-and-bound method, the indexing search
techniques for the six lattice structures are devised as follows.

The Cubic System

Let Ti=sin29i (observed) for our convenience. Let {Pj]

j=1,2,...,L} be a set of possible parameters, where L is the
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total number of possible parameters P. The index-searching tech-
nique for the ith reflection of some P_j is to find a unique solution
s; from a set of solutions G, = {si=h;+k;+1;| h;y k;» 1, 3 0},

The problem can be written mathematically as:
minimize |£(s;) |, where f(si)=Ti-sin, (43)
subject to |f(si)| 'Y (42)
where S; is a non-negative integer for each i, i=1,2,...,K and for
some j, j=1,2,...,L, and we select A=0.1Ti as our initial least
lower bound. This value is empirically designated for the toler-
ance of various experimental errors. The least lower bound, A, is
made sufficiently small that there exists a subset of Gi in which
only one assignment, s;, satisfies condition (44).

Thus, we may find si by

T.
s* = [ 4 0.5]; i=1,2,...,X and for some j, j=1,2,...,L.
1 P,

]

(45)

J
greatest integer which is less than (Ti/Pj)+0.5. If s; can not be

where the least lower bound A= Ti-s;P. and [(Ti/Pj)+0.§] is the

expressed as the summation of the squares of three non-negative
integers, hi' ki, and 1i' then the possible P. is unacceptable.
The possible Pj (for some j) will also be automatically withdrawn
if s; = s*i-l (i>2) . This makes the search faster if the possible

Pj is not the right parameter or the powder pattern does not belong
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to cubic crystal structure.
After obtaining such s; values for a certain parameter
Pj' the Miller indices hi' ki’ and li can be found by solvina the
quadratic Diophantine equation h; + k; + l; = s}. The parameter
Pj is selected from {Pj|j=1,2,...,L} if there exists a set of
feasible solutions {s;|i=l,2,...,K}.

The Tetragonal and Hexagonal Systems

Let Ti=Sin26i (observed) as usual. Let {Pj|j=1,2,...,L1}
and {Qm|m=l,2,...,L2} be two sets of possible parameters, where
L1 is the total number of possible parameters P and L2 is the
total number of possible parameters Q. The index-searching
technique for the ith reflection of some Pj and Qm is to find a
unique solution g; from the set of solutions Gi = {gi=(si'li)‘
si=h;+k; for the tetragonal system; si=h;+hiki+ki for the hexagonal
system; hi' ki’ and li are non-negative integers}.

The problem can be written mathematically as:
minimize If(si,li) |, where £(s;,1,) =Ti—sin—1iQm, (46)
subject to lf(si'li)l < A; (47)
where hi, ks and li are non-negative integers for each i, i=1,2,
+«.«,K; for some j and m, j=1,2,...,L1 and m=1,2,...,L2, and we
again select A=0.1Ti as our initial least lower bound. The least

lower bound A is chosen_such that there exists a subset of Gi in

which only one element, g;=(sz,l;), satisfies condition (47).
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Thus, we may find s* and 1* from a set of G, = {(s.,1.)}
i i i i'74

such that the maximum value of 1i is obtained by

1, =[/T 70 +0.5 + 1.0, (48)
imax 1l m

where i=l,2,..,,K and for some m, m=1,2,...,L2, and [/TTi/Qm)+0.5]

is the greatest integer which is less than /(Ti/Qm)+0.5.

}, there is a corresponding

For each 1,¢{0,1,2,...,1
1 imax

value of si such that

st = [(r;-1i01 /R, + 0.5], (49)

]
+ 0.5] is the greatest integer which is less than (Ti-liom)/Pj+0.5.

where i=1,2,...,K and for some j, j=1,2,...,L1, and E(Ti-lem)/P

After obtaining such an s{ for a certain parameter pair
(Pj,Qm), the Miller indices hi’ ki can be calculated by solving
the quadratic Diophantine equation h; + k; = s; for the tetragonal
system and h; + hiki + k; = s; for the hexagonal system. The
parameter pair P;, Q; is selected from the sets Pj and Qm if there
exists a feasible solution set, {(s;,l;)|i=1,2,...,K}.

The Orthorhombic System

Let-Ti=Sin29i (observed) as usual. Let {(Pj{Qj,Sj)|j=1,
2,...,L} be a set of possible parameters, where L is the total
number of possible parameter triplets (Pj'Qj'Sj)' The index-

searching technique for the ith reflection of some triplets
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(P,,Q ,5,) is to find a unique solution g* from a set of solutions
J 3 3 i

G, = {gi=(hi,ki,li)|hi, k; and 1i>o}.

The problem can be written mathematically as:

minimize |£(h,,k,,1,)|, where £(h, ,k.,1,)=T_-(h%P +k2Q +1%S ),
i1 i i i 1 i 1) 13 13

(50)

subject to |f(hi,ki,li)| < A, (51)

where hi' ki' and li are non-negative integers for each i, i=1,2,
+++,K and for some j, j=1,2,...,L, and again we select A=0.1Ti as
our initial least lower bound. This least lower bound, A, is made
smaller until there exists a subset of Gi in which only one element,
g;=(h§,kz,1§), satisfies condition (51).

Thus, we may find h¥*, k;, and 1* from the set G, such that

i i i
the maximum value of hi is obtained by

By = [/(Ti/Pj) +0.5] + 1.0, (52)

where i=1,2,...,K and for some j, j=1,2,...,L, and [/(Ti/Pj)+0.Sj

is the greatest integer that is less than /(Ti/Pj)+0.5.
For each h,e{0,1,2,...,h, }, there exists a set of
i imax

non-negative integer ki in which the maximum value is obtained by

- -t 2
imax = [/(Ti hip) /0, 0.5] + 1.0, (53)

where [/(Ti—h;Pj)/Qj+0.5] is the greatest integer that is less

~h2
than /(Ti hin)/Qj+0.5.
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Again, for each h,e{0,1,2,...,h, } and k.€{0,1,2,...,
i imax i

imax}’ there exists a unique non-negative integer 1i such that

1, = [/1T,-n?p_-k20.) /S, + 0.5) (54)
i i i3 1i75 j

where [/TTi-h;Pj-k;Qj)/Sj+0.5J is the greatest integer that is

less than /(T.-h%P.-k2Q.)/S.+0.5.
1 173 13 3
The parameter triplet P*, O*, S* is selected if there
J ] J
exists a set of feasible solutions {g;|i=1,2,...,K}.

The Monoclinic System

Let T,=Sin%6. (observed) as usual. Let {(P.,0.,S.,V.
i i ( ) {( J’QJ' Jl ])'

j=1,2,...,L} be the possible parameters, where L is the total

number of possible parameter sets (Pj,Qj,Sj,Vj). The index-

searching technique for the ith reflection for some parameter set
(Pj,Qj,Sj,Vj) is to find a unique solution g; from a set of
solutions Gi = {gi=(hi,ki,li)|hi, ki>0 and 1i can be any integer}.

The problem can be written mathematically as:

e =T - (h2 2
minimize |f(hi,ki,li)|, where f(h, ,k,,1,)=T, (hin+kiQ.
2g -
| +liSj hilivj)' (55)
subject to ]f(hi,ki,li)| < A, ' (56)

where hi and ki are non-negative integers, li can be any integer,
for each i, i=1,2,...,K and for some j, j=1,2,...,L.
Thus, we may find h;, k*, and 1* from the set of Gy such
. 1 '

i
that the maximum value of ki is obtained by
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K = 7, + 0.5
il 1/Qj !

k, o= (&) + 1.0, (57)

where [Kil] is the greatest integer that is less than Kil'

For each kie{0,1,2,...,k }, there exists a set of non-

imax
negative integers for hi in which the maximum value is obtained by

—_ =1 2
Kip = /XTi kin)/Pj+ 0.5,

h, = (K] + 1.0, (58)

where [Kiz] is the greatest integer which is less than Kiz'
And, for each h,e{0,1,2,...,h, } and k. ¢{0,1,2,...,
i imax i

k. }, there exists two values of 1., such that
imax i

h.V. + /h2v2+4S, {T.-h2P.~k20Q.
K, = . %] i’ J( i it 191? + 8.,
i3 ZSj J

1, = (x;,), | (59)

where [Ki3] is the greatest integer which is less than Ki3'
The parameter set (PS,Q%,S;,V?) is selected if there
exists a set of feasible soiutions, {g;|i=1,2,...,K}.

The Triclinic System

Let Ti=Sin29. (observed) as usual. Let {(P_.,0.,S8.,U.,V.,
1 i3 33
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Wj)|j=l,2,...,L} be the possible parameters, where I, is the total
number of possible parameter sets (P_.,0.,5.,U0.,V.,W.). The index-
J 3 3 R
searching technique for the ith reflection for some parameter sect
(Pj,Qj,Sj,Uj,V_,Wj) is to find a unique solution q; from a set of
i 3, = i . P . . 1 DS e
solutions, Ci {gl (hi'ki'11)|ki 0, hl and ll are any integers}
The problem can be written mathematically as:
minimize |£(h, ,k,,1.)|, where £(h, ,k,,1,)=T,-(h%P +k?0,
i1 ivi i i iy i7;
+12S.+h k. U,+h,1,V +k.1.W,), (60)
i3 7iiTy ity iti 3
subject to lf(hi,ki,li)| <A,
where hi and 1, are any integers, ki is a non-negative integer
for each i, i=1,2,...,K and for some j, j=1,2,...,L.
Thus, we may find h;, k;, and l{ from the set of Gi such

that the extreme values of 1i are obtained by

K.. =/T./S. + 0.
i1 Tl/SJ 0.5,

Limax = Kjp) +1.0and 1. =- (k. ] -1.0, (62

imin

where [K'l] is the greatest integer which is less than K'1°
i i

For each lie{li ,...,-1,0,1,...,1imax}, there exists a

min
set of non-negative integers of ki in which the maximum value is

obtained by

— -l 2
Kip = /(Ti 1isj)/c_>j + 0.5,
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imax [Kiz] + 1.0, (63)

where [Kiz] is the greatest integer that is less than Kiz‘
Again, for each kie{o,l,z,...,kimax} and lie{lim, yes ey

-1,0,1,...,1, }, there exists two values of h, such that
imax i

- (k. RAE: U.+1.v.)2 . (T.-k20.-12%5,
. - (klUj+lle) /(klUJ+11VJ) +4Pj (T, lej 11s1) ‘b,
13 2P . J
j

h, = [x;,] (64)

where [Ki3] is the greatest integer which is less than Ki3'
The parameter set (P*,Q*,S*,U*,v* W*) is selected if
J 3 3 31 3 3

there exists a set of feasible solutions, {g;|f=1,2,...,K}.

Example
A well-known example, selected from Hesse,25 is used to
illustrate how the branch-and-bound method is applied to index
the reflection lines on the powder patterns.
There are eleven reflection lines found on the powder
pattern of MoB which belongs to the tetragonal system. Their
corresponding Sin?6 values are shown in Table 37. The parameters

Pj and Qm are selected from the difference analysis. For P3 =
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0.1352 and Q1 = 0.00439, the index-searching for the eighth
reflection line, for example, may be described as follows:

(1) The problem is to find gg = (sg,lg) to minimize

|f(s8,18)|, where f(s8,18)=o.5050 - 0.1352s8
- 0.0043913, (65)

subject to |£(s_,1.)| < 0.0505, (66)
where 58=h§+lg; the initial least lower bound is 0.1T8=0.0505
(where T8=0.5050); h8, k8, and l8 are non-negative integers.

(2) Now, the maximum value of l8 is obtained by using

equation (48),

smay = (Y0-505/0.00439+0.5)+1.0=(10.75]+1.0=11.

For each 186{0,1,2,...,11}, there is a corresponding value

of s_:

sg = [(0.505-0.004391.)/0.1352 + 0.5], (67)

where equation (67) is obtained by using equation (49).

(3) The set of (58,18) may be then obtained by equation
(68) . They are (4,0), (4,1), (4,2), (3,3), (3,4), (3,5, (3,6),
(2,7, (2,8), (1,9), (0,10), and (0,1l1).

(4) For convenience, the values of f(se,ls) for each pair
of (58,18) listed in step (3) are calculated and recorded in Table

10..
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TABLE 10
Computation of f(58'18) Values of

the Powder Pattern of MoB (For P_=0.1352 and Q1=0.00439)

3

Sq 18 f(sB,ls)

4 0 0.5050 - 0.5408 = —0.0358

4 1 0.5050 - 0.5408 - 0.00439 = -0.04019
4 2 0.5050 - 0.5408 - 0.01756 = -0.05336
3 3 0.5050 - 0.4056 - 0.03951 = 0.05989
3 4 0.5050 - 0.4056 - 0.07024 = 0.02916
3 5 0.5050 - 0.4056 - 0.10975 = -0.01035
3 6 0.5050 - 0.4056 - 0.15804 = -0.05864
2 7 0.5050 - 0.2704 - 0.21511 = 0.01949
2 8 0.5050 - 0.2704 - 0.28096 = -0.04636
1 9 0.5050 - 0.1352 - 0.35559 = 0.00421
0 10 0.5050 - 0.4390 = 0.0660

0 11 0.5050 - 0.53119 = -0.02619

(5) Comparing with all the twelve values of f(sS,la), the
solution set g;=(l,9) is then obtained becaues (1,9) is the only
element in the set G8 whose least lower bound is less than or

equal to 0.00421. The indexing search procedures may also be
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described in the search tree as shown in Fiqure 3.
(6) The Miller index (h;,k;,l;) of the eighth reflection
line is calculated by solving the Diophantine equation (h*) 2+ (1%) 2
= sg = 1. That is, h; =1, k; = 0, and lg = 9, The result is

agreeable to that in Table 39. This example is described in more

detail in Chapter VI.



Figure 3

Search Tree for Indexing the Eighth Reflection
Line of the Powder Pattern of MoB.

¥o



CHAPTER V

REFINEMENT OF PARAMETERS AND

SELECTION OF A UNIQUE SOLUTION

Introduction

Because the possible parameters are either selected from
some of the lower indexed reflections or from the arithmetic
average of the differences of the observed Sin?6 values, refine-
ment is necessary. The least-square method is used for refine-
ment of the possible parameters for the cubic, tetragonal, hexa-
gonal, and orthorhombic systems. For monoclinic and triclinic
systems however, the multiple least-square mefhod is applied
since more precise possible parameters are needed for indexing
the reflections. That is, first we apply the least-square method
for refinning the possible parameters and then we index the
reflections and refine the parameters again. This ensures better
solutions than using the least-square method once for these two
structures.

As to choosing a unique solution, the branch-and-bound
method is applied to select the one with the minimum standard
deviation.

65



66
Both procedures and formulas used for the refinement of
the parameters and the selection of a unique solution are des-

cribed in detail in the following sections.

Refinement of the Parameters
Let all the summation signs be the summations from i =1
up to N and Ti=Sin20i (observed), where 1<N<K; K is the total
number of the observed reflections to be indexed.

The Cubic System

Even if the possible parameters {Pj|j=l,2,...,L} are
obtained by taking either the arithmetic average or medium from'
the smallest recurrent value group of the difference table, the
selected possible parameter may still not fit all the observed T;
(i=1,2,...,K) values well enough. The refinement of P. can be

done by setting the error function Z(Pj) such that
Z2(P.) = L(T, - s.P,)?, (68)
] 1 i 3"

where i=1,2,...,K and for some j, j=1,2,...,L.
Differentiating equation (68) with respect to Pj and

setting it to zero, we have:

d Z(Pj)

= -2 I(T. - s.P,) s, = 0. - (69)
dp . 1 ij i
J
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At Pj=p5N (where PSN varies depending on N), equation (69) can

be rewritten as:

ZTisi ZsinN 0. (70)
Thus
A - 2
PjN = LT s./Is;. (71)

PSK is the parameter that may best fit all the reflections.
Usually, the precised lattice parameter a of the cubic system may
be calculated by using equation (7) where Pj = PSK.
The Tetragonal and Hexagonal Systems

Refinement of the possible parameters {Pj|j=1,2,...,L1}
and {Qm|m=1,2,...,L2} can be done by setting the error function
Z(P.,Q ) such that

j m

Z(P,4Q ) = (T, - s;Py = 1i0p) %, (72)

where i=1,2,...,K and for some j and m, j=1,2,...,L1 and m=1,2,...,
L2. Also we assume that s=h;+k; for the tetragonal svstem and

s.=h2+h k. +k? for the hexagonal system.
i i iii

We then differentiate equation (72) with respect to Pj

and Qm; setting them equal to zero, we have:

90z _ _ . _ 12 _
D 2 X(Ti Sin liQm)Si =0 (73)

3
and
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0 = "2 L(T, - s P - 120)1% = 0, (74)
m 1 1 3 im 1

At P =P7 and Q =Q”" (where P" da o® d di N
57P5n Qm QmN ( e an QmN vary epending on N),

equations (73) and (74) may be rewritten as:

~ Is? + 2 = .S,
PjN si QmN Zsill ZTlsl (75)
A 2 A [ 2
and PjN Esili + QmN Zli = ZTili. (76)

Solving equations (75) and (76) for PfN and O;N by using
J

Creamer's rule, we have:

IT.s.212 - §57.12 §s.1?
P?N = 171771 171 171
J £s221% - (Is,12)?2
1 1 1 1
2 2 o 2
and o = ZTi%i_Zsi 'z‘.sili ZTisi ' (78)
mN £s? $1% - (Is.12)?2
1 1 1 1

PSK and Q;K are the two parameters that may best fit all the
reflections. Usually, the precised lattice parameters a and c of
both the tetragonal and hexagonal systems may be calculated by
using equations (9) and (1l1), where Pj=PjK and Qm=QmK.

The Orthorhombic System

Refinement of the possible parameter triplets {(Pj,Qj,Sj)l

j=1,2,...,L} can be done by setting the error function Z(P"Qj'sj)
]
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such that

%2(P.,0.,S.) = £(T.~-h%pP.-k20.-1%25.) 2, (79)
3 i i i3 iy TiT)

where i=1,2,...,K and for some j, j=1,2,...,L.
We then differentiate equation (79) with respect to P,
J

Qj’ and Sj; setting them equal to zero, we have:

02

24 _ . - h2 - 12 - 12 2 _
an 2 z(fri hin kin 1isj)hi n, (80)
2z -2 Z(T. - h?P. - k20. - 1%25.)k? =0 (81)
ao_j i iy i< s R 1 ’
and 8% _ _3 $(T. - h?P. - k20, - 125.)12 = 0. (82)
asj i it i<y i”3" 71
t 5P Qj QjN' and Sj SjN (where PjN' QjN' and SJN vary

depending on N), equations (80), (8l), and (82) may be rewritten

as:
PSN zh; + QSN zhik; +‘sj“.N Zhili = IT;hf, (83)
Ply Zhik] + Qfy Bk} + Shy Tkf1] = ki, (84)
and PSN Zhili + QSN Zk;l; + SSN 21; = ZTil;' (85)

Solving the simultaneous equations (83), (84), and (85) for PSN’

QTN, and SSN by using Creamer's rule, we obtain:
]



V ~

VQA
jN

and v =

Thus,

Vp2

P, = —“JEW Q%

N v

J

Th*
i
2472
thik}
242
zhii}
IT.h?
1 1
2
zT.12
1 1
y
Zh
Lh%k?
11
Th21?2
1 1
Th*
1

21,2
Zhiki

th212
1 1

jN

70
Zh;ki
£k

tki1?
Zhiki
ik;

Zkzli
LT h
ZTiki
ZTy1
zhik;
Ik{

292
Zkili

zh§1§
Tki1}
z1!

zhilg
Tki1?
1}

Zhf1?
rkil}
£1}

IT;hi

2
Tk}

2

vQz
= —I¥  ang s%
v N

(86)

P?K, QSK, and SSK are the parameters that may best fit all
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the reflections. The precised lattice parameters a, b, and c of
the orthorhombic system may be calculated by using equation (13),
where P .=p" Q.=0" and S .=8"
s} S T | j

K
The Monoclinic System

Refinement of the possible parameters {(Pj,Qj,Sj,Vj)|j=1,
2,...,L} can be done by setting the error function Z(Pj'Qj’Sj'vj)
such that

—_ wh2D =120 —12¢C - 2
Z(Pj,Qj,Sj,Vj)— (T3 hin kin 1isj hilivj) , (87)

where i=1,2,...,K and for some j, j=1,2,...,L.
We then minimize the error function by differentiating
equation (87) with respect to Pj’ Qj' Sj’ and Vj: setting them

equal. to zero, we have:

92 _ _ h2D o1 2A 126 _h 2 _
apj = =2 Z(Ti hin kin 1iSj hilivj)hi =0, (88)

2 h2P k20 1268 —p 2 _
30 = 2 (T4 hipj kin 1isj hilivj)ki =0, (89)

9%
_'s‘é'j' = =2 Z(Ti'hin"kin-liSj—hiliVj)132_

0, (90)

an 9% _ _ 2D 2320 -12a - =
'SV; = -2 I(T;-hiPy-ki0,-178,-h;1,V)h;1,=0. (91)

At P =P" , Q.=Q7 , S =87 , and V =V"_ (where P7 _, 0%, S%., and
3 jN’ J Q]N, j JN’ J JN JN’ JN’ jN’

VSN vary depending on N), equation (88), (89), (90), and (91) may
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be rewritten as:

ijzh; + QjNZhgki + 84xThil? - vyyThil; = IT;hE, (92)
P yEhik? + Qo TkY + S, TK212 - vi\ThikI1=ETkE, (93)
PiyIhil] + 05 TkE1] + S4Bl - vydhy1d = oy, (94)
and ijzhili + QjNZhik;li + SjNZhili - vszh;1§=zTihili. (95)

Solving the simultaneous equations (92), (93), (94), and (95) for

N

PjN’ NG SjN’ and VjN by using the standard scientific subroutine,
SIMQ, which is listed in Table 11, refinement of the parameters,

. Pj' Qj' Sj' and Vj can be achieved.

PjK' QjK' SjK’ and VjK are the parameters that may best

fit all the reflections. The determination of the precised lattice
parameters a, b, ¢, and 8 may be calculated bv using equation (15),

where P .=P" .=07% S .=S7 and V.=V~ .
ik’ Q] O3k’ j "K' j 3K

The Triclinic System

Refinement of the possible parameters {(pj'Qj'sj'Uj'Vj'wj)l
j=1,2,...,L} can be done by minimizing the error function Z(Pj,

Q.,S.,U ,V ,W ) defined by
i I R A |

% = L(T.~h?P.-k20.-128.-h .k, U.-h.1,V.-k.1,W.)?, (96)
i 137173 1j 11 1173 113

where i=1,2,...,K and for some j, j=1,2,...,L.
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TABLE 11

The Standard Scientific Computer Subroutine SIMQ

SUBRCUTINE SIMQ(A+BsNsKS)
DIMENS ION A(36).8B(6)
TOL=0.0
KS=0
JJ==N
DO 65 J=1N
JyY=J+1
JI=JJEN+]
BIGA=0
[T=0Jd-J
DO 30 I=JsN
(1J=1T+41}
IF(ABS(BIGA)-ABS(A(1IJ))) 20,30,30
20 BIGA=A(IJ)
IMAX=1
30 CONTINULE
IF(ABS(BIGA)-TOL) 35.35.40
35 KS=1
RETURN
40 [1=J¢N%x(U=-2)
IT=IMAX=~-J
DO 50 K=JeN
I1=1I1+N
12=11+4IT
SAVE=A(I1)
A(I1)=A(12)
A(12)=SAVE
50 A(Il1)=A(I1)/BIGA
SAVE=B(IMAX)
8(IMAX)=8B(J)
B(J)=SAVE/GBIGA
IF(J=-N) 55,70,55
55 1QS=N*{J-1)
DO 65 IX=JYsN
IXJ=]1GQS+IX
IT=U-1IX
DO 60 JX=JYeN
[XJIX=N®(JIX-1)+IX
JIX=EXIX+IT
60 A(IXJIX)=A(LIXJIX)=(A{ IXJ)*A(JIX))
65 BUIX)=B8(IX)=(B(J)*A(IXJ))
70 NY=N-1
IT=NEN
DO 80 J=1.NY
[A=]T=-J
IB=N-J
IC=N
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TABLE 11 (CONTINUED)

00 80 K=leJ
8(I8)=B(IB)-A(IA)*B(IC)
IA=[A-N

80 I1C=IC-1
RETURN
END

We then differentiate equation (96) with respect to P,

Qj' Sj’ Uj’ Vj’ and Wj; setting them equal to zero, we have:

92

=-21 (T, =h2P,-k30,-128 =h kU ~h, 1,V -k, 1, W, h2=0
BZ—ZZ(T—hZP-kQ-lzs-hkU “h31;V4-k;15Ws)kE=0
ao y 3 3 !
22 —5& =28 (T;-h#P,-k}Q;-128-h kU ~h; 1,V -k, 1;W,) 13=0
BSJ J j j o
57
—po==28 (T, -h2P.~k1Q,-128 ;=h kK, U =h, 1,V =k;1;W.) hyk; =0
30, ( P-kiQy 3 iU57h314V4 ) ,
372____ ~h2p .- -12q - - -
; 23 (T;~h2P,-k20 =128 =h Kk, U =h;1,V,~k;1;W,) hy15=0,
and

92 _ 2 2
==2L (T, -h - 1 S.-h.k, -h 1. V -k. 1 W k l =0.
BWJ ( J k? Q 578y UJ i )

(97)

(98)

(99)

(100)

(101)

(102)
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At P.,=P’ 0] .—"Q’: S =85" U =U’ vV =V’ and W =W’ where P’
J IN' ! j jN’ j ]N’ j JN’ ) IN { ,lN'

Q. S U’ V and W vary dependin on N equat ions (97
JN,A, jN' jN' jN, jN El ) ( )

(98), (99), (100), (101), and (102) may be rewritten as:

A 4 A 21,2 ~ 2
PjNZhi+QjNZhiki+s Ih# 1-+U

2
N JNZh 1K+ NZh 1, +WJNZh kil

iti-i

_— 2
= 2Tyhyy (103)
P% Th2k2+Q%7 Tk*+87 Ik212+u” I pyn 21 4w Tk3
R e e PRI e

= 2
= IT,k{, (104)

3
3NZh 12 +Q Zk 12 +stZl +UJNZhlklll+VJNZh 13 +W nik;1i
= 2
= ZTili, (105)

P7 Zh%k +0% Ih k3+s7 Ih k, 1%+U% 2h2k2+v zh
JN 11 jN i i jJN 111 N

’k (1, +W,_Th k21
N N ii

i JN 1 i i

= ZTihiki, (106)
A 3 A 2 A 3 ~ 2 ~ 272 ~ 2
PjNZhili+QjNZhikili+SjNZhili+UjNZhikili+VjN2hili+WjNZhikili

=3IThl, (107)
11 1

and P] thk 1, +Q Zk 1. +sJ Tk. 11+U Nzn k 1. +\J th. k 12 +w zk 12

]

= T.,k.1l,. , (108)
i7ivi

Thus, we may solve the simultaneous equations (103), (104), (105),
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(106), (107), and (108) for P.=P 7 , 0.=07 , S.=S7 , U0.=07 , V.=
' ’ I | s T | A B 1 A B L A
VSN' and Wj=w'j‘N by using the standard scientific subroutine SIMO.

ij' QjN’ SjN’ UjN’ VjN’ and WjN are the parameters that may best

fit all the reflections. The precised lattice parameters a, b, c,

a, B, and y may be calculated by using equation (17), where Pj=

A

Pl

]K’ Qj=QjK, S.=S.K, U.=U.K, V.=V.K, and Wj=W,

373 373 373 JK°
Selection of a Unigue Solution
The problem in selecting a unique solution is to choose
a feasible solution gg from a set of possible solutions G, such
that G, = {qg.,=(P.,0.,8.,U.,V,.,W.})|3=1,2,...,L}. The criteria in
3 gj Jljljljljljl] 147 ’
Chapter IV for Pj, Qj' Sj' Uj' Vj’ and Wj for the six different

systems hold in this section.

The problem may be written mathematically as:

minimize f(P, .,9.,0.,V.,W. where f(P.,0.,S5.,U.,V.,W.)=
( J,Qj, JI J' jl j)l ( Jl Jl Jl Jl Jl J
K
Z (T.-h?p.-k20.-1%25.-h.k.U.-h.1.V.-k.1.W.)2, (109)
j=) + 1J 173 "17j 113 113 117
subject to  £(P.,,Q.,S.,U.,V.,W,) < 4, (110)
j73 3 3 33

where hi' ki' and 1i are integers, i=1,2,...,K, and for some j,
j=1,2,...,L.

The initial lower bound 1.0 is selected. Here, the lower
bound represents the standard deviation between the calcﬁlated

Sin%6 ., values and observed Sin26i values for every i, i=1,2,...,K.
i
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A unique solution is selected if such a small standard
deviation exists as the least lowder bound that a subsct of G.
contains only one element, g§=(P#,Qf,S§,U%,V§,W§); that is, the
solution indexed by a pair of possible parameters gg with minimum
standard deviation where the standard deviation is defined bv

o ol

i

I MR

(Sin26, (obs.) - Sin?6, (cal.))?2/K)%. (111)
1 * 1

If the least lower bound is still equal to one, or a
unique solution with an unusually large standard deviation, the

powder pattern may happen to be another type of crystals.



CHAPTER VI
EXAMPLES

Introduction

Many examples are used to illustrate the indexing of
powder patterns. The use of the six main computer programs for
various structures are also described. Some examoles have only
brief explanations because of their similarity to the indexing
procedures of the others. Comparisons with the original published
diffraction data are also discussed.

As mentioned in Chapter I, the first step toward indexinag
procedures is to convert the set of measured arc lengths into
Sin%6 values. However, in most of our selected examples, observed

Sin?%6 values are given directly from the various sources.

The Cubic System

The Use of the Main Computer Program CUB

The main computer.program CUB for indexing the unknown
powder patterns of cubic crystals and the flow chart are given
in the Appendix A.

For the input of the computer program CUB, M stands for

78
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the total number of the powder patterns to be indexed as cubic
structure, K stands for the total number of the reflection lines
in each powder pattern, L stands for the total number of possible
parameters, T(J) stands for all the observed Sin?6 values, and
P(J) stands for all the possible parameter of Pj‘

The output of the computer program contains the observed.
Sin%0 values, calculated Sin20 values, s=h2+k?+1? inteqral

numbers, and Miller indices of the reflections.

Example A

This example, chosen from Phillips,53

illustrate the
indexing of Sodium Chlorate powder pattern. The powder pattern
photograph was taken at a camera radius of 5.0 cm. with radiation
x=o.7o98. The indexing procedures may be described as follows.

(1) A set of measured arc lengths, listed in Table 12, was inputted
to the computer program CEA to be converted into corresponding
Sin?® values. The output is listed in Table 13. (2) This sct of
observed Sin%8 values became the input to the computer program DA
which calculated their differences. That output is listed in

Table 14. (3) In Table 14, there are ten values in the §-neighbor-
hood of 0.00294. They are 0.00284, 0.00287, 0.00290, 0.00293,
0.00296, 0.00296, 0.00300, 0.00300, 0.00300, and 0.00310 (where §

is a function of the value of Sinzei; e.g., consider § is small

if Sin%6 value is small). (4) There are nine values in the §-
i
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TABLE 12

The Arc Lengths Measured
from the Powder Pattern of Sodium Chlorate

DIFF-ACTILUN LINE ARC LENGTH DIFFRACTION LINE ARC LENGTH
1 1530 11 3.900
2 1870 12 4,060
3 24160 13 44360
4 26410 14 4.500
5 245650 15 44610
6 3.070 16 44740
7 3260 17 4.870
8 3.440 18 5010
9 3.600 19 56120

10 3.780
TABLE 13

Sin?6 values Calculated
from the Powder Pattern of Sodium Chlorate

DIFFRACTION SIN(SQUARE) DIFFRACTION SIN( SQUARLE )

LINE (CBSV.) LINS ~ (0BSV,.)
1 0.00584 11 0.0375S
2 0.00872 12 0.04065
3 0.01162 13 0.04678
4 001445 14 0.04978
5 001745 1s 0.05220
6 0.02338 16 005513
7 0.02633 17 0.05813
8 002929 18 0.06145
9 003205 19 0.06412
10 0035 30
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TABLE 14

Difference Table of the
Powder Diffraction Data of Sodium Chlorate

000225
000296
0600535
000992
De 00835
Ne 00BI6
De0Ol1148
NDe 1192
DeOlabH
Ve017 34
NeOL 772
002049
002309
0602390
0e 02040
0«02903
003206
003511
0e034816
Ve 04351

DIFFERENCE ANALYSIS OF THE POWDER

000242
0.00296
000535
000592
0.00835
0.00899
0.01155
Ne01223
00140606
0.01748
0.01784
002058
002319
0.02583
002657
0e02932
003215
0.03516
004038
0.04367

000267
0400300
0.00542
000593
000859
000913
0e.01161
Oe01417
001467
Oe0174b
0601983
002058
0602334
002586
002658
002939
003232
003532
0404067
004393

0400276
0.00300
0.00549
000599
0.00861
0.00923
0.01167
0.01431
0.01472
0.01753
002009
002080
0.02340
0.02593
0.02879
002945
0.03232
0.03767
0.04067
004399

000284
000300
000572
000600
000868
000925
0.01176
0e01434
001472
001798
0«02014
002084
002344
002607
0.02882
003170
003474
003774
0.04074
004635

DIFFRACTION DATA

0.00287
0.00310
0.00574
000613
0.00874
0.01121
0.0l 184
0.01448
0es014H4
0e01760
002044
0.02283
0.02345
0.02615
0.02882
003175
003475
0.03778
004093

000290
0.00324
0.00577
0.00632
0.00888
N.011 35
0s.0118¢
0.0144H4
0016910
0e 01762
002044
002290
002347
002619
0.02883
003179
003480
003806
004106

0.00293
0.00332
0.00584
0.00825
0.00892
0.01135
0.01192
0.01460
0.01727
0.01768
0.02048
0.02307
0.02368
0.02621
0.02883
0.03193
0.03482
0,03807
004348

neighborhood of 0.00587

(0.00572, 0.00574, 0.00577, 0.00584,

0.00592, 0.00592, 0.00593, 0.00599, and 0.00600); eight in that

cf 0.00882 (0.00859, 0.00861, 0.00868, 0.00874,

0.00888,

0.00892,

0.00896, and 0.00899); nine in that of 0.01173 (0.01148, 0.01155,

0.0116l,

etcl

can be represented by 2P, 3P, 4P,... .

(=7x0.00294) does not appear in Table 13.

(5) Now,

0.01167, 0.01176, 0.01184, 0.01188, 0.01192, and 0.01192);
Hence, if we let P=0.00294, the other recurrent value groups .

the value 0.02058

This ensures that the
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possible parameter is 0.00294. (6) Using 0.00294 as thec only
possible paramefer, Table 15 is the output of the computer
program CUB.

Comparing the "Number" column of Table 15 with the
permissible integers listed in Table 2, Sodium Chlorate has a
somple cubic structure. The standard deviation of the observed
Sin?6 values from the calculated Sin%6 values, 0.000176, shows
that the experimental data agrees with the calculated value.
Example B

This example, also chosen from Phillips,53 describes the
indexing of the Chromium powder pattern. The powder photograph
was taken at a camera radius of 5.0 cm. with radiation X=0.709g.
The first two steps of the indexing procedures are similar to
that of the example A. A set of arc lengths taken from Phillips53
is listed in Table 16. A set of corresponding Sin®6 values is
listed in Table 17. The difference table of observed Sin’® values
is listed in Table 18. 1In Table 18, the smallest recurrent value
group is 0.02933 (0.02890, 0.02927, and 0.02982). However,
0.02933 is greater than 0.02335 in the table. Next, consider
0.01467 (%x0.02933) as the possible parameter. The value 0.10269
(=7%x0.01467) does not appear in Table 18. (here the observed
sin?6 does not need to equal 0.10269 exactly). Therefore, 0.01467

is an acceptable possible parameter. The indexed diffraction data
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TABLE 15

Indexed Diffraction Data of Sodium Chlorate

SIN{SQUARE) SIN(SQUARE) NUMBER H K L
(OBSERVED) (CALCULATED)
0e 00584 000583 2 1 1 0
0e.00871 0.00874 3 1 1 1
0.01161 001165 4 2 0 0
001445 0.01457 5 2 1 0
0e 01745 0.01748 6 2l 3 1
0402337 002331 8 2 2 0
002633 0.02622 9 3 0 0
0e 02924 0.02913 10 3 1 0
0603205 003205 11 3 1 1
0.03529 003496 12 e 2 2
0603754 0.03787 13 3 2 0
0+ 04064 0s04079 14 3 2 1
004677 0.04661 16 4 0 0
004977 0004953 17 4 1 0
0605219 0.05244 18 4 1 1
0.05512 0.05535 19 3 3 1
0.05812 0.05827 20 4 2 0
006144 G.06118 21 4 2 1
0.006411 0606410 22 3 3 2
PARAMETER= 0,00291 STANDARD DEVIATION=0.000176

THIS 1S A CuBIC CRYSTAL POWDER PATTERN

is recorded in Table 19. The standard deviation, 0.001817,
indicates that the experimental data is not very close to the
calculated value. The "Number" column of Table 19 shows that
Chromium has body-centered cubic structure.

Example C

This example, again chosen from Phillips,53

is concerned
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TABLE 16

The Arc Lengths Measured
from the Powder Pattern of Chromium

DIFFACTION L INE ARC LENGTH DIFFRACTIUN L INE ARC LENGTH
1 3¢490 7 9570
2 44970 8 104300
3 6160 9 106970
4 7170 10 11740
5 84010 11 12400
6 86820 12 12390
TABLE 17

Sin%6 Values Calculated
from the Powder Pattern of Chromium

DIFFRACTIGN SIN(SGUARE) DIFFRACT ION SIN(SQUARE)
L INE (0BSV.) L INEE (0BSVe)
1 003014 7 0.21201
2 006049 8 0624259
3 0.09190 9 0627187
4 0.12311 10 030677
5 0.15201 1t 034760
6 0.18220 12 06 36096

with indexing the powder pattern of periclase. The powder photo-
graph was taken at a camera radius of 5.0 cm. woth radiation

o)
A=0.709A. A set of arc lengths is listed in Table 20, and the

corresponding Sin?6 values are listed in Table 21. The difference
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TABLE 18

Difference Table of thc

Powder Diffraction Data of Chromium

DIFFERENCE ANALYSIS OF THE POWDER

DIFFRACTION UATA

06402335 0402890 0602927 002982 0403019 0.03035 003058 0.03084
0003120 003141 0.03490 0005419 0405909 0.05985 006001 0.06010
0606040 0406176 006261 0006417 006574 0,08891 0.08909 0.08967
0e09029 0609059 00609151 0609296 0409475 0609501 0011836 0.11949
0611986 0412011 0412170 0612186 0012457 0012559 0014876 0014894
0.15069 0615152 0415205 0615476 0615541 017876 017996 0.18187
018210 0418366 0018560 020895 021137 021245 0.21450 0.21486
0023785 0624172 0624570 0624627 0626905 027662 0427711 0030046
D¢ 30746 0.33081
TABLE 19

Indexed Diffraction Data of Chromium

SIN({SQUARE)
(UBSEERVED)

Y

003014
006044
009190
012310
0415200
018219
0e21201
024259
027186
0+ 30676
0.33760
0+ 36095

PARAME TER=
THIS

0.01520
IS A CURIC CRYSTAL POWDER PAT TERN

SIN(SQUARE) NUMBER t S L
(CALCULATED)
0.03039 2 1 1 0
006079 q P 0 o
0.09118 6 2 1 1
0.12158 8 2 2 0
0415197 10 3 1 0
0.18237 12 2 2 2
021276 14 3 2 1
0.24316 16 4 0 0
0427355 18 4 1 1
0430395 20 4 2 0
0e.33434 22 3 3 2
0636473 24 4 2 2
STANDARD DEVIATICN=0.001817
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table of the observed Sin?0 values is listed in Table 22, in
Table 22, there are three recurrent values in the 6-neighhorhood
of 0.02826 (0.02813, 0.02828, and 0.02838). However, 0.01826
is greater than several values in the difference table, such as
0.02124, 0.00795, etc. Next, consider 0.01413 (%x0.01826) and
0.00942 (=1/3x0.02826). But both are still larger than 0.00623,
0.00700, and 0.00795. Last, consider 0.00707 (=%x0.02826) as the
possible parameter. We may imagine that 0.00707 is the arithmetic
average value of 0.00623, 0.00700, and 0.00795 even they are
somewhat4separated. The value 0.04949 and its dé-neighhorhood do
not appear in Tabhle 21; this ensures that 0.00707 is the value
we are seeking. The indexed powder pattern is recorded in Table
23.

The "Number" column in Table 23 shows that periclase has
a face-centered cubic structure. The standard deviation, 0.000478,
shows that the experimental data is reasonably close to the
calculated value.

Example D

This example, chosen from Zachariasen,54

illustrates the

indexing of the Pu powder pattern. There were twenty-six

23
reflection lines to be indexed. The indexing procedures are
similar to the previous examples. The indexed powder diffraction

data is recorded in Table 24. The standard deviation, 0.001662,
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TABLE 20

The Arc Lengths Measured
from the Powder Pattern of Periclase

DIFFYACTION L INE ARC LENGTH ODIFFRACTION L INE ARC LENGTH
1 2940 () 64890
2 36390 7 7e560
3 4810 8 7740
4 5660 9 8500
3 9950
TABLE 21

Sin%6 Values Calculated
from the Powder Pattern of Periclase

DIFFRACTION SIN{SQUARE) DIFFRACTION SIN(SGQUARL )
LINE (CRSV.) L INE (0BSVe.)
1 0e02145 6 0.11406
2l 0e02846 7 0.13621
3 ' 0.05673 8 Oeld244
4 007797 9 0.17001
5 008593
TABLE 22

Difference Table of the
Powder Diffraction Data of Periclase

0«00623
0602838
0605051
0.08408
Oella?7)

ODIFFERENCE ANALYSIS OF THE POWDER
0600700 000795 0402124 0.022195
0602919 0003380 0.03528 0.03608
005652 0605732 0405747 0.05823
008560 0008570 009203 0.09260
012098 0414155 0414855

DIFFRACTION DATA

002757
004952
006446
0e10775

0.02813
0.05028
0.06447
0.11327

0.02828
0. 05595
0.07947
0e11398
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TABLE 23

Indexed Diffraction Data of Periclase

SINC->QUAI ) SIN{SQUARL ) NUMBER H K. L
(DHS: RVED) (CALCULATHD)
O0e 0214 0021 36 3 1 1 l
02845 0.02848 4 2 0 0
0e 006713 0405690 8 ’ 4 0
0e077937 0.07832 [ 3 1 1
003592 0.08544 12 Z 2 2
el 140y Oe11391 16 4 0 0
0613620 0.13527 19 3 3 i
Oeld243 0.14239 20 4 2 ¢]
Oe17000 0.17087 24 4 2 2
PARAM ‘TER= 0600712 STANDARD DEVIATIUN=0,000478

THIS IS A CUBIC CRYSTAL POUWDER PAT TEARN

shows that the experimental data is not very close to the calcul-
ated value. The maximum discrepancy is about *0.00401. The
"Number"” column shows that Pu_C_ has a body-centered cubic

23
structure.

Example E

This example, chosen from Cullity,55 describes the index-
ing of the Cu powder pattern. Only the first eight reflection
lines were indexed. The indexed powder diffraction data is
recorded in Table 25. The standard deviation, 0.003401, shows
that the experimental data is poor. The maximum discrepancy is
about +*0.00549. The "Number" column shows that Cu has a face-

centéered cubic structure.
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TABLE 24

Indexed Diffraction Data of Pu2C3

SIN(SQUARL ) SIN(SQUARE) NUMBER H K L

(OBSERVED) (CALCULATED)
002390 0.05412 6 2 1 1
007260 0.07215 8 2 2 0
0.09130 009019 10 3 1 0
0e12850 0e12627 1a 3 2 1
Vel4610 O0el14431 16 4 0 0
0.20120 0.19843 22 3 3 2
0421950 021646 24 4 2 2
Ue2362U 023450 26 5 1 0
0e27240 027058 30 5 2 1
0. 30850 0430666 34 5 3 0
De3aa2y 0e34273 38 6 1 1
Ue 36200 036077 40 6 2 )
0e $7970 0.37881 42 5 4 1
041540 0e41489 46 6 3 1
Oe4 3350 0043293 48 4 4 4
0e %5280 0645097 50 7 1 0
0448770 0.43704 564 7 2 1
0650510 050508 56 6 4 2
Oe 32290 0e52312 58 7 3 0
0e55870 0455920 62 7 3 2
e 37660 0457724 64 8 0 0
0e 79450 079370 38 6 6 4
Vet 3030 0¢63135 70 6 3 3
0e 54800 0.64939 72 8 2. 2
066490 0.66743 74 8 3 1
0669950 070351 78 7 S 2
PARAML TER= STANDARD DEVIATION=0,001662

THIS 1S A CUBLC CRYSTAL POWDER PATTERN

Example F

This example, also chosen from Cullity,

indexing of the CdTe powder pattern.

There were sixteen reflection

55

illustrates the
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TABLE 25

Indexed Diffraction Data of Cu

SIN(SQUARE) SIN(SQUARE) NUMBER = K "
(OBSERVEL) (CALCULATED)
0614000 0.13631 3 1 1 1
0.18500 0.18175 4 2 0 0
De 346900 036351 8 2 2 0
0e30300 0449982 1n 3 1 i
034800 0.54526 12 2 2 2
072600 0.72701 16 a 0 0
0ec36100 0.86333 19 3 $ 1
Oe 20500 0.90377 20 a 2 0
PARAM. . TER= 0.04544 STANDARD DEVIATIUN=0,003401

Tl 1S A CURIC CRYSTAL POWDER PAT TERN

lines to be indexed. The indexed powder diffraction data is
recorded in Table 26. The standard deviation, 0.003644, shows
that the experimental data is far from the calculated value.
The maximum discrepancy is about *#0.00574. The "Number" column
shows that CdTe has a diamond cubic structure.

Example G

This example, chosen from D'Eye and Wait,56

illustrates
the indexing of the CszTeBr6 powder pattern. Fourteen low angle
reflection lines were indexed. The indexed powder diffraction
data is recorded in Table 27. The standard deviation, 0.000124,
shows that the experimental data is very close to the calculated
value. The "Number" column shows that Cs,TeBr ha§ a face-

centered cubic structure.
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TABLE 26

Indexed Diffraction Data of CdTe

SIN(53QUARE ) SIN(SQUARE) NUMBER - < L
(OBSERVED) (CALCULATED)
0004620 0404300 3 1 1 |
011980 0.11468 8 2 2 0
0el16150 0.15768 11 3 1 i
017900 0.17202 12 2 2 2
023400 0022935 16 4 ) 0
0e27500 0.27236 19 3 3 t
0e 34600 034403 24 4 2 2
0e 39100 0.38703 27 5 1 1
0+46100 0045871 32 4 4 0
050400 0.50171 15 > 3 1
0e 57500 0e57338 40 6 P 0
061600 0e61639 43 5 3 3
068800 0.68806 48 a4 4 A
0e 72900 0673107 51 7 1 1
0¢79900 0.80274 56 6 4 2
054000 0.84574 59 7 3 I
PARAMETER= 0.01433 STANDARD DEVIATIUN=0.003644

THIS tS A CUBIC CRYSTAL POWDER PATTERN

Example H

This example, chosen from Azaroff and Donahue,57

illustrates
the indexing of the NiO powder pattern. The powder photograph

was taken in a cylindrical camera having a diameter of 57.3 mm.

with CuKa radiation. Nine reflection lines were found from the
powder photograph. The measurements of arc lengths from the

powder film reader are listed in Table 28. The indexed powder

diffraction data is recorded in Table 29. The standard deviation,



Indexed Diffraction Data of Cs_TeBr
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TABLE 27

2

6

SEIN{SQUARE)
(URSERVED)

- — - —

0.01490
0601990
0e 03990
0¢05%470
0605970
007990
0e0I470
Oell1970
Oe 13470
015980
O0el 7460
0.13990
0621970
0623970

PARAM TER=

SIN(SQUARE)
(CALCULATED)

001498
0601997
003994
005491
005990
007987
009485
011981
Oel13478
015974
Oel7472
019968
021965
0623962

STANDARD DEVIATION=0.00012
THIS 1S A CUBIC CRYSTAL POWDER PATTERN

NUMBER

11
12
16
19
24
27
32
35
40
44
48

U &2 WU -

o o

4

ENVN LUELE=mN SON=NO -

£ BN O ™ O U m ON = O O ™

TABLE 28

The Arc Lengths Measured

from the Powder Pattern of NiO

LIFFRACTION L INE

ARC LENGTH

DIFFRACTION L INE

ARC LENGTH
10700
11115
12.935
14,700
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0.000988, shows that the experimental data is close to the cal-
culated value. The "Number" column shows that NiO has a face-
centered cubic structure.
Example I

This example, chosen from Klug and I\lexander,58 illustrates
the indexing of the Tantalum powder pattern. There were nince
reflection lines to be indexed. The indexed powder diffraction
data is recorded in Table 30. The standard deviation, 0.002841,
shows that the experimental data is not very close to the cal-
culated value. The maximum discrepancy is about +*0.00389. The
"Number" column shows that tantalum has a body-centered cubic

structure.

The Tetragonal System

The Use of the Main Computer Program TET

The main computer program TET for indexing the unknown
powder patterns of tetragonal crystals and the f19w<chart are
given in Appendix B.

For the input of the computer program TET, M stands for
the total number of the powder patterns to be indexed as tetra-
gonal structure, K stands for the total number of the reflection
lines in each powder pattern, L1 stands for the total number of

the possible parameters of Pj' L2 stands for the total number of
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TABLE 29

Indexed Diffraction Data of NiO

SIN(SQUARE) SIN(SQUARE) NUMBER H « L
(OBSERVED) (CALCULATED)
0610277 0.10217 3 1 1 1
Oel 3699 0e13622 4 2 0 0
0e27374 0627245 8 2 2 o
Qe 37560 0e 37461 11 3 1 1
Ge41054 0.40867 12 2 2 2
0e54612 0.64706 19 3 3 1
068033 0.68111 20 4 2 0
Oed1690 Oe81734 24 4 2 2
0.31928 0691950 27 S 1 i
PARAMETER= 0,03406 STANDARD DEVIATION=0.000988

THIS IS A CUBLIC CRYSTAL PUWDER PATTERHN

TABLE 30

Indexed Diffraction Data of Tantalum

SIN(SQUARE) SIN(SQUARE) NUMBER H K L

THIS

IS A CURIC CRYSTAL POWDER PATTERN

(UBSERVED) (CALCULATED)
Oel1265 0410906 2 1 1 v
0e22200 0o.21811 4 2 0 0
0633099 0e32717 6 e i |
O0e43944 0+43622 8 2 2 o]
O0e94732 054528 10 3 1 0
0e65538 0465434 12 2 2 2
Oe/’61813 076339 14 3 2 1
Vei37054 087245 16 4 n 0
Oeld 7862 0e98150 18 4 i 1
PARAMI_TER= 0405453 STANDARD DEVIATION=0,002841
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the possible parameters of Qm' T(J) stands for all the observed
Sin2?0 values, Pl(J) stands for all the possible parameters of Pj’
and P2(J) stands for all the possible parameters of Om. |

The output of the computer program contains the observed
Sin?6 values, calculated Sin?6 values, s=h?+k2+12 integral numbers,
and the Miller indices of the reflections.
Example A

This example, chosen from D'Eye and Wait,56 indexes the
Tio2 powder pattern. Observed Sin?6 values are listed in Table
31. The indexing procedures may be described as follows. (1)
The set of observed Sin?6 values is the input of the computer
program DA. The output, listed in Table 32, is a difference
table. (2) One can easily select the recurrent values and form
seven groups: 0.0166 (0.0164, 0.0166, 0.0167), 0.02835 (0.0283,
0.0284), 0.0563 (0.0563, 0.0563), 0.0680 (0.0680, 0.0680), 0.0864
(0.0844, 0.0847, 0.0847), 0.1129 (0.1128, 0.1136), and 0.1691
(0.1691, 0.1691). However, we may find that the ratios 0.02835
0.0563 : 0.0846 : 0.1129 : 0.1691 =1 ¢+ 2 : 3 : 4 : 6. This
assures us that the possible parameter P=0.0§835. (3) It seems
that the ratio 0.0116 : 0.0680 =1 : 4, but 4x0.0116=0.0664. The
value 0.0664 is not too close to 0.0680 for such a small vélue;
therefore, Q does not necessarily have to be 0.0166. (4) Since

P=0.02835, the Sin?6 value of the first reflection line is 0.0565
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TABLE 31

Sin%6 Values Calculated

from the Powder Pattern of Ti()2

DIFFRACTION
LiINc

SIN(SQUARE)

(08SVe)

0.05650
0.,09620
0.11280
0.12450
0e.14120

DIFFRACTION

L INE

(0BSVe)

0.20920
0.22560
027200
0.723190

SIN{SQUARE)

——— > - —— v -

TABLE 32
Difference Table of the Powder Diffraction Data of TiO2
DIFFERENCE ANALYSIS OF THE POWDER DIFFRACTION DATA

Ue 00990 0601170 0401640 0401660 0601670 0602830 0002840 003970
0604500 0604640 0605630 0405630 006280 0.06800 0406800 0.07270
0408440 0408470 0408470 0609640 010110 0011280 011300 0.12940
Vel13080 0614070 0¢14750 0615270 0615740 0615920 0416910 016910
Vel7380 0618570 0421550 0622540

(=2x0.02835).

second reflection line.

Consider 0.0962, the observed Sin?0 value of the

If its Miller index is (10l), then the

possible Q is 0.06785; if it is (001), then O is 0.0962; if it is

(002), then Q is 0.0241; if it is (003), then O is 0.0107, etc.

(5) Actually, comparing the difference analysis with the con-

sideration in step (4), we may select the possible Q as 0.0680.
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However, several possible values of Q may be inputted into the
computer program TET. The indexed powder pattern is then recorded
in Table 33.

Comparing the "Number" column in Table 33 with the per-
missible integral number listed in Table 4, we may conclude that
TiO2 has a simple tetragonal structure. The standard deviation,
0.000105, shows that the experimental data and the calculated
value are quite agreeable.

Example B

This example, chosen from Henry, Lipson and Wooster,59
indexes the CuAl2 powder pattern. Observed Sin?6 values are
listed in Table 34. The indexing procedures may be described as
follows. (1) The set of Sin26 values is the input of the computer
program DA. The output, listed in Table 35, is a difference
table. (2) In Table 35, only five recurrent value groups can be
found. They are 0.0436 (0.0434, 0.0437, 0.0437), 0.0876 (0.0872,
0.0879), 0.1310 (0.1306, 0.1309, 0.1316), 0.1352 (0.1350, 0.1350,
0.1357), and 0.2669 (0.2666, 0.2672). (3) The ratios 0.0436
0.0876 : 0.1310 : 0.1767 : 0.2669 =1 : 2 : 3 : 4 : 6 (where
0.1767 is the Sin?0 value of the 4-th reflection line); thus, the
possible P is either 0.0436 or 0.0218. (4) If the possible P=
0.0436, consider Sin203=o.1449 (since the Sin?6 values of the

first two reflection lines are the multiple of P). If 0.1449
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TABLE 33

Indexed Diffraction Data of TiO2

SIN{SQUARE) SIN(SQUARLE) NUMBER
(OBESEFRVED) (CALCULATLED)
005650 0.05641 2
0609620 0409622
Uel11280 O0e11282 4
Oe 12450 0e12442 3
0el14120 0614103 3]
020920 020904 6
022560 0622564 8
027200 0.27205 4
028190 0.28205 10
P= 0.02821 Q= 0406801

STANDARD DEVIATION=04000105

THIS 1S A TETRAGONAL CRYSTAL POWDER PATTERN

H

w O NN N = ) e

« L
1 0
0 1
0 0
1 1
1 0
1 1
2 0
0 2
1 Q

TABLE 34

Sin?6 Values Calculated

from the Powder Pattern of CuAl2

DIFFHACTEION
L INE

- — - — ——

SIN(SQUARE) DIFFRACT ION
(QBSV.) L INE
004450 6
0.08880 7
0614490 3
017670 9

018110

S IN(SQUARE)
(0BSV.)
0622040
0422450
0031170
0e39540
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TABLE 35
Dif ference Table of the Powder Diffraction Data of CuAl2
UDIFFERENCE ANALYSIS OF THE POWDER DIFFRACTIUN DATA

0.00410 000840 0403180 003620 0603930 0604340 0004370 0.04370
0,064 30 0604780 0605610 0e07550 0407960 0.08720 0.08790 0.09130
0.09230 0610040 0613060 O0el13090 0413160 0013220 0013500 0.13500
D0el13370 0e13660 0.16680 017430 0417590 017870 0.18000 0.21050
022790 0626660 0426720 0431090

belongs to the (002) plane, then Q is 0.0362; if it belongs to

(003), then Q is 0.0161; if it belongs to (102), then Q is 0.0253;

if it belongs to (111), then Q is 0.0613; if it belongs to (112),

then Q is 0.0153, etc.

However, the only recurrent value group

left, 0.1352, that could give some hint for the possible values

of Q such as 0.0451 (=1/3x0.1352) or 0.0338 (=%x0.1352) does not

correlate with the values mentioned above.

possible P=0.0218. Again, 0.1449 is considered. T1f 0.1449

belongs to (102), then  is 0.0308;

(5) Next,

let the

if it belongs to (211), then

Q is 0.0359; the rest are identical to those mentioned in step

(4).

(6) Now, let the possible P=0.0436 and 0.0218 and the

possible Q=0.0362, 0.0161, 0.0253, 0.0613, 0.0308, 0.0359, 0.045]1,

and 0.0338 be the input of the computer program TET; the indexed

powder diffraction data is then recorded in Table 36.

The "Number" column in Table 36 shows that CuAl

2

has a
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TABLE 36
Indexed Diffraction Data of CuAl2
SIN(SQUARF) SIN(SQUARE) NUMBER H- K L
(0BStRVED) (CALCULATED)

004450 0084407 2 1 1 0
008880 0.08814 4 2 0 (o}
0e 14490 0e.14418 6 2 1 1
0617670 0.17628 ) 2 2 )
0s18110 0.18008 6 1 1 2
0022040 0.22035 10 3 1 0
0422450 0e22415 A P 0 2
0e 31170 0.31229 t2 2 P 2
0o 35540 0e 35636 14 3 1 2

Pz 0402204 Q= 0.03400

STANDARD DFVIATIUON=0.000646
THIS 1S A TETRAGONAL CRYSTAL POWDER PATTERN

body-centered tetragonal structure. The standard deviation,
0.000646, shows that the experimental data is not quite as good
as that in Example A. The maximum discrepancy between the
experimental data and the calculated value is +0.00102.

Example C

This example, chosen from Hesse25 (originated from

Kiesslingso), indexes the MoB powder pattern. Observed Sin?#

values are listed in Table 37. The difference table, calculated
by the computer program DA, is recorded in Table 38. From the
difference table, several recurrent value groups can be selected.

They are 0.0394 (0.0391, 0.0396), 0.0687 (0.0685, 0.0689), 0.1095



from the Powder Pattern of MoB
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TABLE 37

Sin%0® Values Calculated

LIFFRACTION

- ——

LINE

SIN(

SQUARE)

(0BSVe)

Oe

07320

0414060
017710

Oe.

25020

029100
035950

DIFFRACT ION
L INE

——— . ot

SIN(SQUARE)
(QLSVe)
043610
0650500
Deb48410
0.61650
065610

TABLE 38

Difference Table of the Powder Diffraction Data of MoB

Ve 036950
GeO7110
Vell390
0. 18460
025700
Ue 36290
0e43940

DIFFERENCE ANALYSIS UF THE POWDER

0.03910
007660
0e14510
0.18590
025900
036440
047090

003960
0e 10390
0614550
0421400
0.28630
0436510
0647590

004080
0.10800
015040
0e21780
0293390
0.36630
0447900

006740
010930
0Oe15110
0.21890
029550
036700
051550

DIFFRACTIUN DATA

0.06850
010960
0.17700
022000
029660
040350
054330

0.06830 0.07240
011150 0.11200
0.18040 0418240
025310 0425480
032550 0032790
0440590 0.43180
058290

(0.1093, 0.1096), 0.1118 (0.1115, 0.1120), 0.1453 (0.1451, 0.1455),

0.1508 (0.1504, 0.1511), and 0.2190 (0.2178, 0.2189, 0.2200).

However, the only information provided by the recurrent value

group is that 0.0394 :

0.0732 :

0.1118 =

9

: 16

is the Sin?0 value of the first reflection line).

25. (where 0.0732

This implies
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that a possible @ is 0.00439. Next, consider the $in?0 valuc of
the second reflection line, 0.1406, which is not a multiple of O.
If 0.1406 belongs to the (100) plane, then the possible P is
0.1406; if it belongs to (200), then P is 0.0352; if it belongs
to (101), then P is 0.13521; if it belongs to (201), then P is
0.0338; if it belongs to (102), then P is 0.1230; if it belongs
to (103), then P is 0.1008; if it belongs to (202), then P is
0.0308; if it belongs to (203), then P is 0.0252, etc. This
almost covers all possibilities for the possible parameter P.
Hence, let P = 0.1406, 0.0352, 0.1352, 0.0338, 0.1230, 0.1008,
0.0308, 0.0252 and the possible QO = 0.00439 be the input of the
computer program TET; the indexed powder diffraction data is then
recorded in Table 39.

The "Number" column in Table 39 shows that MoB has a
body-centered structure. The standard deviation, 0.0003, shows
that the experimental data and the calculated value are quite
agreeable. The final calculated parameters, P=0.13602 and
Q=0;00456, shows that the ratio c/a is approximately equal to
5.42.

Example D

This example, chosen from Halteman,61

indexes the U2Mo
powder pattern. There were twenty-three reflection lines to he,

indexed. The indexing procedures are similar to the previous
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TABLE 39

Indexed Diffraction Data of MoB

SIN{SQUARF) SIN(SQUARE) NUMBER H K L

(OBSERVEN) (CALCULATED)
0e07320 007291 16 0 0 4
014060 0.14058 2 1 0 t
N0.17710 0e17703 10 1 0 ]
Ne25020 024994 26 1 0 )
029100 0629027 6 t { l
0s 35950 0035930 0 i 0 4
0e4 3610 0443608 R1s] 1 1 O
0600500 050511 82 1 0 Y
0e4410 0654409 4 2 0 0
0661650 0«61699 20 b 0 4
0665610 04650616 144 0 0 12

9= 0Oel13602 C= 0,00456

STANDARD DEVIATION=0,000300
THIS 1S A TETRAGUNAL CRYSTAL POWDER PATTERN

examples. The indexed powder diffraction data is recorded in
Table 40. The standard deviation, 0.000533, shows that the
experimental data is not very close to the calculated value. The
maximum discrepancy is about #0.00149. The "Number" column shows
that U2Mo has a body-centered tetragonal structure. Congider the
21st reflection line, however. Its h%+k?+12=21, which‘is.the

only odd integer among the numbers in the "Number" column. This
implies that a revision is needed. To accomplish this, one should
either re-measure the 2lst reflection line from the powder photo-~

graph or find the appropriate Miller index (hkl) which its Sin?@
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TABLE 40

Indexed Diffraction Data of UzMo

SIN(SQUARE) SIN(SQUARE) NUMBER H X L

(OHSERVED) (CALCULATED)
002460 0.02450 4 0 0 2
0605670 0405661 2 1 0 1
010130 010097 2 1 1} 0
0410560 0.10561 10 1 ] 3
0612570 012547 6 1 |} 2
020220 0.20194 4 2 0 0
0422060 022048 3o 0 0 3]
029850 0.25855 6 2 1 1
N0« 30780 030755 14 2 } 3
Oe 42160 0e32145 38 i 1 &
Ne 39300 0eJ3196 64 0 0 3]
0640460 0.40389 8 2 2 0
0642260 0e42242 40 2 0 )
090600 0.50486 10 3 1 0
050800 0450949 18 3 0 3
0e¢54630 054656 82 1 0 9
O0«71140 071143 22 3 2 3
072470 0472533 46 3 1 6
0e74820 074850 386 2 1 <
0.80820 0680777 16 4 0 ¢
0838250 0.88276 21 4 1 2
0490900 0.90874 18 3 3 0
0431300 091338 26 4 1 3

P= 005049 Q= 0.00612
STANDARD DEVIATION=0.000533
THIS IS A TETRAGONAL CRYSTAL POWDER PATTERN

value is next to (412) and the h?+k?+1% is even. According to the

original published paper, the 21st reflection line is belonged to

the (00,12) plane. But then, Sin?%6

00,12 is 0.88128.
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Example E

This example, chosen from Zachariasen,62 indexes the YOF
powder pattern. There were twenty-seven reflection lines to he
indexed. The indexed powder diffraction data is recorded in Table
41. The standard deviation, 0.000896, shows that the experimental
data is not very close to the calculated value. The maximum dis-
crepancy is about *0.00178. However, the solution agrees with the
published paper. The "Number" column shows that YOF has a simple
tetragonal structure.
Example F

This example, also chosen from Zachariasen,62 indexes the
LaOF powder pattern. There were thirty-three reflection lines to
be indexed. The indexed powder diffraction data is recorded in
Table 42. The standard deviation, 0.000254, shows that the
experimental data is fairly close to the calculated value. The
maximum discrepancy is about *0.00071. The "Number" column shows

that LaOF has a simple tetragonal structure.

Examgle G

63 indexes

This example, chosen from Bartlett and Maitland,
the Psz powder pattern. There were twenty-six reflection lines
to be indexed. The indexed diffraction data is recorded in Tablé
43. The standard deviation, 0.000854, shows that the experimental

data is not very close to the calculated value. The maximum
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TABLE 41

Indexed Diffraction Data of YOF

SIN(SQUARE) SIN(SQUARE) NUMBER H K L
(OBSERVED) {CALCULATED)
0.02030 002014 1 0 0 1
0405990 005901 2 1 0 1
007850 0.07774 2 1 1 0
008120 0.080%4 4 0 0 2
0011980 Oell94l 5 1 0 2
De 15680 0e15548 4 2 0 0
0.15870 0.15828 6 1 1 2
0.17580 0el7562 5 2 ) 1
0.18300 ‘ 0e18122 9 0 0 3
0.21540 021449 6 2 -1
0.22100 022009 10 1 0 3
0.23680 023603 8 2 ) 2
025930 025897 11 t ] 3
0627550 027490 9 2 1 2
0e31190 031096 3 2 2 0
0e 32380 Ded2218 16 0 h) 4
0¢ 33690 0+33671 13 2 0 3
0e 35950 036105 17 1 0 4
0e 56980 036997 1o 3 0 1
O0e $7500 037558 14 2 1 3
Oe 38960 0.38870 10 3 i 0
0e42890 0.43038 13 3 0 2
0.46860 0.46925 14 3 1 ?
047650 0.47766 20 2 0 4
0e50350 050340 25 0 0 5
0e51570 0651653 21 2 i 4
052510 052545 1s 3 2 1
P= 0.,03887 G= 0.02014

STANDARUD DEVIATICON=0.000896
THIS IS A TETRAGONAL CRYSTAL PUWDER PATTERM

discrepancy is about *0.00139. The "Number" column shows that

PdF2 has a simple tetragonal structure.
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TABLE 42

Indexed Diffraction Data of LaOF

SIN(SQUARE) SIN(SQUARE) NUMBER t K
(OBSLERVED) (CALCULATED)
0.01730 0.01738 1 0 0
0.05270 005279 2 1 0
0606940 0406951 4 0 0
007060 0.07083 2 1 1
0.08800 0.08820 3 1 1
010490 0e10492 S 1 0
0el14030 014034 6 1 1
Oel4l8¢0 014165 4 2 9
0419650 0150640 9 0 0
0615890 015903 S 2 0
019220 0.191481 10 1 0
0el19440 0.19444 6 2 1
0021120 0.21116 8 2 0
0622710 0e22722 11 1 1
024700 0424657 9 2 1
0427800 027804 16 0 0
028350 028330 8 2 2
0e29820 029805 13 2 0
0e31370 0. 31346 17 1 0
0633330 0433346 14 2 1
Ce 33520 033609 10 3 0
0+.34880 0.34887 18 1 1
0«35380 0«35413 10 3 1
0637190 037150 11 3 1
0038840 0.38822 13 3 0
06441990 0e41969 20 2 0
042350 042364 14 3 1
0e43420 043444 25 0 0
0e44010 043970 17 2 2
0e45490 0.45511° 21 2 1
0e4 6970 0+.4698S 26 1 0
0647520 047511 18 3 0
0ea7780 0e47774 L4 3 2
P= 0403541 C= 001738

STANDARD DEVIATION=0.000254
THIS 15 A T-TRAGONAL CRYSTAL POWDER PATTERN

~ LU P LU UNSEN~,C P mr WP UOCENWRDE,W,WCNVN~-CNR = -
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TABLE 43
Indexed Diffraction Data of Psz
SIN(SQUARE) SIN(SQUARE) NUMBER H K L
(UBSERVED) ( CALCULATED)
007730 007643 2 | 1 0
0.12110 012000 2 1 o 1
0e 15400 Del5287 4 2 0 0
0615910 0e.15821 3 1 1 i
0.19150 019109 5 2 1 0
0s27410 027287 6 2 1 |
0e.50660 0430574 8 2 2 0
032830 0.32711 4 0 0 2
0e 38300 0e38217 10 3 1 0
0640450 0440355 6 1 1 2
0.42680 0642573 10 3 0 1
0.48070 047998 8 2 0 2
Ve>1880 051820 9 2 1 2
057900 057860 14 3 ? 1
061200 0e61148 16 4 o} 0
063310 0463285 12 2 2 2
065070 064970 17 4 1 0
068730 068791 18 3 3 0
0.70880 070929 14 3 1 2
0.73100 0.73147 18 4 | 1
0676390 De 76435 20 4 2 0
0.77430 0e77422 10 1 0 3
081260 0e81244 11 | 1 3
0.84510 0.84613 21 4 2 1
0.92570 0692709 14 2 1 3
0.93720 093859 20 4 0 2
P= 0.03822 0= 0.08178

STANDARD DEVIATION=0.000854
THIS IS A TETRAGCNAL CRYSTAL PUWDER PATTERN
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Example H

This example, chosen from Parthe and Norton,64 indexes
the CrsGe3 powder pattern. There were thirty-one reflection
lines to be indexed. The indexed powder diffraction data is
recorded in Table 44. The standard deviation, 0.000874, shows
that the experimental data is not close to the calculated value.
The maximum discrepancy is about #0.00286. The "Number" column
shows that Cr5Ge3 has a body-centered tetragonal structure. Con-
sider the 9th reflection line, however. Its h2+k2+12=17, which
is the only odd integer among the numbers in the "Number" column.
The remedy has been mentioned in Example D. According to the
published paper, (420) was assigned. As to the 17th and 23rd
reflection lines, (600) and (413) were assigned originally.
However, better solutions, (103) and (640), are suggested.
Example I

This example, chosen from Mooney,65

indexes the ScPO4
powder pattern. There were thirty-seven reflection lines to be
indexed. The indexed diffraction data is recorded in Table 45.
The standard deviation, 0.000240, shows that the experimental

data is fairly close to the calculated value. The "Number"

column shows that ScPO4 has a body-centered tetragonal structure.



Indexed Diffraction Data of CrSGe
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TABLE 44

3

SIN(SQUARE)
(UBSL.RVED)

P=

011920
013080
0614770
0623060
0423650
025000
0+20680
028870
029500
O+ 30890
Oe 34880
046690
0.47380
0448600
0649650
Oen0170
0e»3310
0659130
070500
Ve72230
Oe /73630
076200
Qe 76740
0«82170
Oet564160
085830
091880
0e924710
Oe 35990
0496950
0697370
0e014785

SIN(SQUARE)
{CALCULATED)

- o o o — S

011827
Oel13144
0.14783
0.23011
0423653
0424971
0e26610
0.289324
0e29406
Q0.30884
0434837
Qe46664
0447307
0.48624
049621
050263
0.53252
059133
070317
0.72277
073916
076230
Oe76873
O0e82144
Q84104
085743
0692043
0e¢94646
095931
096927
097956

G= 005753
STANDARD DEVIATION=0.000874

NUMBER

30
22
34
10
‘40
36
46
S0
40
52
44
S4
58
16
38
62
54
20
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TABLE 45

Indexed Diffraction Data of ScPO4

SIN(SQUARE) SIN(SQUARE) NUMBER H K L
({OBS~_RVED) ({CALCULATED)
003130 0031136 2 1 0 1}
0605480 005482 4 2 0 0
008610 0.08618 6 2 1 1
009800 0.09803 6 1 1 2
010960 0410963 3 2 2 o
012540 O0e12544 8 2 o 2
0e14090 0614099 10 3 a 1
0617250 O0«17261 10 1 o 3
019570 0.19581 14 3 2 1
020760 020767 14 3 1 2
Qe 1320 0.21926 16 4 o 0
0622730 0622743 14 2 1 3
025050 0425063 18 4 1 1
0e¢27400 027408 20 4 2 0
0.28220 0e.28225 18 3 0 3
028980 0.28989 20 4 0 2
031720 0.31730 22 3 3 2
033700 0433706 22 3 2 3
0¢.34460 0634471 24 4 2 2
036010 0436026 . 26 5 0 1
039230 0e39214 24 2 2 4
0e41490Q 0441507 30 S 2 1
041920 0441955 26 3 1 4
0e42680 0642693 30 - 1 2
O«43860 0443853 32 4 4 0
0645470 0e45512 26 1 0 5
0446490 046594 34 S 3 0
0¢49360 0449335 36 6 0 0]
0« 30200 050177 32 4 0 4
0e51010 050993 30 2 1 3
Ve 32490 0652471 38 6 1 1
0653680 0453656 i8 5 3 2
0e54840 0e54816 40 6 2 0
Le 35680 055659 $1) -4 2 4
0e¢36420 056397 40 é 0 2
0ev6300 056475 34 3 0 3
Oe 37980 0457952 42 i) 4 1
Pz 001370 G= 0401766

STANDARD DEVIATION=0.000240
THIS 1S A TLETRAGONAL CRYSTAL POWDcR PATTERN
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The Hexagonal System

The Use of the Main Computer Program HEX

The main computer program HEX for indexing the unknown
powder patterns of hexagonal crystals and the flow chart are
given in Appendix C.

For the input of the computer program HEX, M stands for
the total number of the powder patterns to be indexed as hexa-
gonal structure, K stands for the total number of the reflection
lines in each powder pattern, L1 stands for the total number of
the possible parameter of Pj, L2 stands for the total number of
the possible parameters of QO+ T(J) stands for all the observed
Sin?@8 values, P1(J) stands for all the possible parameters of Pj,
and P2(J) stands for all the possible parameters of Qm'

The output of the computer program contains the observed

Sin%6 values, calculated Sin?6 values, and the Miller indices of

the reflections.

ExamEle A

This example, chosen from Azaroff,66

indexes the GeO,
powder pattern. Observed Sin?@ values are listed in Table 46.
The indexing procedures may be described as follows. (1) The
set of Sin%@ values is the input of the computer program DA.
The output, listed in Table 47, is a difference table. (2) One

can easily select the recurrent values and the first twelve
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TABLE 46

Sin%® Values Calculated

from the Powder Pattern of GeO

2

DIFFRACTION

SIN(SCQUARE)

DIFFRACTION

L INE (CBSV.) L INE
1 005360 16
2 0.08500 17
3 0.16060 18
4 0.17860 19
5 0.19190 20
6 0.21450 21
7 0624560 22
t 0.28170 23
N 0.28600 24

10 0e33570 29
11 0633960 26
i 2 0.37500 27
13 0«40670 28
14 044400 29
15 0.49590 30

SIN(SQUARE)
{0OGSVe)

050020
0451390
055440
0460750
064310
0665670
0e 65930
Vel 7290
06680
NDe72810
076680
073170
082200
083560
087610

recurrent value groups can be listed as:

0.0136, 0.0136, 0.0137),
0.0317), 0.0403 (0.0401,
(0.0536, 0.0536, 0.0537,
0.0542), 0.0938 (0.0933,
0.0940, 0.0941, 0.0944),
0.1073, 0.1074, 0.1075),
0.1212), 0.1251 (0.1250,

0.1254), 0.1608 (0.1605,

0.0314 (0.0311,
0.0403, 0.0404,
0.0537, 0.0539,
0.0935, 0.0936,
0.1072 (0.1069,
0.1209 (0.1206,
0.1250, 0.1250,
0.1606, 0.1606,

0.0134 (0.0130, 0.0133,

0.0313, 0.0313, 0.0314,

0.0405, -
0.0539,
0.0936,
0.1069,
0.1207,
0.1251,
0.1608,

0.0405), 0.0538

0.0540,
0.0939,
0.1070,
0.1209,
0.1252,
0.1609,

0.0541,
0.0939,
0.1072,
0.1211,
0.1252,
0.1610,



Difference Table of the Powder Diffraction Data of Geo2
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TABLE 47

0400320
0.,01370
0e 02980
0.03590
0e 04040
Ve 05360
0405420
Qe 06710
007140
0e 08920
0609390
Ue10550
0610430
0e12070
0. 12500
013830
Q0e 14500
0.15710
Vel V60
016350
0el7510
O0e 17940
0e19670
0021240
0e?21480
022790
0e23240
Ne25210
0+26660
027090
0e 28340
0629790
031710
032170
Ve 32580
Ve 33960
0e 35300
Ve 37 390
0. 386930
Ve 33480
Neal 520
De42890

DIFFERENCE ANALYSIS OFf THE POWDER

000390
001490
0.03110
0.03610
0+04050
0005360
005520
0.06720
007150
0+08930
009390
010690
010880
012090
012510
013860
0.14720
0.15800
016080
0.16400
0417570
0.18290
0.13840
0e21270
0421590
022810
023250
0425280
0426760
027180
028410
0029940
031730
032170
032610
033970
0436010
037500
0. 38850
039750
041530
0e43110

000430
001620
0.03130
0603690
004050
005370
005520
0.06820
0.07560
0.08980
0409400
010690
0.10930
0.12110
0.12520
0.13880
0e14770
015900
016090
016450
017700
0.18310
0619910
0621420
0.21620
022810
0.23300
025290
0426780
0627270
028490
030350
032030
032170
0.33330
0033990
0.36110
037500
0439040
0.40670
0441560
0.43210

0.00430
0.01680
0.03130
0.03730
0.04920
0.05370
005620
0.06880
0408490
0.09010
0.09410
010700
0.11010
012120
0412520
0«13890
0.14770
0415930
0.16100
016530
0.17820
0.19200
0.20080
021420
0.21850
0422810
0.23640
0.25320
0426790
0.28120
028570
030400
0¢32100

"0e32180

033530
0.35310
036140
037580
0.39120
0.41080
0.42720
0.44210

0.01300
0.01800
0e.03140
0.03870
004970
005390
005790
006900
0.08500
0.09330
0009440
0.10720
0e11040
O.12180
0612540
0ela240
014800
015970
0.16110
0el17270
0e17890
019220
020090
0.21420
0.21870
022890
024610
025460
026810
028140
028580
030740
032140
0.32180
033530

" 0435310

0e¢ 36190
0037590
0439160
0.41090
0.42730
044210

DIFFRACTION DATA

001330
0.01800
0.03170
0.03930
005190
005390
0.05850
0.06990
0.08500
009350
0.10230
010730
Oell160
0.12370
0.12920
014280
0414910
016020
0.16210
0.17370
0.17890
0619250
020100
0621440
021940
0622950
0.25000
0254860
0.26830
0628150
028600
030810
0.32140
0032200
0433540
0e 35330
0636220
037800
0.39180
O0e«41110
042860
0044220

0e01360
002260
0403540
004010
0.05240
0.05400
006540
007000
0.08870
0.09360
010310
010740
0.118S0
012500
0612940
014290
015630
0.16050
016230
017420
0.17900
019640
0.20320
0e21450
0622730
023220
0.25030
0.26540
0.26840
0.28170
029000
030830
032150
0432280
0.33720
035710
036250
0s37820
039240
0.41430
042890
0.44230

001360
002390
003560
0.04030
0.05310
0.05410
0.06700
0.07100
0.08900
009360
0.10440
0.10750
012060
0612500
012950
014380
0«15650
0.16060
0.16270
0617430
0.17930
019660
020990
0.21480
022790
0623220
025070
026620
026860
028210
029010
0. 30880
0632160
0.32420
033770
0035720
0637070
0.38020
039300
0.41510
0.42890
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0.l611), 0.1791 (0.1789, 0.1789, 0.1790, 0.1793, 0.1794), 0.2144
(0.2142, 0.2142, 0.2142, 0.2144, 0.2145, 0.2148, 0.2148), N.2280
(0.2279, 0.2279, 0.2281, 0.2281, 0.2281), and 0.2324 (0.2322,
0.2322, 0.2324, 0.2325, 0.2330). However, we may find that the
ratios 0.0538 : 0.1072 : 0.1608 : 0.2144 =1 : 2 : 3 : 4 and the
ratios 0.0314 : 0.0938 : 0.1251 =1 : 3 : 4. This assures us
that the possible parameter P=0.0538 and the parameter 0=0.0314.
(3) Consider the Sin?6 value of the second reflection line, 0.085;
it seems to belong to the (101) plane. (4) Let the possihle P=
0.0538 and Q=0.0314 be the input of the computer program HEX; the
indexed powder diffraction data is then recorded in Table 48.

The standard deviation, 0.000573, shows that the discre-
pancy between the experimental data and the calculated value is
reasonable. The maximum discrepancy is about *0.0005.

Examgle B

This example, chosen from Runnalls and Boucher,67

indexes
the B~Pu812 powder pattern. Observed Sin?6 values are listed in
Table 49. The indexing procedures may be descrihed as follows.

(1) The set of Sin2?6 values is the input of the computer program
DA. The output, listed in Table 50, is a difference table. (2)
One can easily select the recurrent value group are 0.0156 (n.0152,
0.0152, 0.0159, 0.0159), 0.0355 (0.0352, 0.0352, 0.0357, 0.0359),
0.0526 (0.0523, 0.6525, 0.0525, 0.0526, 0.0526, 0.0527, 0.0527,
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TABLE 48

Indexed Diffraction Data of GeO

2

SIN(S5QUARF)
(OBSERVED)

———— ———— ——— _—

P=

005360
008500
016060
017860
019190
0e21450
Ne24560
0e28170
028600
Oe 33570
Oe 33960
0e 37500
0440670
0644400
06495930
050020
051390
0535440
0460750
O0e64310
0465670
0e¢ 65390
0667290
063680
072810
076680
078170
0682200
CeB83560
087610
0605354

S IN(SQUARL)
(CALCULATED)

0.05358
0Oe«08486
0416073
O.17871
019201
021431
024559
0.28156
0.28587
0633513
0433944
037504
0440632
0444228
0449586
050017
051347
0655412
0.60732
0664292
065659
066127
0467420
0469649
072778
0.7680S
0.78210
0.82163
0.83567
087558

G= 0.03128

STANDARD DeVIATION=0,000573
THIS 1S A HEXAGONAL CRYSTAL PUWDER PATTERN
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TABLE 49

Sin?%6 Values Calculated

from the Powder Pattern of B-PuSi2

DIFFRACTIGN
LLNE

DN N LN

e gt pm wm e pm
C~NCUPLUN=CO

SIN(SQUARE)

(CBSVe.)

003640
0.05330
008900
0.14380
0.15850
O0el19440
0419650
0.21170
0424690
0+30140
0435420
0e36770
037440
040420
0¢47400
0647970
051110
0.53200

DIFFRACTION
L INE

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

(0BSVe.)

0457200
061580
062470
0.63100
066770
068360
0.683890
0e71880
072970
077200
078220
0e79290
082480
084070
0e87430
093660
094260
094970

S IN(SQUARE)

0.0528, 0.0528), 0.1050 (0.1043, 0.1047, 0.1049, 0.1050, 0.1052,

0.1053, 0.1054), 0.1072 (0.1069, 0.1070, 0.1073, 0.1074, 0.1075),

0.1431 (0.1425, 0.1429, 0.1432, 0.1434, 0.1437), 0.1513 (0.1507,

0.1513, 0.1516, 0.1518), 0.1577 (0.1575, 0.1576, 0.1576, 0.1577,

0.1577, 0.1579, 0.1580), 0.1779 (0.1777, 0.1778, 0.1778, 0.1779,

0.1783), and 0.2100 (0.2096, 0.2097, 0.2097, 0.2098, 0.2102,

0.2104’

=1 : 2

0.2105).

(3) The ratios 0.0526

: 3 : 4 and the ratios 0.0355

: 0.1050 :

0.

1072

0.1577

: 0.2100
. 0.1431 : 0.1779
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TABLE 50

Difference Table of the Powder Diffraction Data of B-PuSi2

0«00210
0601020
0601590
0e 02980
0e 03590
004260
De 15060
0e 05270
0605790
0.06320
006950
Oe083310
0e.092 30
0609360
0el0310
0410540
010700
Della50
012470
0s13610
Oel4320
Ue 15070
0el5020
Oel157 30
Oe 15440
0el16640
Uel17300
Oel1 7330
019370
1620430
0e20960Q
0e21240
0e22000
023060
0e24480
0250 30
025900
VDel26350
027050
Jel27960
029230
Ve 30250
0e 31350
031550

DIFFERENCE ANALYSIS OF THE POWDER

0.00530 -

001070
001590
002990
003650
0«04300
005110
004270
0.05800
0.06340
006980
0.08380
009270
0.09870
010400
0.10600
010930
Oe11690
0612490
0.13670
0«14340
0.15120
0.15660
0.15750
0«15980
016750
Oel17330
0.18000
O0.19380
0e20660
020970
O0e21290
022050
023060
0024570
0.25280
026040
0626420
027060
0.28180
023280
030560
Ce31370
0e31590

000570
001090
001690
0.03140
003670
004380
0405190
005280
005850
006420
007300
008780
009330
009900
010430
010630
0.11100
0e11780
0612520
014100
014370
0.15130
0«15680
015760
016010
0616780
0617530
0.18540
0619570
020690
0.20970
0021490
0622090
023090
0.24770
0625300
026080
026500
0427110
0.28200
0629330
0.30820
0e31440
0e31670

000600
001310
0.01730
003190
003710
0.04610
005230
005280
005890
006630
007310
008840
0.09410
009960
010470
010690
0.11160
0.11980
012550
Oe14110
Oe14460
0.15160
015630
015760
0el6040
0.16820
0.17710
0.18680
019760
020770
020980
021590
022380
0.23280
0e24810
0e25370
026090
026520
0e27490
0.28320
0.29800
030870
O0e31440
031780

000630
001350
002020
003360
003800
004780
0405250
005320
005900
006780
007410
0.08840
009510
010190
010490
0.10700
011180
011990
0612750
0e«14120
014500
0.15180
0e15690
015770
016190
017060
0617770
018800
019770
020770
021020
021600
022390
023910
0e24810
025570
026090
0626610
027680
028470
029940
030920
0e31450
0¢31790

DIFFRACTION DATA

000670
001470
0.02090
0403520
0604000
004950
0405250
005320
006090
006790
007540
0408970
009570

0610230
0410500
0.10730
0.11200
012080
0.12780
0el14180
014680
0e15440
015700
015770
0.16270
0.17120
0e 17780
0419070
0.20000
0420900
021040
021780
0.22490
0624000
0424960
0:25660
0.26160
026800
027750
0.28510
030000
031160
031460
0.31870

000710
0s01520
002090
0.03520
004080
005000
0.05260
005450
006200
0.06830
007550
0.09050
009590
0.10280
0.10520
0610740
0.11360
0.12190
013570
014250
014730
0.15550
0.15710
015790
0«.16430
0e17250
0.17780
0.19250
020010
0.20920
021050
0.21780
022680
0.24140
0.25000
0625700
026230
0.26870
027870
0.28530
030090
0.31190
031460
031890

0.00890
0.01520
002120
003570
004230
005040
0605260
0.05480
0.06230
0.06870
008140
009210
009800
010300
0.10530
0.10750
0.11390
0.12210
013560
0.14290
0614970
015600
0.15710
0.15800
016460
0.17260
017790
0.19360
0.20390
0020920
0.21160
0.21860
0.22710
0.24330
025020
0.25850
0426330
0.26890
027940
0.28540
0+ 30230
0.31320
0631520
0.32030



TABLE 50 (CONTINUED)
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0e 32080 0432110 0432120 0432120 0432330 0632500 0632510 0632550
O0e 32080 0632940 0632960 0432960 0433020 0433130 0633390 0633470
0433550 0633590 0433760 033800 0634230 0034440 0.34510 0035080
0433090 035110 0035260 0635530 0436030 0436100 0036200 0636320
0+36460 0436460 0.36630 036670 0436730 0636780 0036780 0.36890
0e 37060 0637350 037550 037550 0637760 0637770 0037780 037800
Ve 38220 0638410 0438500 0638750 0438820 0438870 0639070 0639460
0639760 040030 0440410 0640430 0440460 0440780 0041060 0.41300
041350 0441450 0041740 0641770 0681780 0641850 0441930 0041930
0442060 0442070 0042080 042140 0442210 0.42520 0042550 0642640
142800 0662820 0442820 0442830 0643030 0643150 0443450 0.43650
0e43660 043670 0.43760
=1 3:3 : 4 : 5. This assures us that the possible P is 0.0526

and Q is 0.0355. (4) Let P=0.0526 and 0=0.0355 be inputs to the

computer program HEX;

recorded in Table 51.

mental data is not very close to the calculated value.

maximum discrepancy is about #0.00209.

the indexed powder diffraction data is then

The standard deviation, 0.001115, shows that the experi-

The calculated Sin?@

The

values in the original published paper were not as accurate as

the one calculated by computer method.

of the reflections for this powder pattern are agreeable.

Examgle C

This example, chosen from Barabash and Davydov68 (origi=-

Howevér, the Miller indices

nated from N. B. S. Circular No. 53984), indexes the Zn powder

pattern.

Observed Sin?%6 values are listed in Table 52.

The
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TABLE 51
Indexed Diffraction Data of B-PuSi2
SIN{SQUARE) S IN(SQUARE) H K L
(URS:"RVED) (CALCULATED)
0. 03640 003568 0 0 1
0.05330 005253 1 0 0
0.08900 0.08822 i 0 ]
0e14380 0s14274 0 0 2
015850 0.15760 1 1 o
Oel 3440 019329 1 1 1
0e 13650 0419527 1 0 2
0621170 0.21014 2 0 s}
024690 04245382 . 2 0 1
"0e30140 0430034 1 1 2
0035420 035288 2 0 2
0636770 0.36774 2 1 0
0.37440 0437370 1 0 3
0.406420 0.40342 2 1 1
0e4 7400 0e47281 3 0 0
0.47970 0e47827 t 1 3
Oenll10 0.51048 2 1 2
Ce 3200 0653130 2 0 3
057200 057096 0 0 4
0.61580 061555 3 0 2
062470 062349 1 0 4
063100 0.63041 2 2 0
066770 0466610 2 2 1
0e 68360 068295 3 1 0
0.68890 066890 2 1 3
0.71880 0.71863 3 1 1
0672970 072856 1 1 4
0.77200 0477315 P 2 2
O0e 78220 078109 2 0 4
079290 0e79337 3 0 3
0e82480 082568 3 1 2
0e3a07C 084055 4 ) 0
Oe37430 087623 4 0 i
Qe ‘3660 0093869 4 1 4
De 14260 DeV4465 1 0 5
Deva970 095157 2 ? 3
D 0.03253 0= 003568
STANDARD DEVIATION=04001115

THIS

1S A FUXAGUNAL CRYSTAL PUWDER PATT RN
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TABLE 52

Sin?%8 Values Calculated
from the Powder Pattern of Zn

DIFFACTIOUN S IN{SQUARE) DIFFRACT TUN GIN{SQUARE)
LINE (CRSVe) L INF (OBSVe)
1 016350 6 096360
b4 0«.14770 7 065350
3 022870 e 072690
4 De 35140 ) 0e 74120
> 035530 10 N0e?73210

indexing procedures may be described as follows. (1) The set of
sin?@ values is the input of .the computer program DA. The output,
listed in Table 53, is a difference table. (2) One can easily
select the recurrent values and form several groups. They are
0.02425 (0.0242, 0.0243), 0.04095 (0.0409, 0.0410), 0.0652
(0.0652, 0.0652), 0.09795 (0.0977, 0.0982), 0.1635 (0.1633,
0.1637), 0.18775 (0.1876, 0.1879), 0.3757 (0.3755, 0.3759),
0.4000 (0.3998, 0.4001), and 0.5634 (0.5634, 0.5634, 0.5635).

(3) The ratios 0.04095 : 0.1635 = 1 : 4. The possible parameter
Q is assumed to be 0.04095. (4) Since the ratios 0.18775 :
0.3757 : 0.5634 =1 : 2 : 3. the possible parameter P is 0.18775.
(5) Because the Sin?6 values of the first two reflections are
the multiple of either P or Q, the Sin28 value of the third

reflection line, 0.2287, is considered. Since 0.2287=0.18775 +



122

TABLEY 53

- Differcence Table of the Powder Diffraction bata of %n

0600430
Ce 08990
018760
Ve 32000
0e42480
Ue56340

OIFFERENCE ANALYSIS OF THE POWDER

0«02420
0e09770
018790
0633490
0444070
0456350

002430
0409820
019590
036760
046580
058770

0.04090
0.12270
0.20390
0637550
0.49000
0.60440

004100
0.13860
0.21220
0637590
0.49820
062860

DIFFRACTION VDATA

0.06520
0.16330
022850
0.39180
052250

0406520
0.16370
0.23680
039980
0.53920

0.07340
0.17160
0.30210
0.40010
056340

0.04095, the third reflection may belong to the (101) plane.

(6)

Let the possible P=0.18775 and 0=0.04095 be the inputs to the

computer program HEX;

recorded in Table 54.

0.18782 and Q=0.04084

structure.

the indexed powder diffraction data is then
(7) From Table 54, the final parameter P=
show that 2n has a hexagonal close-packed

The c/a ratio for a hexagonal close-packed structure

is approximately from 1.58 to 1.89; that is, the corresponding

P/0Q ratio is from 3.3285 to 4.7628.

Hence, the parameters P and

Q which are recorded in the indexed powder diffraction data may

tell whether or not the powder pattern belongs to hexagonal close-

packed structure.

The standard deviation,

0.000108, shows that the discre-

pancy between the experimental data and the calculated value is

small.

The maximum discrepancy is only about #0.0002.
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TABLE 54

Indexed Diffraction Data of Zn

SIN(SQUA ) S IN(SQUARKE) H K L

(OBS. RVED)  (CALCULATED)
0e 16350 NDel6 338 0 [)) 2
Qel 8770 Oe.18782 1 ] 0
Vedl2870 022867 I 0 1
Oe 39140 035120 1 0 Ve
0e 23530 0e55543 1 (4] 3
Oe 06360 0456347 1 1 0
0e 65350 065352 0 0 4
Oe 72690 072685 1 1 2
0e75120 0e75129 2 0 0
Oe 79210 0679214 2 0 1

P= 0418782 Q= 0.04084

STANDARD DEVIATION=0.000108
THIS IS A HEXAGONAL CRYSTAL POWDER PATTERN

Examele D

This example, chosen from Mooney,69

indexes the CePO4
powder pattern. Nineteen low angle reflection lines were indexed.
The indexing procedures are similar to the previous examnles.

The indexed diffraction data is recorded in Table 55. The stand-
ard deviation,'0.000516, shows that the experimental data is

fairly close to the calculated value. The maximum discrepancy is

about +0.00134.

Example E

69 indexes the NAdPO

This example, also chosen from Mooney, 4
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TABLE 55
Indexed Diffraction Data of CeDO4
SEN(SQUARE) S1IN{SQUARE) H K L
{UBS:RVED) ({CALCULATED)
0.01600 0.01596 1 0 0
003060 003026 | 0 1
0e04780 0.04787 1 1 0
0606410 0.06383 2 0 0
007330 0.07317 1 0 2
0607770 0.07814 2 0 1
0.10510 0.10509 1 1 2
0.11220 0.11171 2 1 0
0612090 012105 2 0 2
012600 0.12601 2 1 1
0412870 0.12873 o} 0 3
De 14450 014469 1 0 3
0«15810 015793 3 0 1
Oel 6900 Del&8I2 2 1 2
Oel 7710 017661 1 1 3
0e L9040 019150 2 P 0
0e 12980 0.20084 3 0 2
020740 0420746 3 t 0
0e22310 0.22176 3 1 i
Pr 0a01595 G= 0401430

STANDARD DEVIATION=0.000516
THIS 1S A HFXAGUNAL CRYSTAL POWDER PATTERN

powder pattern. Fifteen low angle reflection lines were indexed.
The indexed diffraction data is recorded in Table 56. The stand-
ard deviation, 0.000318, shows that the experiméntal data 1is

quite close to the calculated value. The maximum discrepancy is

about +0.00072.
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TABLE 56

Indexed Diffraction Data of NdPO4

SIN(SQUARE) SIN(SQUARE) H K L

(QB8SERVED) ({CALCULATED)
001630 0.01632 1 0 0
OeU 3110 003110 1 0 1
Ne04890 004895 1 1 0
NeU6H530 006927 b 0 0
0607550 007546 1 0 2
010790 0.10809 1 ! 2
0el11450 0011423 2 1 0
Oe 12440 012901 2 1 1
016170 016169 3 0 1|
017370 017337 2 1 2
Oel8210 0.18202 1 1 3
0e 19650 019582 e 2 0
020570 020600 3 0 2
Q021190 0.21214 3 1 0
022620 0622692 3 1 1

P= 0601632 G= 0.01478

STANDARD DEVIATION=0.000318
THIS IS A HEXAGONAL CRYSTAL POWOER PATTERN

Example F

This example, again chosen from Mooney,69 indexes the

LaPO4 powder pattern. Fourteen low angle reflection lines were

indexed. The indexed powder diffraction data is recorded in

Table 57. The standard deviation, 0.000349, shows that the

experimental data is cuite close to the calculated value. The

maximum discrepancy is about *0.00076.
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TABLE 57
Indexed Diffraction Data of LaPO4
SIN(SQUARFE) ‘S IN{SQUARE) H K L

(UARSZRVED)

- - oyt - - ——

{CALCULATED)

O0e 01600 0.01584 1 0 o
0.03040 0.03006 1 0 1
0e 04770 004751 1 1 0
OeC6410 0.06334 ’ 0 0
0e07300 007272 1 0 2
0e 10450 0610439 1 1 l
Oelll130 011085 2 1 0
Vel2530 012507 °’ 1 1
Oe kH0L70 015674 3 0 1
0616760 0el16774 2 1 2
Oe 19030 0.19002 2 2 0
Ve 1 Y920 01994} 3 0 2
0620580 0.20586 3 1 0
0el1340 0.22008 3 1 1

P= 0401584 G= 0401422
STANDARD DEVIATION=0,000349
THIS IS A Ht XAGONAL CRYSTAL PUWDER DATTERN

Example G

This example, chosen from Cullity,55 indexes the 2Zn powder
pattern again. There were thirteen reflection lines to be indexed.
The indexed powder diffraction data is recorded in Table 58. The
standard deviation, 0.000798, shows that the experimental data is
not close to the calculated value. The maximum discrepancy is
about *0.00178. Consider the last reflection line, however. It
was assigned to the (212) plane by the original published paper.

A better solution for this reflection line is the (006) plane.
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TABLE 58

Indexed Diffraction Data of Zn

SIN(SQUARE) SIN(SQUARE) H K L

(ORSLRVED) (CALCULATED)
0+ 09700 0.09766 o o 2
0.11200 0.11189 1 0 o
0. 13600 0+13630 1 o 1
0420900 0.20955 1 o 2
0. 33200 0.33162 Tt o 3
0.« 39000 0.39063 0o o a
0.4 3400 0.43333 1 12
0.47200 0.47197 20 1
0e4700 094522 2 o 2
0e L6800 0.66729 2 0 3.
0e 72200 0.72224 1 0o 5
0460600 0.80764 2 1 1
De H7900 0e87891 o o0 6

Pz 0611189 0= 002441
STANDARD DEVIATION=0.,0007938
THIS 1S A HEXAGONAL CRYSTAL PUWDER PATTERN

From the parameters, P=0.11189 and 0=0.02441, Zn has a hexagonal

close-packed structure.

Example H

This éxample, chosen from Schob and Parthe,70

indexes the

Sc5Ga3 powder pattern (with D86

two reflection lines to be indexed. The indexed powder diffract-

structure). There were thirty-

ion data is recorded in Table 59. The standard deviation,
0.000448, shows that the experimental data is reasonably close to

the calculated value. The maximum discrepancy is about *0.00087.
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TABLE 59
Indexed Diffraction Data of ScSGa3
SIN(SQUARE) . SIN(SQUARE) H K L

(OHRSERVED)

-

(38

0.02720
0.08070
0411810
0614770
017460
Oel 3810
022480
022910
0ecsé4l100
0el5450
Oe 34880
0. .43880
0e 38580
Qe 35920
0446860
0e52090
0e 34620
0e237650
039200
De 03780
066340
0.68080
071050
0675000
0. 76050
0e 77960
0«78680
081740
0.83200
Oec34230
0«216800
0e39830
Qe 02680

(CALCULATED)

- — o v— o

GC=

0.02680
008039
Qs11737
0.14792
0.17472
0.18757
022455
0.22831
024116
025510
034834
0.435852
0.38532
0.+38908
046947
052040
054609
057665
0+59170
065703
0.66988
068117
0e71062
075026
076045
0e77926
0.78724
0.81780
0.83285
084194
0.86763
0.89819
0.03698

STANDARD DEVIATION=0,000448
Tl 1y A

E VN W W &N WL WINRWO P WNWN W WN WL NN = O -

tt: XAGONAL CRYSTAL POWDER PATT=2N

N = NOOCNm W e SNOONmND =N mO D ™= D e =0

N = W EN =P = ONWONVNEN=LUNN e ONDTON=ONMN=OO
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Example I

This example, chosen from Wilson and Sams, +

indexes the
ZrzAl powder pattern. There were twenty-four reflection lines to
be indexed. The indexed powder diffraction data is recorded in
Table 60. The standard deviation, 0.000645, shows that the
experimental data is not close to the'calculated value. The

maximum discrepancy is about *0.00154.

Example J

This example, chosen from Wilson, Thomas and Spooner,72
indexes the Zr4A13 powder pattern. There were thirtv reflection
lines to be indexed. The indexed powder diffraction data is
recorded in Table 61. The standard deviation, 0.000133, shows

that the experimental data is fairly good. The maximum discre-

pancy is only about *0.00037.

The Orthorhombic System

The Use of the Main Computer Program ORT

The main computer program ORT for indexing the unknown
powder patterns of orthorhombic crystals and the flow chart are
given in Appendix D.

For the input of the computer program ORT, M stands for
the total number of the powder patterns to be indexed as ortho-

rhombic structure, K stands for the total number of the reflection
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TABLE 60
Indexed Diffraction Data of Zr2A1
SIN{SQUAKRE) S IN{SQUARE) H K L
(OUSIERVED) {CALCULATED)
0e03450 0.03312 1 0 0
005060 005001 1 0 1
0. 09990 0.09935 1 1 0
0.10160 010069 1 o) 2
Cel 5020 014936 2 0 1
0.18580 0.18515 1 0 3
0.20050 0.20004 2 0 2
024930 0.24871 2 1 1
027110 0.27027 0 0 4
0429960 029806 3 0 0
0. 37050 0e36962 i 1 4
De $9780 0.39741 2 2 0
0.44800 0e.84742 3 | 1
NDe 43830 049809 % i 2
0.';()84\) 0.5()833 3 [¢] 4
N.58250 0.58255 3 1 3
Qe 59730 059745 4 0 2
Ceba 150 0.64123 1 0 6
Oe 66740 0.66768 z 2 4
0e 69570 0«69546 4 1 0
Oe 74040 0.74058 2 0 6
Dets 3930 083993 2 1 6
089360 089417 3 3 0
0e26460 0.96574 4 1 4
P= 0403312 C= 0.01689

STANDARD DEVIATICON=0,000645
THIS IS A HEXAGONAL CRYSTAL POWDER PATTERN

lines in each powder pattern, L stands for the total number of
possible parameter triplets (Pj,Qj,Sj), Pl (J) stands for all the
possible parameters of Pj’ P2(J) stands for all the possible

parameters of Qj' P3(J) stands for all the possible parameters
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TABLE 61

Indexed Diffraction Data of Zr4Al3

SIN(SQUARE)
(URS_RVED)

SIN({SQUARL) H
(CALCULATED)

- ——— - ———— -

- > o ——

-0 OO~ O Nm=NONO~meOOOmOO0OD=O =000
N = PN WEN W= PO WNULSOW=N—ENO ~NO =0 ~

002040 0.02042 0
0026890 002680 1
0064720 004721 1
008050 008039 1
008170 008167 0
010090 0.10081 1
010730 0.10719 2
0«10860 0410847 1
O0el2770 0612760 2
0.1887¢0 0.18886 2
020790 020799 2
021040 021056 1
0e?4120 0624117 3
De¢?26150 0426159 3
06”6400 0.26415 1
0626920 026925 e
029090 029095 2
0632160 0.32156 2
Oe 32670 032663 0
0e 34220 0e34198 2
036840 036877 3
Oed7110 037134 2
040340 0640323 2
Oe40710 040708 1
042500 0442493 3
0e43020 0443003 3
0e43390 0e43387 2
0644900 044916 4
Q051050 051045 0
0e23230 0e53212 3
P- 0e020680 C= 0402042

STANDARD DEVIATION=0.000133
THIS Iy A HEXAGUNAL CRYSTAL POWDER PATTHIRN
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of S
The output of the computer program contains the observed

Sin%6 values, calculated Sin%6 values, and the Miller indices of

the reflections.

Example A

This well-known example, chosen from Hesse,25

indexes the
KNO3 powder pattern. The first forty reflection lines were indexed.
Observed Sin?6® values are listed in Table 62. The indexing pro-
cedures may be descrihed as follows. (1) The set of Sin?6 values
is the input to the computer program DA. The output, listed in
Table 63, is a partial listing of difference table. (2) One may
easily select the lower recurrent values and form several groups.
They are 0.0063 (0.0062, 0.0063, 0.0064, 0.0064), 0.0158 (0.0156,
0.0157, 0.0157, 0.0163), 0.0321 (0.0320, 0.0321, 0.0322, 0.0323),
0.0447 (0.0444, 0.0445, 0.0449, 0.0449, 0.0450), 0.0463 (0.0461,
0.0462, 0.0463, 0.0464), 0.0485 (0.0484, 0.0485, 0.n486, 0.0486),
0.0505 (0.0503, 0.0504, 0.0506, 0.0509), 0.0626 (0.0622, 0.n626,.
0.0627, 0.0629), 0.0642 (0.0639, 0.0643, 0.0644, 0.0644), 0.0709
(0.0706, 0.0707, 0.0710, 0.0711), 0.0783 (0.0780, 0.0782, 0.0783}
0.0784, 0.0785, 0.0786), 0.0835 (0.0833, 0.0834, 0.0835, 0.0837),
0.0912 (0.0910, 0.0911, 0.0912, 0.0912, 0.0914), 0.0952 (0.0951,
0.0951, 0.0952; 0.0954), 0.0960 (0.0958, 0.0958, 0.0960, 0.0961),

0.1018 (0.1016, 0.1017, 0.1019, 0.1019), 0.1250 (0.1248, 0.1249,



133
TABLE 62

Sin%6 values Calculated
from the Powder Pattern of KNO3

DIFFRACTICN SIN(SQUARE ) DIFFRACT ION SIN{SNUARE)

LINE ' (CPSVe) L INE (08SVe)
| 0.09230 21 0434620
2 0+094 30 22 0e34810
3 0e12710 23 0.35130
4 0e13920 24 0¢36890
5 0414270 25 0437660
& 0.17200 26 0.41770
7 0178390 27 0.42230
8 0418530 28 0642870
9 018770 29 0.45000
L0 0.18980 30 0646000
1t 022640 31 046630
12 023390 32 049630
13 0e”4110 33 0+52390
14 026960 34 054270
1S 0.26780 35 0e™55910
16 0e273510 36 0e96240
17 0e28180 37 0.96930
15 0e30600 38 0¢57480
19 031220 39 061510
20 0e 32630 40 066990

0.1250, 0.1251), 0.1339 (0.1337, 0.1337, 0.1339, 0.1340, 0.1341),
etc. However, as we re-examine those groups, some of them may be
eliminated if there exists no such group or observed Sinée value
which is three or four times bigger than the value of that group.
Therefore, the qualified groups are 0.0158, 0.0321, 0.0447, 0.0463,

0.0709, and 0.0783. (3) We should also consider the observed Sin?e
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TABLE 63

Difference Table of the Powder Diffraction Data of KNO

DIFFERENCE ANALYSIS OF THE POWDER DIFFRACTIUN DATA

0e00190 000200 0600210 0,00240 000320 0,00350 0.00450 0.00460
Ue00510 0600530 0005950 000620 000630 0.,00640 0.00640 000690
0600690 0400720 0600730 0400750 000770 0.,00850 000870 0.00880
001000 0601090 001100 0.01210 001240 0.01240 0601330 0,01400
0e01410 001420 0601470 001560 001570 001570 0601630 0.01760
0601780 0001820 0601880 0401970 001970 001990 0402030 0402080
002130 002180 0602270 002320 0602350 0,02420 0402500 0602530
0602660 0602670 0602760 0402770 0.02850 0.02930 0.0300C 0403040
0e03040 0603120 06403130 003200 003210 003220 0003230 0003240
0603280 0003290 06403390 0403400 0603480 0.03590 0403620 0.03630
Ve03660 0603760 0603770 003820 003850 0.03870 0603910 0603910
Ue03720 0403970 0604020 0404030 0.04070 0404110 004110 O0.04140
0e08210 06046230 0604260 0604260 0608400 0.04410 0604440 0004450
0e08490 004490 0404500 004530 0604540 0.04570 004580 0404610
Ve046H20 0608630 0604640 0604670 0604690 0004710 0404750 0604790
0e04H40 04048850 004860 004860 0.04880 0.05030 0.05040 0.05060
0e 05030 005130 003180 0605210 0605270 0.05320 0C.05340 06405340
0e05440 0405480 0605500 005540 0.05580 005640 0.05670 0.05760
0405820 0405850 0405880 005980 0405980 006000 0606060 0,06190
Ve06190 0406220 0.06260 006270 0.06290 0.06390 0.0€430 0.06440
0606440 0606490 0406610 006630 006640 0.06760 006310 Q06950
Dea 06960 0607060 0607070 0407100 007110 0.,07150 0Q.07210Q0 0,07240
Ce07300 O0e07310 0607340 06407390 0407400 0.07420 0607500 0Q.07610
Ce 07040 0e07670 0607740 007760 0607770 0.07800 0.07820 0.07830
0e07840 0407850 0607860 0607960 0407970 008010 008030 0.08060
0608110 (0408250 0408250 008270 0408330 0.,08340 0.08350 0.08370
NeN3460 0Ve08220 008540 008580 0.08660 0,08710 0.,08720 008780
Go08380 (0608890 0608970 0609100 0609110 0,09120 0606120 0609140
Ve 0200 0603240 0609270 0609300 0609340 0609410 0609420 0609470
0e03480 009510 (009510 0609520 0609540 0.09550 0609580 009580
0609600 0209610 0409650 009660 06097430 0+.09750 0609840 0.09850
Ve 09570 0Ce0IF30 0609990 0610060 0610110 0610110 0610160 0610170
Uel0190 0610190 0610240 0410240 0610290 0,10300 0610350 0.10380
0e10910 0610510 0610550 010620 0410680 0,10690 010700 0610750
06103850 010870 010880 010930 0610980 0011010 0411020 0611040
Velll70 0011190 0611230 0411240 0411380 0.11400 0611400 0.11420
Oeall480 0411480 0611500 0611620 0611630 0.11650 0411740 0.11820
Uells30 0211880 0611930 0611930 0611970 0.11980 0,12010 0612040
112070 Cal2170 0612240 012250 0612270 0412370 012450 0.12480
0el2490 012500 012510 012640 0412690 0,12700 0412710 0612720
Del2740 0412780 012860 06413080 0413210 0,135280 0613330 0.13370
7el13370 013390 0613400 013410 0613500 0613550 013590 0.13650
0413740 0613780 0613860 0413910 0613960 0.14000 014010 0.14020
Cela050 0el4060 V14070 014100 014160 0,14250 014260 0.14270



TABLE 63 (CONTINUED)
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0414400 Q0414460 Qeld4d4/0 0414500 06414600 0,14600 014610 0.14680
Ve l46,90 0el4700 0414730 06147640 0414780 0,14820 0.14880 0.14880
0el4920 0614990 015010 0415020 0415160 0.15250 0.15400 0.15410
O0elD8 30 0e1H5850 015470 019H500 DelHH1I0 0,1H930 0615560 0.1%640
UelD/10 015730 0415830 0415850 016030 0,16040 0.16090 0.16090
016150 016280 06163350 0616360 0616510 016600 0616610 0.16680
Ue 16730 0el6r810 0416820 0616920 0416950 0.17000 017240 0.17260
Vel7.770 017300 0el?7356 0617360 06017380 0,17420 0617550

values if there exists two reflection lines whose Sin?6 values

have a ratio of four.

and 24th reflections have a ratio of four;

=1 :

4.

For example, the Sin?0 values of the first

i.e., 0.0923 : 0.3689

This implies that 0.0231 (=%x%0.0923; we did not choose

0.0923 as one of the possible parameters because it is too big)

is one of the possible parameters.

Another is 0.0236 (=%%X0.0943).

(4) Let the first five observed Sin?6 values (0.0923, 0.0943,

0.1272, 0.1392, and 0.1427) and the possible parameters (0.0158,
0.0231, 0.0236, 0.0321, 0.0447, 0.0463, 0.0709, and 0.0783 (in
ascending order))'be the inputs to the computer program AOR; the
output is recorded in Table 64. The possible combinations of
parameter triplets (P,0,S) are (0.0158, 0.0231, 0.03175), (0.0158,
0.0236, 0.03175), (0.0158, 0.0321, 0.0454), (0.0158, 0.0447,
0.0786), (0.0231, 0.0236, 0.0710), (0.0231, 0.0447, 0.0713),
(0.0236, 0.0321, 0.0711), and (0.0236, 0.0447, 0.0708). (5) With-

out using the computer program AOR, the total possibilities of
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TABLE 64

Output Data of the Auxiliary Computer

Program (AOR) for the Powder Pattern of KNO3

IF P= 001580 C= 0.02310
DUSSIBLE S ARE
0602357 0403173 003177 007120 0407850

IF P= 0.01580 C= 002360
POSSIDBLE S ARE
Ve03173 0e03177 0003250 0084480 007070 0007850

IF P= 0401580 C= 0.03210
PUSSIBLE S ARE
Ce04440 0.04640 0.07850

IF P= 0.01580 C= 004470
POSSIBLE & ARE
NDe 0780 0.07870

I[F P= 0402310 Q= 0402360
PUSSIBLE S ARE
0e03177 0404480 0407070 0407120

IF P= 0602310 Q= 0404470
O0SSIBLE S ARE

Ge 07120 007140

I[F P= 002360 Q= 0.03210

DOSSIBLE S AR
0604480 0.07070 0.07140

IF P= 0402360 G= 0404470
POSSIBLE S ARE
Ce07070 0607090

trial-and-error for indexing the powder pattern may be calculated

8

as C3 = 56 times. (Cg is a combination of eight choosing three

at a time.) -That is, fifty-six attempts are necessary to index
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this powder pattern. However, after applvina the computer program
AOR, we need only to try eight combinations. This will reduce
computer running time if there are many possible parameters pre-
sented. (6) The inputs of the computer program ORT are a set of
observed Sin?6 values and a set of possible parameter triplets.
The output is recorded in Table 65. (7) The standard deviation,
0.000249, shows that the maximum discrevancy between the exneri-
mental data and the calculated value is only about +0.00058.

Example B

This example, chosen from Mirkin,73 indexes the NiAl3

powder pattern. The first twenty lower angle reflection lines

werce indexed. Observed Sin?6 values arc listed in Table 66. The
indexing procedures may he described as follows. (1) The set of
Sin?0 values is the input to the computer proaram DA. The output,

listed in Table 67, is a difference table. (2) One may easily
select the lower recurrent values and form several groups. They
are 0.0063 (0.0061, 0.0063, 0.0064), 0.0095 (0.0093, 0.0095,
0.0097), 0.0181 (0.0176, 0.0179, 0.0182, 0.0186), 0.0155 (0.0151,
0.0156, 0.0157), 0.0203 (0.0200, 0.0203, 0.0204, 0.0205), 0.0286
(0.0283, 0.0286, 0.0286, 0.0289), 0.0305 (0.0303, 0.0304, 0.0308),
0.0347 (0.0347, 0.0347, 0.0348), 0.0388 (0.0386, 0.0386, 0.0391,
0.0391), 0.0442 (0.0440, 0.0442, 0.0443), 0.0485 (0.0483, 0.0484,

0.0486, 0.0489), etc. But the qualified groups are 0.0095,
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TABLE 65
Indexed Diffraction Data of KNO3
SIN(SQAUARF) SIN(SQUARE) H
(0B8S—=-RVED) {CALCULATED)
0409230 009208 1 1 i
0e 09430 009421 0 t 2
O0el2710 012706 0 2 4]
Oel3920 0e13891 1 1 2
Oelé4270 0ela267 0 2 1
0617200 0el17176 1 2 (o)
017890 Os17882 2 0 0
De 18530 0.18521 | 0 3
O0elB770 0el18737 1 2 1
018980 018950 0 2 2
0e22640 022620 2 1 1
De23390 0623421 i 2 2
Oe246110 0s24127 4 0 2
04249360 0624978 0 0 4
0e26780 026756 0] 2 3
0627310 027303 2 1 2
028180 0e28154 0 1 4
Oe 30600 0.30588 2 2 0
Oe3d1220 De31226 1 2 3
0632630 0« 32625 1 1 4
0e.34620 0e34619 1 3 1
Oe 34810 034832 0 3 2
035130 035109 2 1 3
Oe $6890 0436832 2 2 2
Qe 7660 0e37683 0 2 4
0641770 041797 3 0 1
0e42230 0442204 0 1 S
042870 042860 2 (4] 4
0e45000 0e44973 3 1 i
0646000 0446037 2 1 4
046630 046675 1 1 S
0e49630 049656 3 1 2
Oe»2390 092383 0 4 1
0e 24270 054286 3 0 3
Ue 15510 055566 2 2 4
Oe6240 0e562006 ! 2 S
0e$56930 0656910 2 Q )
Oe >7480 0657462 3 1 3
0e1510 06619537 1 4 2
Oe H5990 066991 3 2 3
Pz 0e04471 Q= 003176 S= 0.01561

STANDARD DeVIATION=0,000249
THIS 1S AN URTHORHOMBIC CRYSTAL POWDER PATTERN
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TABLE 66

Sin%6 Values Calculated
from the Powder Pattern of NiAl

3
DIFFRACTION SIN{SGUARE) DIFFRACTICN SIN(SQUARE)

LUNE tUnSVa) L INE (0BSV.)
1 0.04960 : 11 0el16720

2 0.05300 12 0«.171AR0

3 005930 13 0.18580

4 006780 14 0.19800

o 0.08820 15 ’ 0419990

6 0.10820 16 0.20630

7 0.12300 17 021560

3 0.13250 18 022660

9 0.13860 19 0.23660
10 0.15650 20 025870

0.0181, 0.0305, 0.0347, and 0.0388. (3) As we consider the obser-
ved Sin%?@ values, 0.0124 (=%x0.0496) and 0.0148 (=%x0.0593) are
found. (4) Let the first five observed Sin?@ values (0.0496,
0.0530, 0.0593, 0.0678, and 0.0882) and the possible parameters
(0.0095, 0.0124, 0.0148, 0.0181, 0.0305, 0.0347, and 0.0388) bhe
the inputs to the computer program AOR; the output is then recorded
in Table 68. The possible combinations of parameter triplets are
(0.0095, 0.0124, 0.0148), (0.0095, 0.0148, 0.0349), (0.0124,
0.0148, 0.0183), and (0.0148, 0.0181, 0.0349). (5) Without using
the computer program AOR, the total possibilities of trial—and-.
error for indexing this powder pattern may be calculated as C; =

35 times. However, we need only to try four times to index this



140

TABLE 67
Difference Table of the Powder Diffraction Data of NiAl3
DIFFERENCE ANALYSIS OF THE POWDER DIFFRACTION DATA
0e 00190 0.00340 0.00440 0400610 0400630 0.00640 0.00830 0.008S50
000730 (+00950 0.00970 001000 0601070 001100 0401220 0001410
Ue01420 0601480 0401480 0401510 001560 0401570 0.01760 0.01790
00018320 0401860 0602000 0402030 0402040 002050 0.02100 0.02210
0602400 0602430 0602640 0.02670 0402830 0.02860 0.02860 0.02890
0602930 0402980 0403030 0403040 0403080 003210 0.03270 0.03300
0e03350 0403470 0603470 0.,03480 0.03520 0003670 0.03860 0.03860
Ue03910 0603910 0408040 0404080 0608150 0004310 0.04340 0.04400
De04420 (0e04430 0004720 0.04830 0408840 0.04860 0.04890 0.04980
Ve 09040 0005080 0605280 0405330 0605500 0605520 005520 0005860
Ue)HBHO  0e09900 0a05910 005940 0605940 006070 0.06130 0406280
0e 06340 0a06370 0606470 0606500 0606550 0406740 0.06770 0.06830
UeN6 340 0607000 0607010 0407080 0607290 0007320 0o07340 0.073KO
0eU7500 0607690 0e07700 0407760 0007900 007930 0407950 0.08010
0e 08,90 0408310 0408330 06083460 0608560 0.08710 0.08800 0.08870
Ue0BI00 0.08980 0409150 009170 0409260 0609410 0.09720 0.09760
0e0D9H00 0009810 0409940 0.10220 0010350 0.10360 010380 010410
0el06Y0 010740 0410790 0410980 0e11170 0011230 0611360 0611420
Vell760 0611800 0411810 0611840 0611860 0412010 0012200 0012620
0612050 0612740 0412540 0413020 0613210 013280 0413570 0413620
Ne13840 0613850 0613870 0414060 0614500 0614690 0.14700 0.14780
Uel4340 0414840 0415030
powder pattern now. (6) The inputs of the computer program ORT

are a set of observed Sin?0 values and a set of possible parameter

triplets.

The indexed diffraction data is recorded in Tahle 69.

(7) The standard deviation, 0.000184, shows that the maximum dis-

crepancy between the experimental data and the calculated one is

about +*0.00042.
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TABLE 68

Output Data of the Auxiliary Computer
Program (AOR) for the Powder Pattern of NiAl3

I[F P= 0600950 G= 0.01240
RPOSSIBLE S ARc
Ge01457 0401482 001500 0401820 0403860

IF P= 0600950 C= 0.01480
PUSSLIBLE S ARE
0e 01835 003480 0403500

¥ P= 0401240 Q= 0.01480
POSSIBLE S ARk
06015620 001835 0403480 0.03860

ILF Pz 0ea01240 ;= 001810
POSSIUVLE S ARE
003490 003860

IF P= 0,01480 2= 001810
POSSIBLE S ARE
Ue03480 0403490 0603490

Examgle C

This example, chosen from D'Eye and Wait,56

indexes the
ThSe2 powder pattern. The first twenty-three low angle reflection
lines were indexed. Observed Sin2@ values are listed in Table 70.
The indexing procedures may be described as follows. (1) The set
of ohserved Sin?6 values is the input of the computer program DA.
The output, listed in Table 71, is a difference table. (2) One

may easily select the lower recurrent values and form several
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TABLE 69

Indexed Diffraction Data of NiAl3

HSIN(SQUARE) SIN(SQUARE) H K L
(0BSr RVED) (CALCULATED)
004960 0404940 1 0 1
005300 005297 1 1 0
005930 0.05912 0 0 2
06006780 006775 1 1 1
0403820 0.08818 0 2 1
010820 010801 1 2 0
0.12300 0e12279 1 2 1
Oe1 3250 013252 0 2 2
0.13860 0.13846 2 0 0
Ve 13650 0.15681 2 1 0
0el16720 0.16714 | 2 2
Cel17160 0.17159 2 1 1
0.18580 0.18599 1 1 3
019800 019758 2 o 2
Ve 19990 0419976 1 3 0
020630 0.20642 0 2 3
021560 021593 2 1 2
Ve22660 022664 2 2 1
0e23060 0e.23048 0 0 4
0e25870 0.25888 1 3 2
P= 0603462 Q= 0.01835 S= 0401473

STANDARD DEVIATION=0.000184
THIS IS AN URTHORHOMBIC CRYSTAL PUWODER RATTERN

groups. They are 0.0071 (0.0069, 0.0069, 0.0070, 0.0073, 0.0073),
0.0210 (0.0206, 0.0208, 0.0209, 0.0214, 0.0215), 0.0266 (0.0261,
0.0262, 0.0263, 0.0265, 0.0266, 0.0269, 0.0270, 0.0272), 0.0305
(0.0301, 0.0302, 0.0304, 0.0306, 0.0307, 0.0308, 0.0309), 0.0337
(0.0336, 0.0336, 0.0337, 0.0338, 0.0339), 0.n0372 (0.0369, Nn.0370,

0.0372, 0.0377), 0.0514 (0.0511, 0.0512, 0.0514, 0.0515, 0.0516),
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TABLE 70

Sin?@ Values Calculated
from the Powder Pattern of ThSe2

DIFFRACTIUN SIN(SGQUARE) CIFFRACTION SIN(SOUARE)

LINE (0BSV.) L INE {OBSVe)
1 0.03770 13 0.12090
2 0.03920 14 0.12170
3 0.04100 15 0.13010
4 0.04790 16 De13650
3 0.06340 17 0.15670
& 0.07140 18 0.16120
7 007490 19 0.16370
3 0.07870 20 0.18770
9 009550 21 019500

to 0.09950 22" 0.20190
11 0.10560 23 0.22130
12 0.11560

0.0576 (0.0572, 0.0576, 0.0576, 0.0577, 0.0578, N.0578), etc.
However, the qualified groups are 0.0071, 0.0210, 0.0266, 0.0305,
and 0.0337. (4) As we consider the observed Sin?6 values, 0.0098
(=%x0.0392) and 0.0102 (=%x0.0410) are found. (5) Let the first
four observed Sin?® values (0.0377, 0.0392, 0.0410, and 0.0459)
and the possible parameters (0.0071, 0.0098, 0.0102, 0.0210,
0.0266, 0.0305, and 0.0377) be the inputs to the computer program
AOR; the output is recorded in Table 72. The possible combination
of parameter triplets are (0.0071, 0.0098, 0.0102), (0.0071,

0.0098, 0.0379), (0.0071, 0.0102, 0.0377), (0.0071, 0.0102, 0.0307),

(0.0098, 0.0102, 0.0378), (0.0098, 0.0210, 0.0379), (0.0098, 0.0266,
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TABLE 71

Difference Table of the Powder Diffraction Data of ThSe2

LDIFFERENCE ANALYSIS OF THE PQWDER

DIFFRACTLION DATA

Ue 00080 0400150 000180 0400200 0600250 000330 0400350 0.00380
0e 00400 0400450 0400530 0600550 0600610 0.00610 0.00640 0.00690
0006930 000700 0400730 0400730 000840 0600870 0400920 0.00930
001000 0601010 0601020 0401420 0401450 001480 0.01530 0,01560
0e01610 001610 0401680 0601940 0002010 0602020 0.02060 0.02080
0602090 002140 0002150 0402220 0602350 0.02400 002410 0.02450
0e02460 0402470 0402540 002610 0602620 0602630 002650 0402660
0602630 002700 0402720 0602810 002840 0403010 0403020 0.03040
003060 0603070 0403080 0403090 0603100 0403110 0603130 0.03170
003220 003360 0403360 0403370 003380 0603390 0403420 0.03460
Ve 03500 0603570 0403580 0403620 0603690 0.03700 0.03720 0.03770
Ve 03820 0603830 003950 0603950 0604030 0604070 0604070 0.04100
0e04100 0604110 0404200 0604220 004280 0.04300 0.0442C 0.08520
00045060 0408600 008620 004680 0604760 0.04810 0404950 0005030
0s05110 06035120 0405140 0405150 0405160 0405230 0605450 0605520
0e 05560 005630 0405720 0605760 0605760 0405770 0.05780 0.05780
(605310 005850 0405850 0605870 0606010 006030 0406070 0.06120
VDe06160 0s06170 0406180 0406420 006460 0406860 0406490 0406510
Ue 060240 006370 0406600 0606640 0406680 006710 0.06770 0.06790
Ue 0020 0607180 0607210 0607300 0607330 007380 007410 007460
VaO71h40 Qe0O7790 0607800 0607940 0.07990 0.08020 0.08070 0408100
Ve0B170 008180 008210 0608220 008250 0608250 0.08320 0608400
Ve 08480 0403500 008530 0608630 008630 008730 0.08820 0.08860
G+ 08380 060HI10 0e0BY40 0408980 0609090 0409120 0.09180 0.09220
0609230 0,09240
0.0379), (0.0098, 0.0305, 0.0379), (0.0102, 0.0210, 0.0377),

(0.0102, 0.0266, 0.0377), and (0.0102, 0.0305, 0.0377). (6)

The

inputs to the computer program ORT are a set of observed Sin?9

values and a set of possible parameter triplets.

powder diffraction data is then recorded in Table 73.

The indexed

(7).The
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TABLE 72

Output Data of the Auxiliary Computer

Program (AOR) for the Powder Pattern of ThSe,

1+ P= Ve 00710
PUSSIBLE S ARE
0e 00230 0.01020

i P= 000710
POSSIBLE S ARE
0e03060 0603060

IF P= 000710
POSSIBLE S ARE
04026390 0.03060

IF P= 0600710
PUSSIBLE S ARE
0403060 0.03770

IF P= 0400980
PAOSSIBLE S ARE
002100 0.03080

IF P= 0.00980
QOSSIRLE S ARE
0402690 0603770

IF Pz 0400980
POSSIBLE S ARE
0e¢03770 0.03310

IF P= 0.00980
QSOSSIBLE S ARE
003770 0.03810

[F 2= 0.01020
POSSIBLE S ARE
0602690 0.03080

IF Pz 0e01020
Q2USSIBLE S ARE
003080 0.03770

IF P= 0,01020
PUSSIBLE S ARE
Ue03770 0,03770

G= 0.00980
001025 0.02080

G= 0.01020

003080 0.03770
G= 0.02100
0e03770

G= 0.02660

C= 0.01020
003770 0403770
0= 0402100
0.03810

0= 0.02660

Q= 0.03050

C= 0.02100
003770 0403770
C= 0402660
003770

Q= 003050

Ue03060

003770

0.03810

003770

0.03810
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TABLE 73
Indexed Diffraction Data of ThSe2
SIN(SQUARE) SIN(SQUARE) H K L

(0OUS RVEDL ) (CALCULATED)
0403770 003770 1 o 1
0603920 003914 0 1 2
Qe 04100 Oe04102 0 2 0
0eU4790 004795 1 1 |
D0e«06940 0.06961 1 1 2
007140 007150 1 2 0
0e 07490 007524 0 1 3
007870 0.07872 1 2 1
009550 009546 1 0 3
009950 0.09952 V] 3 1
0e10360 010572 1 1 3
0el 1560 0.11553 0 o 4
012090 O0.12118 4] 3 2
0612170 0e12191 2 0 0
0e.13010 0413000 1 3 1
O«1 3650 0e13648 1 2 3
0e15670 015655 0 2 4
Oel6120 016104 2 1 2
O0el16370 016409 c 4 0
OalH770 Del18776 1 3 3
Oel 9500 0.19456 1 4 0
0e20190 0.20178 1 4 1
022130 0.22124 1 1 5

P= 0603044 Q= 0.01026
STANDARD DEVIATION=0.000179
THIS 5 AN URTHORHOMBIC CRYSTAL POWDER DATTERN

S= 000722

standard deviation, 0.000179, shows that the maximum discrepancy
between the experimental data and the calculated one is about

+0.00044.
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Example D

This example, chosen from Mooney,74 indexes the ALlPO
(low-cristobalite type) powder, vattern. The first fifty-two
reflection lines were indexed. The indexing procedures are
similar to the previous examples. The indexed powder diffraction
data is recorded in Table 74. Three parameters, P=0.01177, O=
0.0118, and S=0.01207 are very close to each other. Therefore,
careful examination of the difference table is needed when
choosing the possible parameters. The Miller indices are in
agreement with the original paper except for the 20th reflection
line, 0.2125. The Miller index (330) was assigned to this
reflection line. A better solution, (141), is suggested. The
standard deviation, 0.000262, shows that the maximum discrepancy
between the experimental data and the calculated value is about
+0.00076.

Examgle E

This example, chosen from Mooney,74 indexes the GaPQ4
(low-cristobalite type) powder pattern. The first forty reflection
lines were indexed. The indexed powder diffraction data is
recorded in Table 75. The parameters P=0.01254, 0=0.01225, and
S=0.01203 are found to be very close to one another. Three

reflection lines, 18th, 38th, and 40th, have Miller indices

assigned differently than in the original published paper. Better
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TABLE 74

Indexed Diffraction Data of A1P04

SIN{SQUARE)
{OBSERVED)

- - ——

002360
0.03570
0e 04720
0.04850
0605920
007210
0609420
009530
010650
011700
0e13010
Oe1 3270
0. 14250
De 15620
0e 16650
Oe 18850
0619330
0620020
020300
De21250
0621680
Ve22460
022640
Dec 3650
0624010
0e24800
026060
0e28430
028770
0629780
0030660
0e 31160
0e 31900
Ve 32520
Oe 34470
Oe 34850
Ve D500
Ve 37720
Ve 38190
Ve 18970
Oe 19600
0.40120
040550
Ve 1280

SIN(SQUARE)
(CALCULATED)

0.02358
003565
004722
D.04828
0.05916
007186
0409431
0609537
0.10638
0011776
O0e13008
Del13220
014259
Del15572
0616629
O0.18887
019312
020064
020293
0e21271
021669
022426
0.22638
0e23664
024021
024803
026047
0.28424
0e28742
029749
030667
0631113
0631895
0e32532
0¢34458
034883
0635516
0e37723
0e33198
038981
0e39605
0640106
0.40531
0ed1262
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TABLE 74 (CONTINUED)

Oea 1520 041550 1 o) 3
0e41940 0441950 3 1 S
NDe#4 24490 0642495 0 6 0
0e42540 0642551 4 4 2
042870 042869 4 2 4
D0e43410 0443451 0 0 6
O0e4 3770 043702 0 6 1
0644390 0644883 5 3 2
O= Qe.0Ll177 = 0.01180 S= 0601207

STANDARD DEVIATICON=0.000262
THIS 1S AN ORTHORHOMHIC CRYSTAL PUWDER PATIERN

solutions, (232), (252), and (343), are suggested respectively.
The standard deviation, 0.000433, shows that the maximum discre-

pancy between the experimental data and the calculated value is

about *0.00091.

Example F

This example, chosen from Parthe, Hohnke and Hulliger,75

indexes the has3 powder pattern. There were forty-four reflection
lines to be indexed. The indexed powder diffraction data is
recorded in Table 76. All the indexing assignments are agreeable
except the 15th reflection line whose Miller index, (411), was
assigned. However, a better solution, (310), is suggested. The
standard deviation, 0.000431, shows that the maximum discrepancy.

between the experimental data and the calculated value is about

+0.0009.
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Table 75
Indexed Diffraction Data of GaPO4
SIN(SQUARE) SIN(SQUARE) H K L

(0OBSERVED)

P=

0e 02450
0.03690
004870
005020
0.06150
0607460
009790
009900
Nel11030
0e12240
013470
Oel13710
014810
0e16210
017280
0e17520
020090
020840
0621080
0e22010
022450
0623270
023500
0.24580
024990
025710
0027020
029440
029860
0.30900
0.31840
032310
Ced31tO
0,.33320
Ne $5680
De 36840
Oe 39550
040470
0e4097Q

0¢41650

0.01254

Q=

0.02457
0403680
0.04893
0.05017
0.06147
007443
009829
009910
0.11052
0el2263
013466
0.13714
O0el14722
0.16181
Oel17229
019572
0.20068
0.20838
020993
0622029
0622494
0.23338
0423500
024589
024961
0.25792
027008
029401
0.29773
030895
031835
032280
0e33124
033782
035672
0.36801
0639639
040410
0641061
0e41687

0.01223

STANDARD DEVIATION=0.000433
THES 15 AN UORTHORHCOMBIC CRYSTAL POWDER 2ATYeRrN

(CALCUL ATED)

- - - ———— = —

S= 0.01203

]
WU RNSENWAWEL =22V WNENWWEL=UNPLPONWNWE=NNVNN=VO =~ :

t
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TABLE 76

Indexed Diffraction Data of R11283

SIN(SQUAKE)
(OBS "RVED)

——— - o - —

o=

0607320
0.08970
Oel13910
0el14460
014660
Nel1 3150
0e¢13400
020070
0623590
024960
028600
0e29290
0030460
0e 35910
Qe 36490
O 36850
Ve 42270
Oe4u 3280
0e43820
0ed45070
Ne1450
02860
0655760
OeD7940
053560
064300
0eH3980
070350
071620
0e72250
O0e72440
073080
O0e/76330
Oe75210
0e 73790
080660
0636790
Qe 37850
Qe 88950
0692480
0e3560
0e24430
Q6279490
Qe 29580
NeV 3662

Q=

SIN{SQUARE)
(CALCULATED)

———— . - — s - —

007320
008973
0413922
0e14463
Deldbaa
0.18130
0019414
De20132
0e23612
024904
0.28571
029279
030401
035891
0636441
0636817
0642307
0643201
0s43761
0445041
De51456
0452891
0455688
057850
058597
0664266
065917
0670337
0671605
0672167
D«72519
073020
0s74319
0675253
0679799
080735
086807
0.87876
0.88988
0692505
0693564
0694448
097995
0699616

0403481

STANDARD DEVIATIGN=0,000431

TmlsS IS

S=

0.,014830

- -
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Example G

This example, chosen from Mumme and Wadsley,76 indexes
the NaTizAlso12 powder pattern. The first fifteen reflection
lines were indexed. The indexed powder diffraction data is
recorded in Table 77. The first six reflection lines have Sin?g
values generated by two of the parameters, O and S. Thus, it is
very difficult and overly time-consuming to index this pattern
by the computer method suggested by Werner.29 Besides, the value
of P (=0.06959) is much larger than the other two values (0=
0.00723 and 8=0.00246). Four reflection lines, 6th, 7th, 12th,
and 15th, are assigned differently than in the original paper.
However, better solutions of Miller indices assignments, (031),
(112), (007), and (053), are suggested respectively. The stand-
ard deviation, 0.000218, shows that the maximum discrepancy
between the experimental data and the calculated value is about

£0.00069.

Example H

77

This example, chosen from Mumme and Reid, indexes the

Na Fe Ti O powder pattern. The first twenty-eight
0.90 0.90 1.10 4

reflection lines were indexed. The indexed powder diffraction

data is recorded in Table 78. The Sin?6 values of the first

seven reflection lines are generated by two of the parameters, Q

and S. Thus, it is very difficult and overly time-consuming to
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TABLE 77
Indexed Diffraction Data of NaTizAlso12
SIN(SQUARE) SIN(SQUARE) H K L
(OUS.RVED) (CALCULATED)
000964 0.00969 0 1 1
0e 00384 0.00985 0 0 2
0017073 0.01708 0 1 2
0.02938 0.02938 0 1 3
0e03937 003938 0 s} 4
Ve 06823 0.06754 0 3 1
0e 08694 0.08666 1 1 2
0098472 0.09851 1 2 0
0e 03898 0.09897 1 1 3
0e10832 0.10836 1 2 2
0e10905 0410897 1 0 4
0e12068 012061 0 0 7
0e 149352 014953 0 2 7
0e17375 0.17405 1 3 4
0.20281 0.20294 ) S 3
Pz 0,06959 = 0.00723 S= 0.00246

STANDARD DEVIATION=0.000218
THIS (S AN ORTHORHOMEBIC CRYSTAL POWDER PATTERN

index this pattern by the computer method suggested by Werner.29
Also, the value of P (=0.06718) is much larger than that of the
other two values (Q=0.00694 and S=0.00461). Three reflection
lines, 17th, 19th, and 26th, are assigned differentlv than in the
original paper. Better solutions of Miller indices assignments,
(114), (051), and (062), are suggested respectively. The standard
deviation, 0.000099, shows that the maximum discrepancy between

the experimental data and the calculated wvalue is about +0.00032.
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TABLE 78
Indexed Diffraction Data of NaO.QOFe0.90Tll.1OO4
SIN(SQUARE) SIN(SQUARE) H K L
(OBSERVED) (CALCULATED)
0.01153 0.01154 0 1 1
De01844 0.01844 0 0 2
0.02536 0.02537 0 1 2
004618 D.04618 0 2 2
Ve 04848 0.04842 0 1 3
006697 006703 0 3 1
0607374 007375 o] 0o .4
0e 07863 0.07873 1 1 1
008081 0.08085 0 3 2
0.09249 0.09256 1 1 2
009524 009492 1 2 0
009948 0609953 1 2 1
0e10391 0410390 o 3 3
Del1330 0e11336 1 2 2
Nel 3623 0.13617 0 3 4
0el423% 014298 0 2 =}
Nel 4787 0.14787 ! i 4
Nel7098 0.17108 ! 3 3
0.17781 0.17799 0 5 1
De13460 0.18471 0 4 4
Vel19382 0.19368 0 2 6
021008 021016 | 2 5
Del4009 0.24006 1 1 6
024706 0.24713 0 5 4
0625912 0.25900 A 5 2
De26828 0.26810 0 6 2
0e28853 0.28861 0 S 5
Pz 006718 Q= 0.00694 S= 0.00461

STANDARD DEVIATICN=0,000099
[S IS AN ORTHORHOMBIC CRYSTAL POWDER PATTER-

TH
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Examgle I

78 indexecs the

This example, chosen from Zachariasen,
(a~-Np) Neptunium metal powder pattern. The first forty-three
reflection lines were indexed. The indexed powder diffraction
data is recorded in Table 79. The Miller indices of five
reflection lines, 8th, 13th, 18th, 23rd, and 27th, are assigned
differently than in the original paper. However, better solutions
of Miller indices assignments, (211), (300), (032), (214), and
(140) , are suggested respectively. The standard deviation,

0.000698, shows that the experimental data and the calculated

value are not close. The maximum discrepancy is about #0.00153.

The Monoclinic System

The Use of the Main Computer Program MON

The main computer program MON for indexing the unknown
powder patterns of monoclinic crystals and the flow chart are
given in Appendix E.

For the input of the computer program MON, M stands for
the total number of the powder patterns to be indexed as mono-
clinic structure, K stands for the total number of the reflection
lines in each powder pattern, L stands for the total number of
possible parameter pairs (Pj,Qj,Sj,Vj), P1(J) stands for all the

possible parameters of Pj' P2(J) stands for all the possible
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TABLE 79

Indexed Diffraction Data of (o-Np) Neptunium

SIN(SQUARE) SIN({SQUARE) a} K

(OBRSERVED) (CALCULATED)
0606540 0406507 1 1
0407920 007840 0 1
010040 0409990 0 2
010580 010514 1 1
010770 010696 2 0
011390 Oell1326 0 2
0414060 014000 1 2
014530 014529 2 1
0e15260 015333 0 2
0e¢ 18590 018536 2 1
0.20770 020686 2 2
0.22080 022022 2 2
024200 024065 3 0
024820 0424685 1 2
0625230 0.25152 1 3
026110 0.26028 2 2
026530 0.26488 1 3
027890 027821 o 3
030310 030495 1 3
0e 31950 0631905 3 1
032690 032706 2 2
0« 34020 0634034 1 2
0e¢ 34570 0e34563 2 1
035320 0635391 3 2
041180 0«41298 0 4
042040 042055 2 2
0e42710 042636 1 4
0¢43910 043848 0 3
0445120 0e45194 2 3
0045450 045435 3 0
0.406180 046076 3 2
0646430 0646522 1 3
047390 047879 3 3
050660 0450658 2 4
0«51880 0e51886 3 3
052620 052773 4 2
0e»4120 054109 4 2
0.04430 0e54544 2 3
0e>5330 055425 3 2
0e¢H5830 055868 o 3
007290 057301 4. 1
058070 058071 0 2
(e 538840 058777 _ 2 o
0.02674 0.02498 S= 001336

OO WD PD=ONO =L WLWDLOLE=BPLWUNNMNN>NO WNO=ONN=mmeONON~
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TABLE 79 (CONTINUED)

STANDARD DELVIATION=0.,0000698
THIS 1S AN ORTHORHOMRIC CRYSTAL POWDER PATTERN

parameters of Qj’ P3(J) stands for all the possible parameters of
Sj, and P4(J) stands for all the possible parameters of V.

The output of the computer program contains the observed
Sin%# values, calculated Sin?6 values, and the Miller indices of
the reflections.
Example A

This example, chosen from Andersson,’? indexes the powder

pattern of NazTi307. The first twenty-seven low-anqgle reflection
lines were indexed. Observed Sin?6 values are listed in Table
80. The indexing procedures may be described as follows. (1)
The set of observed Sin%6 values is the input to the computer
program DA. The output, listed in Table 81, is a difference
table. (2) One may easily select the recurrent values. In this
system, the recurrent values can only form several groups among
which the ratios are 1 : 3 : 4 etc. (See Chapter III.) However,
there may exist only a unique recurrent value group since the
value of Q is sometimes so big that the partial listing of the

differences of the observed Sin?6 values could not cover all the
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TABLE 80

Sin?8 Values Calculated
from the Powder Pattern of Na2Ti3O7

DIFFKACTION SIN(SQUARE) DIFFRACTION SIN{SQUARE)

L LNE ({CBSV.) L INF {OBSV,)

1 000746 1S 0407570

2 0.00847 16 0.08139

3 0.01270 17 0.08464

4 0.01308 : 18 0.08541

5 002972 19 0.08639

6 003478 20 0.08833

7 0604941 21 009170

8 0.05055 22 0.093268

3 0405995 23 010654

10 006551 24 0.10751

11 0406660 25 0.13897

12 007068 26 0e13971

13 0607268 27 0616399
la 0s07471

other recurrent values. For this example, the only recurrent
value group is 0.04095 (0.04087, 0.04091, 0.04092, 0.04094,
0.04096, 0.04103). To verify that the possible value of 0 is
0.04095, find where 0.16399 (=24%x0.04095) appears among the
observed Sin?8 values. (3) Now, select a smallest observed
Sin%6 value, say Ti' where there exists some other observed
Sin?%6 value, T4, such that T, : Ty = l1:40rl1l:9o0r4:?9,

etc. Thus, we let the possible value of P or S be T.,. For this

example, the possible value of P or S is 0.00746 (since 0.00746 :
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TABLE 81

Difference Table of the Powder Diffraction Data of Naz’l‘i O7

3

0.00074
0.00114
000337
000502
0600629
0.00727
0000971
0.01070
0e01273
0.01476
De 01275
0601599
0.01902
002015
0.02144
0.02282
002515
0e 02629
0.03073
0.03183
003409
Ve 036LOO
Ve 03492
004103
0«04 307
0.04703
0«05064
Ve 05/°81
005492
0605692
0.053805
Ve 06201
0.06421
0e 06703

DIFFERENCE ANALYSIS OF THE POWDER

0.00077
0.00175
000369
000506
000629
0.00804
0400993
0.01071
001273
0.01479
001577
001702
001913
0.02083
0.02173
002287
002515
0.02631
0.03084
003198
003483
0.03671
003993
004115
004327
0.041725
005138
005332
0405507
005696
0.05810
006221
006426
0.06723

000097
000194
000402
0003517
000638
000811
001019
0.01073
Oe013562
001483
0.01581
0e.01719
0.01918
0.02088
0.0219¢
002327
0.02517
0.02644
0.03084
003220
0.03486
003683
0603994
0041995
0604499
0e0a727
005148
005355
0605563
005704
005813
De 06231
006500
006725

0.00098
000200
0.00403
0.00524
000665
0.00871
0.01031
0.01129
0.01371
0.01484
0.01588
001765
001969
0.02102
0.02200
0.02416
0.02530
0.02717
0.031456
0.032413
0.03523
0.03688
004087
004200
0.04598
0.04752
0.05160
005356
0.05569
0.05713
0.05832
0.06296
0.06522
0.06731

000098
000203
0.00408
0,005 31
0600668
0.00894
001054
0.01162
0e01386
001496
001600
001797
001979
D.02112
002208
0.02428
002546
0.02732
003147
0.03273
003579
003698
0604091
0.04208
06040629
004756
005161
005360
005599
005745
005861
006300
0406556
006824

DIFFRACTION DATA

0+00099
0.00292
000423
0.00556
0.00694
0.00910
0.01061
0.01168
0.01396
0.01565
0.01605
0.01804
001990
0.02113
0.02210
0.02469
002608
0.02838
003175
0.03280
0.03584
0.03778
0.04092
0.04213
0.0464 1
004801
0.05167
0.05390
o.dssaq
0.05758
0.05914
0.06322
006624

0.00101
0.00302
0.00435
000569
000706
0.00920
0.01064
0.01196
0.01463
0.01570
0.01610
0.01821
002000
0.02125
0022113
0.02502
0.02612
003023
0.03181
0.03317
0.03586
0.03785
0.04094
004229
004659
004986
0.05249
0.US430
0.05662

0605790

0.05998
0.06327
0.06629

000109
000325
000500
0.00608
0.00717
000940
0.01069
0.01263
0.01473
0., 01571
0.01698
0.01881
0.02013
0.02127
0.02226
0.0251¢C
0.02619
003033
0.,03182
0.03386
003590
0. 03790
0.04096
0.04296
0.04661
005063
0+ 05258
0.05433
0.05667
0.05798
0.06168
0406401
0.06633
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0.02972

1 : 4). Another possible value is 0.01270 (since

0.01270 : 0.05055 = 1 : 4). However, we only select the smallest
one. (4) To select the possible combination of parameter pairs
(Pj'Qj'sj'Vj)' the auxiliary computer program AMO is applied.

Let some of the smaller observed Sin?6 values or Sin?§ - 0O
values together with the possible P or S, 0.00746, be the inputs
to the computer program AMO. For this example, the first three
observed Sin?6 values (0.00847, 0.01270, and 0.01908) next to
0.00746 are selected. The output of the computer program AMO

is listed in Table 82. (5) In Table 82, the recurrences are
shown in parentheses. We are selecting the most recurrent
values of V for the possible value of P or S = 0.00746. For

the possible P or S = 0.00746 and 0.00847, V is 0.00323. (It
appears sixteen times.) Hence, the possible parameter pairs
(pj’Qj’Sj’Vj) are (0.00746, 0.04095, 0.00847, 0.00323), (0.00746,
0.04095, 0.00847, -0.00323), (0.00847, 0.04095, 0.00746, 0.00323),
and (0.00847, 0.04095, 0.00746, -0.00323). The reason for these
kinds of combinations of possible parameter vairs is that the
values of P and S are skew-symmetric for the monoclinic system.
(6) The inputs to the computer program MON are the set of
observed Sin?f values and a set of possiblé parameter pairs.

'The output is recorded in Table 83. (7) The standard deviation,

0.000060, shows that the maximum discrepancy between the experi-
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TABLE 82

Output Data of the Auxiliary Computer

Program (AMO) for the Powder Pattern of‘NazTi307
POSSIBLE P OR S= 000746
P= 000746 S= 000121 V= 0400020 ( 6)
9= 0400121 S= 0.00746 V= 0.,00020 ( 2)
P= 0400746 S= 0400069 V= 0.00032 ( 2)
P= 0400746 S= 0400045 V= 0,00040 ( 2)
P= 0000746 S= 0400141 V= 0.00040 (10)
0= 0600746 S= 0400477 V= 0600047 ( &)
P= 0.00477 S= 000746 V= 0,00047 ( 2)
P= 0400746 S= 0400317 V= 000054 ( 4)
P= 0400161 S= 0.00746 V= 0,00060 ( 2)
P= 0400746 S= 0.00037 V= 0.00064 ( 2)
P= 0400746 = 0400078 V= 0,00106 ( 4)
P= 0.01270 = 0600746 V= 0.00108 ( 2)
P= 0.00746 = 001270 V= 0.00108 ( 4)
P= 0.00746 = 0400212 V= 0.00111 ( 6)
P= 0.00227 = 0600746 V= 000126 ( 2)
P= 0400746 = 0000368 = 0.00156 ( 2)
2= 0.00368 = 0.00746 = 0.001%6 ( 2)
o= 0.00746 = 0,00212 = 0.00162 (14)
P= 0.00746 = 0400124 0.00198 ( 2)
$= 0.00312 S= 0.00746 0.00212 ( 4)
"= 0400746 = 0400317 0.00217 ( 6)
P= 0600746 = 0400141 0.00232 ( 4)
P= 0.00746 = 0000212 0.00248 ( 4)
P= 000746 = 0400158 0.00265 ( 2)
P= 000746 = 0400212 000312 (10)
P= 0.00847 = 0400746 0.00323 ( 6)
P= 0400746 = 0.00847 000323 (10)
P= 0.00746 = 0000477 0.00376 ( 6)
P= 0.00480 = 0400746 0.00379 ( 4)
P= 0.00631 = 000746 0.00530 ( 2)
P= 0.00746 = 0.00631 0.00530 ( 2)

mental data and the calculated value is about #0.00015. (8) The
suggested Miller indices for this powder pattern and the original

paper are quite agreeable.
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TABLE 83

Indexed Diffraction Data of NazTi307

3

STIN({SQUARE) SIN(SQUARE) H K L
({UBScRVED) (CALCULATED)
000746 000741 0 0 1
000847 0.00842 1 0 0
001270 0.01266 1 0 -1
001908 0.01900 - 1 0 1
0402972 002963 0 0 2
0e03478 003474 2 o -1
0s04941 004941 1 1 0
0405059 0.05062 2 0 -2
0405995 005999 1 i 1
006351 006557 1 0 -3
006660 0.06667 0 0 3
0.07068 007062 0 1 2
007268 0407270 1 1 -2
007471 007467 2 1 0
Qe 07570 007573 2 1 -1
0.08139 0.08132 2 0 -3
0.0d464 0.08461 1 0] 3
Q0408541 0.08539 1 1 2
008639 0.08638 3 0 -2
Ne08833 0O.08842 2 1 1
0e09170 0.09161 2 1 -2
0609268 009271 3 0 1
O« 10654 010656 1 1 -3
O.10751 0.10766 -0 1 3
Oel 3397 0.13898 4 0] -2
Del 3971 0e13964 1 0 4
Qel 6399 016395 0 2 0
Pz 0600842 Q= 004099 S= 000741 V=-0.001317

STANDARD DEVIATION=0.000060

THIS

IS A MONOCLINIC CRYSTAL POWDER PATTERN
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Example B

This example, chosen from Kadijk, Huisman and Jellinek,80

indexes the TaZSe3 powder pattern. The first twenty-nine low-
angle reflection lines were indexed. Observed Sin?8 values are
listed in Table 84. The indexing procedures may be described

as follows. (1) The set of observed Sin?® values is the input
to the computer program DA. The output, listed in Tabhle 85, is
a difference table. (2) One may easily select the recurrent
values. The group containing the most recurrent values is’
0.05105 (0.05074, 0.05076, 0.05082, 0.05083, 0.05093, 0.05096,
0.05108, 0.05115, 0.05118, 0.05136, 0.05148). Hence, the possible
Q is 0.05105. (3) Let us select 0.00754 as the possible P or

S (since 0.00754 : 0.02968 = 1 : 4). (4) Let 0.01502, 0.01758,
and 0.02741 together with 0.00754 be the inputs to the computer
program AMO. The output of the computer program is listed in
Table 86. (5) From Table 86, the most recurrent value of V is
0.00498 (it appears sixteen times) for the possible P and S =
0.00754 and 0.01502. (6) The inputs to the computer program
MON are the set of observed Sin?6 values and the possible para-
meter pairs (Pj,Qj,sj,Vj), which are (0.00754, 0.05105, 0.01502,
0.00498), (0.00754, Nn.05105, 0.01502, -0.00498), (0.01502,
0.05105, 0.00754, 0.00498), and (0.01502, 0.05105, 0.00754,

-0.00498). The output is recorded in Table 87. (7) The standard
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TABLE 84

$in?6 values Calculated
from the Powder Pattern of Ta_.Se

2773
UIFFRACTION SIN{SQUARE) DIFFRACT ION SIN(SQUAKRE)

LINE (0BSV.) L INF (0BSVe)
t 0.00754 16 0.10540

2 001502 17 0.10804

3 0.01758 18 0.10870

4 0602741 19 0.11374

5 0.02968 20 0.11777

6 009450 21 0.12048

7 0e05722 22 O.127H4

) 0.05869 23 Oel 1402

9 006595 24 0.1387¢6
10 0606972 25 0es14756
11 0.07718 20 Del%362
12 0.07849 27 0415620
13 0.08104 28 0e16492
14 0408607 29 0.17740

15 0.09673

deviation, 0.000159, shows that the maximum discrepancy between
the experimental data and the calculated value is about +#0.00034.
(8) There is only one reflection line assigned differently than
in the original paper. A better Miller index, (310), is

assigned to the reflection line associated with the Sin?@§ values
0.11777 ((311) was original assigned). Another example, similar
to this one, was also studied (see Example C below). Both

examples agree on the Miller index (310) as a better assignment.
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TABLE 85
Difference Table of the Powder Diffraction Data of Ta28e3
DIFFERENCE ANALYSIS OF THE POWDER DIFFRACTION DATA

Ve Q0066 O0e00131 0600147 0600227 000255 Ce00256 0600258 0600271
000272 0600278 0600324 0600377 000386 0.00403 0.00419 0600467
0600503 0600504 0400570 0400586 000625 0.00674 0.00726 0.00736
0600746 0e00748 0600758 0.00828 0,00864 000872 000873 000873
0600477 0.00880 0400889 0600907 0.00973 0600983 0.01004 0401007
0e01066 0401092 001103 0601123 0.01131 0.01132 0.,01145 0.01150
001178 0601197 001210 0401231 0.01239 001244 001248 0601250
001254 0401347 0601361 0401410 0.01466 0601466 001502 0.01509
0401522 0601569 0601632 0.01635 001701 0.01736 0.01744 0.01824
001828 0401849 001914 (0601933 0.01939 0.,01955 0.,01972 0.01980
001930 0401987 001996 0402012 0602035 0602099 0402104 0.02120
0e02127 0402197 0e02211 002214 0,02235 0602238 0602263 0.02268
0602375 0602382 0602398 0602399 0602442 0,02482 0002502 0002539
0e02558 0602605 0602616 002654 0002697 0602700 0,02701 0402708
0602709 0602738 0602754 0,02766 0602767 0602828 0402836 0002863
0602385 0402901 0602955 0602979 0,02981 002984 0.03006 003021
0e03072 0403078 003083 0403086 0603111 003128 0.03152 0.03157
0e03170 0603270 0003294 0603330 003382 0.03441 0003525 0603565
0e03572 0603574 0403627 0403656 0603673 0403692 0.03708 0.,03736
0e03804 0403832 0403843 003854 0.03864 0.03886 0.03898 0,03928
0603744 0003948 003951 0403951 0.03952 0.03964 0,03968 0.04004
0604059 0Ue04111 004177 0004199 0404203 0604209 0.04210 0604220
0604223 0604231 0404246 0404275 004330 0004331 0.048367 0604402
Ve 08444 0004472 004538 06048677 004680 0.04696 0.04715 0004750
0e04750 004779 04046796 0404802 0.04805 0.04816 004824 0.04837
0404881 0404935 0604935 0.04956 0604968 0.04977 0.05001 0.05066
0.05074 0405076 0405082 0405083 0605093 0.05096 0.05108 0.05115
005118 0.05136 005148 0405182 0.05214 0.05269 0.05305 005354
0605363 0605420 0605453 0605470 0405505 0605560 0605622 0.05639
0405652 0605669 0605688 0605691 0605692 0605772 0605812 0005841
0.05866 005908 0605924 06059846 005947 0.05960 0005963 0006027
006035 006091 0006149 0406158 006179 0406189 0.06216 0.06218
0e06326 0606327 006346 0006347 0,06366 0606437 0.06598 0,06602
006652 0606705 0606735 0,06818 0,06819 0,06849 0,06870 0.,06904
006907 0606915 (0606932 0606936 0606964 0607013 007038 0.07062
0e0709% 007105 007194 0407238 007281 0607334 0407350 007493
0e07516 0607540 0607578 06007624 0607687 0607771 0.07784 0.0780S
Ve 074336 06078353 0607885 0407902 0407902 0.07915 0.07959 0.08007
008063 0608067 008129 0.08154 0.08161 008171 0.08370 0.08388
0e08406 0403426 008633 0.08643 0,08648 0.08747 0.,08774 0.08788
008809 0.08387 008919
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TABLE 86

Output Data of the Auxiliary Computer
Program (AMO) for the Powder Pattern of Ta,Sej

POSSIBLE P OR S= 0.00754
P= 0.,00754 S= 0400195 V= 0400017 ( 4)
P= 0.00754 S= 000233 V= 0.00036 ( 2)
P= 000754 = 0400207 V= 000041 ( 2)
P= 000685 S= 0600754 V= 0.00063 ( 2)
P= 0600754 S= 0.00685 V= 000063 ( 4)
P= 0400754 S= 000219 V= 000064 ( 2)
P= 0600754 S= 0400142 V= 000091 ( 2)
P= 000754 S= 0400305 V= 000107 ( 4)
P= 0400754 S= 000439 V= 0.00115 ( 4)
P= 0.00754 S= 000876 V= 0.00128 ( 2)
P= 000876 S= 000754 V= 0.00128 ( 2)
Pz 0600581 S= 0600754 V= 000168 ( 2}
P= 0.00754 = 000581 V= 0.00168 ( 2)
P= 000754 = 000160 V= 0.00181 « 2)
P= 0600754 S= 0400095 V= 0.00185 ( 6)
P= 000754 = 000288 V= 000203 ( 2)
P= 000754 = 0400146 V= 0600210 ( 4)
P= 001758 = 0600754 V= 0600229 ( 2)
2= 0400754 = 0401758 V= 0600229 ( 4)
P= 000754 = 0400305 V= 000235 ( 4)
P= 0400754 = 0400130 V= 0400241 ( 2)
P= 000754 = 0400376 V= 000249 (10)
P= 0400754 = 000439 V= 0.00309 ( 4)
P= 0400439 = 000754 V= 000309 ( 2)
P= 0400754 = 0400342 V= 0,00310 ( &)
P= 0.00754 = 000685 V= 000319 ( 6)
P= 000685 = 0400754 V= 0000319 ( &)
P= 000754 = 0400376 V= 0400325 ( &)
P= 000754 = 000417 V= 000331 ( 6)
P= 0.004817 = 0007564 V= 0.00331 ( &)
P= 000754 = 0400439 V= 000357 ( &)
P= 0.00754 = 0400353 V= 000395 ( 2)
P= 0.00578 = 000754 V= 0400426 ( 2)
P= 000754 = 000578 V= 0400426 ( 2)
P= 000754 = 001502 vVv= 0.00498 (10)
P= 0.01502 = 0400754 V= 0.00498 ( 6)
?= 000754 = 0.01368 V= 0,00619 ( 2)
P= 0.01368 = 000754 V= 000619 ( 2)
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TABLE 87

Indexed Diffraction Data of Ta28e3

SIN(SQUARE) H K L
(CALCULATED)

SIN{SQUARE)
{UBSERVED)

——— - - - - — - - —

000754 0e00742 1 0 0
0.01502 0.01488 0 0 1
001754 0.01737 1 0 -1
Cetd2741 0.02724 1 0 1
0e02963 0.02969 2 0 0
0.05450 0.05445 2 0 1
0.05722 0.05708 1 0 -2
0.U5869 0.05851 1 1 0
0e0659% 0.06598 0 1 1
0006972 0006947 2 0 “2
007713 0.07684 1 0 2
0.07849 0.07834 1 1 1
0.08104 0.08078 2 1 0
De 08607 008579 2 1 -1
0.09673 0.09670 3 0 -2
Ue 1 0946 0.10554 2 1 1
Nel 0804 0.10818 1 1 -2
0e 10870 0.10898 2 0 2
Oell374 0.11387 4 o) -1
Del)?277 0.11789 3 1 o
0612048 0.12056 2 1 -2
0el 2784 0.,12793 1 1 2
Ol 3409 0.13402 2 0 -3
0e13876 0.13877 4 0 -2
Del 47506 0.14758 3 1 1
Del3342 0.15338 4 0 1
0415620 0.15620 1 0 3
0e16492 Del166497 4 1 -1
0e17740 017766 1 1 -3

P= 0600742 Q= 0405109 S= 0.01488 =-0+00494

STANDARD DEVIATION=0.000159

THls IS

A MONOCLINIC CRYSTAL POWDER PATTERN
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Example C
This example, also chosen from Kadijk, Huisman and
Jellinek,80 indexes the szse3 powder pattern. The first thirty-

six low-angle reflection lines were indexed. The indexina
procedures are similar to the previous examples. The indexed
powder diffraction data is recorded in Table 88. The suggested
Miller indices are agreeable with the original paper except at
the 23rd reflection line, 0.11698. Miller index (311) was
originally assigned to this reflection line. A better solution,
(310) , is suggested. The standard deviation, 0.N00082, shows |
that the maximum discrepancy between the experimental data and
the calculated value is about +0.00018.
Example D

This example, chosen from Wadsley,81 indexes the
Ti2Nb10029 powder pattern. The first twenty-five low-angle
reflection lines were indexed. The indexed powder diffraction
data is listed in Table 89. There are eight reflection lines
assigned differently than in the original paper. They are
7th, 1l1lth, 12th, 18th, 20th, 22nd, 24th, and 25th. However,
better solutions are obtained by this method than hand calculations.
The standard deviation, 0.000063, shows that the experimental
data and the calculated value are quite close. The maximum

discrepancy is only about +0.00013.
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TABLE 88

Indexed Diffraction Data of Nb28e3

SIN(SQUARE) S IN(SQUARE) H K L
(OBSLRVED) (CALCULATED)
0.007393 D 600739 1 0 0
001477 0De01482 0 o 1
001736 001736 1 4] -1
002701 0602706 1 4] 1
0602956 002955 2 0 0
0e03473 003467 2 (V] -1
Qe 0H413 005406 2 0 1
005714 005698 1 0 -2
Ve 035787 005771 1 1 o
00594 3 005929 0 0 2
006503 0.06515 0 1. 1
Oe V6655 006648 3 0 0
006769 0.06768 1 1 -1
0e)6936 006945 2 0 -2
Ve 07639 007637 1 0 2
Qe0Q7737 0.07738 1 1 1
De27981 007987 2 1 0
008490 0.08500 2 1 -1
0093662 009669 3 0 -2
0e 104349 010439 2 i 1
0610739 010730 1 1 -2
0es10816 0010823 2 0 2
Del11352 De11362 4 0 -1
Oe11698 011680 3 1 0
0e11980 0611977 2 1 -2
012668 012669 1 1 2
Oe13385 0De13386 2 (o] -3
ODe 1 3876 0.13870 4 0 -2
0e 14620 NDella617 3 1 1
NDel4694 0+.14701 3 1 -2
Velb230 015240 4 0 1
0e15531 0.15533 1 0 3
De15620 015625 3 0 -3
Oe1638¢ 016395 4 1 -1
Oel 7541 0417526 ) 0 -1
Oe17660 017657 1 1 -3
P= 0,00739 Q= 005032 S= 0.01482 Vv=-0.00485

STANDARD DEVIATION=0.000082
THIS 1S A MONUOCLINIC CRYSTAL POWDER PATTERN
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TABLE 89
Indexed Diffraction Data of T12Nb10029
STN(SQUARE) S IN(SQUARE) H K L
(OBSLRVED) (CALCULATED)

000294 000292 1 o 0
000604 000608 1 0 -2
0e01166 0.01168 2 0 0
0402266 0.02266 1 0 -4
0e 02631 D.02628 3 0 0
0.04251 0.04243 0 1 1
0e0436% 004367 1 1 0
004662 0.04671 4 0 0
0.04714 0604712 1 1 1
005090 0.05077 2 0 -6
0e09242 0.05243 2 1 0
0e05367 005369 1 0 9
Ne 05751 0.05765 2 1 1
0.07382 007391 1 0 6
0e 07677 007673 1 1 -5
0e 08232 0.08236 3 1 -5
009332 009330 2 ] 6
010284 0.10273 S 1 -2
Nelll128 O.11136 5 1 -5
0el11188 0.11197 3 1 -7
0.14076 0164077 3 0 -10
0e14270 O.l4264 4 1 4
0163035 0.16301 0 2 0
017459 0.17458 7 0 2
0.18641 0.18639 3 1 7
P= 0.00292 Q= 0.04075 S= 0.00168 V=-0,00177

STANDARD DEVIATION=0.000063
THIS IS A MONOCLINIC CRYSTAL POWDER PATTERN

Example E

This example, chosen from Conard, Norrby and Franzen,

indexes NbZSe powder pattern.

There were eighteen reflection

82
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lines to be indexed. The indexed powder diffraction data is
listed in Table 90. The standard deviation, 0.000135, shows that
the maximum discrepancy between the experimental aata and the
calculated value is about *0.00036. There are seven reflection
lines assigned differently than in the original paper. The

recommended computer method gives a better solution.

Example F

This example, chosen from Zachariasen,39

indexes the
alpha plutonium powder pattern. There were sixty reflection
lines to be indexed. The indexed powder diffraction data is
recorded in Table 91. The standard deviation, 0.000092, shows

that the maximum discrepancy between the experimental data and

the calculated value is about *0.00056.

ExamEle G

This example, chosen from Mukherjee,83

indexes the
monoclinic pyrrhotites powder pattern. There were forty-eight
reflection lines to be indexed. The indexed powder diffraction
data is recorded in Table 92. 1In this table, there are as many
as thirty~five reflection lines assigned differently than in the
original paperl The reason for so many mistakes in the hand
calculations may be the small value of V. This emphasizes the

necessity of a computer method for indexing the powder patterns

of lower symmetric materials. The standard deviation, 0.000175,
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TABLE 90
Indexed Diffraction Data of szse
SIN{SQUARE) S IN(SQUARE) H K L
(OBSERVED) (CALCULATED)
0.00678 0.00685 0 0 1
0.01203 0.01221 2 ) 0
0.01968 0.01975 2 ) 1
0e 07802 0.07801 0 t 2
0,08171 0.08175 1 1 2
003577 0.08596 3 1 1
Oe10334 0.10341 3 1 -2
0el10713 0.10714 5 0 2
0.10057 010962 0 0 4
Oellaal 0.11428 1 1 -3
0412639 0.12654 2 1 3
Oel13213 0.13202 5 1 -1
Oe1 3684 0.13663 3 1 -3
0620252 0.20243 0 2 0
0e21716 0.21718 8 0 -2
0e¢31189 0.31205 0 2 a4
Oe 31699 0.31706 4 2 3
Oe 38455 0.38419 7 2 2
P= Ge0O3O0S Q= 0405061 S= 0.00685 =-0,00034

STANDARD DEVIATION=0.000135
THIS 1S A MONOCLINIC CRYSTAL PUOWDER PATTERN

shows that the maximum discrepancy between the experimental data

and the calculated value is about *0.00059.

The Triclinic System

The Use of the Main Computer Program TRI

The main computer program TRI for indexing the unknown
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TABLE 91

Indexed Diffraction Data of Alpha Plutonium

SINCHQUARE) SIN(SQUARE) H K L
(URSERVED) (CALCULATED)
0e04637 004634 0 0 3
0.,06261 0.06248 2 0 -1
e 06482 006479 2 Q 0
006981 006979 1 1 2
007043 007047 2 0 -2
0e07187 0e.07137 ] 1 3
0e07377 0607372 1 0 3
0. 07690 0.07688 1 i -3
Qe C7737 007740 2 ] 1
0e 08244 0.038238 0 0 a4
Oeu8804 0.08802 2 1 -1
Qe 38878 0.08876 2 0 -3
0s 0032 0609033 2 1 0
0609601 0.09601 2 i -2
Qe33I922 0.09926 1 1 3
Oel 0211 0.10214 0 2 4]
010290 010293 2 1 1
010794 0.10792 (0] 1 4
0« 10924 0.10920 1 1 -4
Oel11352 0.11350 1 0 4
Oel a2y 011429 2 1 -3
Oell737 0.11734 2 0 -4
Oe 12582 0.12584 2 1 2
012628 0.12627 1 0 -5
Oel 3900 013903 1 1 4
Oe 1 4399 014400 3 0 -2
014583 014578 3 0 0
Ve 15431 D«15425 0 1 S
0e1%633 0.15622 2 Q -S
Ve 15869 015856 3 0 -3
0156208 0e.l16212 3 0 1
Oel16362 0.16356 1 0 S
0e 16518 Delb462 2 2 -1
0e 16954 016954 3 1 -2
ODel 712% 0.17132 3 1 0
Vel 7257 0.17261 2 2 -2
De 17594 0.17587 1 2 3
Oel 7701 O0e17701% 2 0 4
Oel 79448 0617954 2 2 i
Oel13169 0.18176 2 1 -5
Oe18446 Del18452 0 2 4
0.13753 018765 3 | 1
Oel 8923 018910 1 | 5
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TABLE 91 (CONTINUED)

0e 19073 019090 2 2 -3
0e 20259 0.20254 2 1 4
0e20547 020540 2 0 -6
0e21086 0.21089 0 1 6
0. 1558 De21564 1 2 4
06,1932 0.21948 2 2 -4
Oer2296 3 0.22568 3 0 3
0.22842 0.22841 1 2 -5
Oe 3091 023093 l 1 -6
Oe’42313 0De.242343 1 4] -7
Qe 74405 0.24410 3 1 -5
0624601 De24602 1 3 0
0e”4940 024940 4 0 -1
NDed5226 0.25229 0 0 7
Oe 25630 0.25634 2 1 S
Qo582 4 0.25836 2 2 -5

Pz 0e01620 Q= 0.02554
STANDARD DEVIATION=0.000092
THIS IS A MONOCLINIC CRYSTAL POWDER PATVERN

S= 0.00515 V=-0.00373

powder pattern of triclinic crystals and the flow chart are
given in Appendix F.

For the input of the computer program TRI, M stands for
the total number of the powder patterns to be indexed as
triclinic structure, K stands for the total number of the
reflection lines in each powder pattern, L stands for the total
number of possible parameter pairs (Pj,Qj,S_,U.,Vj,Wj), Pl (J)
stands for all the possible parameters of Pj' P2(J) stands for
all the possible parameters of Qj' P3(J) stands for all the

possible parameters of Sj' P4(J) stands for all the possible
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TABLE 92

Indexed Diffraction Data of Monoclinic Pyrrhotites

SIN(SQUARE) SIN(SQUARE) H K L
(OBSERVED) (CALCULATED)
002660 0.02660 2 0 0
002860 0.02869 0 0 4
0.03380 0.03388 2 0 2
0005550 0.05549 2 0 4
0.07960 007970 3 1 0
0609150 009152 2 1 5
0.10590 0.10595 2 2 0
0s11410 0el11410 2 0 -7
0413500 Oe.13484 2 2 4
0414280 De14270 4 | 3
0.17120 Del7137 2 o -9
0«18510 0.18519 1 3 0
0619320 0.19314 4 2 2
022160 De22143 2 3 3
0423850 0.23840 3 3 0
0.25820 0.25822 3. t -10
0e30160 0.30140 4 3 3
031780 0e31773 3 2 -10
0e 35130 0.35128 2 4 2
0e 36580 036581 4 0 12
0e42350 0e.42364 5 2 -10
0e43120 0e43119 4 4 2
0e45360 045355 8 0 -4
045320 0.45807 2 2 14
046010 0446058 5 3 8
0653360 053385 7 3 4
0e5.3690 053695 1 3 14
G.34080 054076 0 5 ]
Den 6140 056150 2 4 11
0e¢6480 0.56464 7 1 11
0e 36310 056907 8 o -9
067640 De67581 1 4 14
Vet28290 0D.68321 4 4 12
068730 0.68724 7 4 -5
0e6I150 0.69141 5 5 4
0e/4180 0.74225 6 5 -2
0e76740 0.76725 6 3 -14
0.77160 0.77155 4 | -19
0e77690 077665 4 4 14
0e 78130 0.78133 3 6 2
082010 0.82010 11 0 -3
0.82870 0.82866 7 5 -2
0.85110 0.85102 11 0 S
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TABLE 92 (CONTINUED)

0e3B970 085978 3 “ 13
0429280 0695277 8 3 -14
0e926800 096826 0 1 23
079300 097910 12 1 -1
Ve #8360 098334 11 3 0
P: 000606 Q= 0.01984 S= 000179 V=-0.00003

STANDARD NDEVIATION=0.0001795
THIS [S A MUNUCLINIC CRYSTAL POWDER PATTERN

parameters of Uj, P5(J) stands for all the possible parameters

of Vj' and P6(J) stands for all the possible parameters of Wj'
The output of the computer program contains the observed

Sin?6 values, calculated Sin?0 values, and the Miller indices

of the reflections.

Examgle A

This example, chosen from Bear and Mumme,85

indexes the
B-Zr(SO4)25H20 powder pattern. Fifty reflections were indexed.
Observed Sin?8 values are listed in Table 93. The indexing
procedures may be described as follows. (1) The set of observed
Sin?6 values is the input to the computer program DA. The
output, listed in Table 94, is a difference table. (2) Since
there are no recurrent values occured in Table 94, one may

decide that this is possibly a triclinic powder pattern. (3)

Let the smallest observed Sin®® value be the possible parameter
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TABLE 93

Sin?H Values Calculated

from the Powder Pattern of B-Zr(SO4)25H20

DIFFRACTION SIN{SQUARE) DIFFRACTION SIN(SNUARE)

LINE (0BS5V,.) L INE (0HSV.)
1 000830 26 0.07470
2 0.01060 27 0.,08160
5 0.01070 23 0.08270
4 0.01610 29 0.08420
5 0.01710 30 008770
o 0.01860 31 0.08840
I4 0.01950 32 0.03210
8 0.02180 33 003370
9 0.0255¢ 34 009610

to 0.02820 35 0.10010
1t 003050 36 0.10190
12 0.03330 37 0.10380
13 0.037 30 34 0.10980
L4 0.03820 39 Cell420
I 004240 40 0el12610
t6 0.04490 41 0.12890
t7 004790 42 013270
18 004980 43 014560
19 0.05210 44 Qelda870
°0 0.05450 45 O0el5370
21 0.05670 46 015710
22 0.05840 47 0.16620
23 006140 43 0s16970
24 0406570 49 Oel 7260
29 0.06840 50 0.17760

P if other Sin2%6 values exist such that they have a ratio of

four.

0.0333

For this example, we select 0.0083 as P since 0.0083

1

4.

By doing this, we select the second smallest

Sin%@® value, which is not a multiple of P, as either belonging
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TABLE 94

Difference Table of the
Powder Diffraction Data of Ban(SO4)25H 0

2

000010
000160
06 00230
000260
0eNO310
000370
0600420
0000430
0000530
000600
0e 00040
0600690
0.00770
GCe 00790
000040
0e 00900
0e 00950
0.01000
001100
0011730
0e 01180
0e01210
0011300
0e01 350
0401420
001470
0e 01580
0e01l610
0ea Q10650
0.01740
0e01780
001360
00120
0601370
002020
002080
Ne021130
002210
002270
Ce 02330
0+ 02400
Ve 02490
0.02%40
002620

DIFFERENCE ANALYSIS OF THE POWDER

0.00070
0.00170
0.00230
0.00270
000320
0.00380
0.00430
0.00490
0.00540
000600
000650
000690
0.00770
0.00800
0.00860
000900
000950
0.01000
001100
0.01150
0.01180
0.01230
0.01 320
0.01360
0.01420
0401470
0.01590
0401620
0.01670
001740
0601780
0.01870
0.019330
001980
002020
0.02100
002140
002220
0.02270
0602340

0402410

002490
002560
002630

0400090
0.00180
0.00240
000270
0.00340
000390
0.00440
000500
000550
000610
000660
000690
000770
000800
000870
0.00910
000960
0.01010
0401110
0.01160
001130
0.01240

0.01330

001370
0.01430
0.01480
0.01590
001630
0.01670
001740
001800
0.01870
0.01930
0.01980
0402030
002100
0.02140
0.02220
0.02280
002350
002410
04023500
0.02580
002630

000090
0.00190
000240
000280
000340
0400400
000440
000500
000550
0400630
000660
000700
0.00780
000800
000870
000910
000960
001030
0.01110
0«01160
001190
001250
001340
001370
001430
001480
001590
001630
001690
001750
0e01810
001880
001940
001990
002050
002110
002160
002230
002290
002370
002420
002510
002580
002630

000100
000190
000240
000280
000350
000400
000460
000500
000570
000630
000670
000720
000780
000810
0.00880
000910
000970
001040
0.01120
Oe01160
001190
001250
001340
001380
001440
001490
001600
001630
001700
001750
001850
001890
001340
001990
002050
002110
0021060
002240
002290
002380
002430
002510
002600
002630

DIFFRACTION DATA

0.00110
000220
000240
000290
000350
000400
000470
000500
0.00570
000640
000680
000730
0.00790
000820
0.00880
000930
000970
001050
0.01120
001170
0.01190
0.01260
001350
0.01390
0.01440
001540
0.01600
001630
0.01720
0.01760
0.01850
001900
0.01950
002000
002050
0.02110
0.02200
0.02260
0.02310
002390
002430
0.02530
0.02600
0.02640

000150
000230
0.00250
000300
000370
000420
000470
0.00510
000580
000640
000680
000740
000790
000840
0.00880
0.00940
000970
001050
0.01120
001170
Q0e01210
0s01270
001350
001390
0.014S0
001550
001600
001640
0.01720
001770
0.01850
001900
0.01360
0020290
0.02060
0.02120
0.02210
0.02260
0.02320
002390
0.02440
0.02530
0.02600
0.02650

000150
0.00230
0.00250
0.00300
0.00370
0400420
0.00470
0.00510
0.00600
0.00640
0400690
0400760
0.00790
0+00840
0.00890
0000940
0400980
001060
001140
0.01170
001210
0401290
0.01350
001410
0401460
0.01550
001610
0401650
0.01720
001770
0.01850
0.01910
0.01960
0.02020
0402060
0.02120
0.02210
0402266C
0002320
0+02390
0.02480
0.02540
0.02610
0.02660
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TABLE 94 (CONTINUED)

0+02660 0402670 0402680 002700 0402700 0002700 0.02710 002710
002720 0402750 0602750 0602750 0602760 0602760 002770 0.02780
0602790 0402800 0602800 002810 0602820 0002820 002820 0402840
0602340 0602850 0602880 002880 002890 002890 002900 0402900
002910 0602930 0602930 0602950 002970 002980 002990 0.03000
0403000 0403000 0603020 003020 0403030 0003030 0.03040 0.03060
0603070 0403080 0403080 003090 0003100 06003100 0403110 0.03120
0403120 0603140 0003150 0603170 0603170 0403170 0.03180 003180
0603180 0603200 0603210 0603230 003230 0403240 0.03240 0.03260
0.03260 0603260 0403270 0603270 0403280 0603290 0.03290 0.,03320
0a03320 0.03350 0403350 0403350 0403370 003370 0.,03370 0.03390
0«0 3400 0.03410

to the (010) plane or the (110) plane. Hence, 0.0106 is the

value. Let 0.0083 and 0.0106 together with next fifteen

reflection lines (0.0107, 0.0161, 0.0171, 0.0186, 0.0195, 0.0218,

0.0255, 0.0282, 0.0305, 0.0373, 0.0382, 0.0424, 0.0449, 0.0479,

and 0.0498) be the inputs to the computer program ATR; the output
is recorded in Table 95. (4) In Table 95, we find that if P

or Q is 0.0083 and Q or S is 0.0106, the possible U or V or W is
then 0.0028 because this value appears eight times. Another
important factor in deciding the possible U or V or W is that
all four values associated with this value are either equal to
or ﬁear some of the Sin?6 values. Here, we pick up 0.0106 as the
possible Q or S because 0.0106 : 0.0424 = 1 : 4. (For the
triclinic system, the relation between P and Q to U is identical

to P and S to V and Q and S to W. We are using P or 0, Q or S,
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TABLE 95

First Output Data of the Auxiliary Computer

Program (ATR) for the Powder Pattern of B—Zr(SO4)25H20
P QR 0= 0.00830
0s Uvw NOe H==1 H=1 H==2 H=2
0400235 0400005 3 0401060 0.01070 0403545 0403565
0.00207 0600023 2 0.01013 0601060 0.03480 003573
0.01060 000030 4 0401860 0.01920 0.04320 0.04440
0.00263 000033 2 0.01060 0.01127 0.03517 0.03650
0.00285 0400055 4 0401060 0.01170 003495  0.03715
0.01060 0400060 6 0401830 0+01350 0.04260 0.04500
0.00160 0.00070 3 0.00920 0+01060 003340 003620
0.00330 000100 3 0.01060 0401260 003450 0.03850
0.00363 0000133 2 0.01060 0.01327 0.03417 003950
0.01060 000140 2 0.01750 0402030 004100 0+04660
0,00052 0.00178 3 000705 0.01060 0.03017 0.03727
0.01060 0.00180 2 0.01710 0«02070 0.04020 0404740
001060 0.00205 2 0.01685 0.02095% 0.03970 0.04790
0.00645 0.00215 2 0401060 001490 0.03335 0.04195
0.01060 0.00280 8 001610 0.02170 0.03820 0.04940
0.01060 0.00300 2 0401590 0.02190 0.03780 004980
0.01060 0.00325 2 0.01565 002215 0.03730 005030
0.00555 0.00325 4 0.01060 0.01710 0.03225 0404525
0.00630 0.00400 3 001060 0.01860 0+03150 0. 04750
0.01060 0600415 2 0401475 0.02305 003550 0.05210
0.00675 0.00445 2 0401060 0601350 0.03105  0.0488S
0.00730 000500 2 0.01060 002060 0403050 0405050
0.00765 000335 2 0.01060 002130 003015 0405155
0.00790 000560 3 001060 0.02180 0.02990 0.05230
0.,01060 0.00387 2 0.01303 002477 003205 0e 05555
001060 0.00625 2 0.01265 0.02515 003130 0405630
0.01060 0400660 8 0.01230 0.02550 0.03060 0405700
0.01060 000692 2 0.01198 0.02:382 0.02995 0405765
0.0097% 0.00745 2 0.01060 0402550 0.02805 0.05785
0.01060 000780 4 0.01110 0402670 0.02820 0405940
0.01060 0.00820 2 0e.01070 0402710 0+02740 0.06020
0.,01060 0400915 6 0.00975 002805 0.02550 0406210
0.01060 0400957 2 0400933 0.02847 0.02465 0406295
0e01230 001000 3  0.01060 003060 002550 0.06550
0.01060 0.01010 2 0.00880 0402900 0.02360 0.06400
0.01060 0401100 2 0400790 0402990 0.02180 0.06580
0010060 0.01125 4 0400765 0403015 0.02130 0.06630
0.01060 0401160 2 0400730 0403050 0,02060 0406700
0.01060 0.01185% 2 0400705 0403075 0402010 006750
0.01060 001215 2 000675 0.03105 0.01950 0406810
001060 0401260 6 0400630 0403150 001860 006900
0.01600 0.01370 3 0601060 003800 002180 0.07660
0.01830 0401600 2 0.01060 0404260 001950 0.08350
0.01945 0.01715 2 0401060 004490 0.01835 0.08695
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and U or V or W constantly in this way.) (5) Next, we select
another smallest Sin?0 value, which is not a lincar combination
of 0.0083, 0.0106, and 0.0028, as our possible paramecter S. For
this example, 0.0107 is chosen. Let the possible parameters,
0.0083, 0.0106, and 0.0107 together with another fifteen reflect-
ion (0.0171, 0.0186, 0.0195, 0.0218, 0.0255, 0.0282, 0.0305,
0.0373, 0.0382, 0.0449, 0.0479, 0.0498, 0.0521, 0.0545, and
0.0567) be the inputs to the computer program ATR again. The
output is recorded in Table 96. (6) From the Table 96, by the
same token, we select the possible V as 0.0065 (it appears 10
times) and the possible W as 0.0042 (it appears 8 times) for
the same possible S=0.0107. The reason we did not pick either
0.0005 or 0.0018 as the possible W (both appeared 10 times) is
that the values associated with them are repeated with those
associated with 0.0028 in Table 95, such as 0.0218 and 0.0495.
(7) Let the possible parameter pgirs (0.0083, 0.0106, 0.0107,
0.0028, 0.0065, 0.0042), (0.0083, 0.0106, 0.0107, 0.0028, -0.0065,
0.0042), and (0.0083, 0.0106, 0.0107, -0.0028, --0.0065, +0.0042)
together with all the observed Sin?6 values be the inputs to the
computer program TRI; the indexed powder diffraction data is
then recorded in Table 97. (8) The standard deviation, 0.000163,
shows that the maximum discrepancy between the experimental data
and the calculated value is about +0.00048. (9) There are five

reflection lines assigned differently than in the original paper.
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TABLE 96

Second Output Data of the Auxiliary Computer
Program (ATR) for the Powder Pattern of B—Zr(SO4)25H20

P OR

Q=

0.00830

. — — ——— - ——— —— T — T — - —— > > W D T D A WM e T e W D T D — -

0.00252
0e.01070
000200
0.01070
000320
000367
001070
0«00412
000057
001070
0004 35
0e01070

000560

001070
000635
001070
000680
0e01070
000755
001070
000795
001070
000870
0e«01070
001070
0«00U980
0.01070
001070
G«01070
0e01070
001250
0.01070
001070
001070
001070
001070
001070
001570
001620
0.01850
0017340

000012
000040
000040
0.0006%
000080
000127
000160
D.00172
0.00182
000190
0.00195
0.00280
000320
0001330
0600395
000410
000440
000482
000515
0.00530
0005595
000597
0.00630
000650
000690
000740
0.0078S
0003920
000345
000967
001010
001030
001105
0.01145
00119%
001220
001265
0.01330
0.01380
001610
0.01700

WNNNONMNNONNULUNRNSEPNSFOCUNWE ENNNNLSLFINTCTWLNLNNWUNNOW

0.01070
0.01860
000990
0.01835%
0.01070
001070
0.01740
0.01070
000705
0.,01710
001070
0.01620
0.01070
001570
0.01070
001490
0.01070
0.01418
0.01070
0.01370
0.01070
0.01303
0.01070
001250
0.01210
001070
0.01115
000980
0.00955
0.00933
0.01070
0.00870
0.00795
0.00753
0.00705
0.00680
000635
001070
0.01070
0.01070
0«01070

0.01093
0.01340
0.01070
001365
0.01230
0.01323
0.02060
0.01413
0.01070
002090

'0401460

002180
0.01710
0.02230
0.01860
0.02310
001950
C.02382
002100
002430
0.02180
002497
002330
0.02550
002590
002550
0.02685
0.02320
002845
0.02867
0.03090
0.02330
0.03005
0.03045
003095
003120
003165
003730
0.03830
0404290
004470

003548
0.04310
003440
004260
003480
003433
0.04070
0.033a38
0.03012
004010
003365
0.03830
0.03240
0.03730
0.03165
003570
0.03120
0603425
0.03045
003330
003005
003195
002930
003090
0.03010
0.02820
0.02820
0002590
002500
0002455
0.02550
002330
0.02180
002100
002000
0.01950
0.01860
0.02230
0.02180
001950
001860

003595
0e.04470
003600
060645290
003800
0403940
004710
0.04075
0e03742
004770
0e0414S
004950
004520
0.05050
0604745
005210
004880
005355
0051095
005450
0605225
0005585
005450
0605690
0.05770
005780
005960
0.06230
006280
0. 06325
006590
0+ 06450
006600
0606680
0606780
0.06830
006920
007550
007700
008390
008660
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TABLE 96 (CONTINUED)

P OR

————— . " ——— - " T " TS e .

0e01070
000090
0.00112
0e00137
0.01070
0.00130
De 00252
0.01070
000330
000405
001070
0.00450
000565
001070
001070
0.00750
Ce01070
001070
0.01070
000485
0.01070
0.0t070
001000
0.01070
0e01070
0e.01070
0.01070
0.01070
0.01 340
0.01070
0.01385
0e01070
001070
0601710
Ne01B70
Ue 01365

=

0.01060

0.00050
0.00080
0.00102
0.00127
0.00180
0.00180
0.00242
0.00270
0.00320
0.0039%
000420
0.00440
0.00555
000690
0.00712
000740
0.00760
0.00805
0.00827
0.00875
000885
000920
0.00990
001007
0.01185
0601175
0.01197
0.01260
0.01330
0.01367
0.01375
0.01395
0601425
0.01700
0.01860
0601955

NN WUNSENNNEVNENNEAANNNSE T LN LD WUWPONWOWWNO

0.02080
0.01070
0.01070
0.01070
0401950
001070
001070
0.01860
0.01070
0.01070
0.01710
001070
0e.01070
0.01440
0.01418
001070
0.01370
001325
0.01303
0.01070
0.01245
0.01210
0401070
0.01123
000985
000355
0.00933
0.00870
0«.01070
0.00763
0.0t070
0400735
0.00705
001070
0.01070
0.01070

- —— - - A i — . —— - — - > - -

0.02180
0.01230
001273
001323
0.02310
0.01430
0401553
0402400
0.01710
0401860
0.02550
0.01950
0402180
0.02320
0402342
0402550
0402890
0402935
0402957
0.02320
0403015
0.03050
0403050
0.03137
003275
0.03305
0.03327
0+03390
003730
0.03497
0403820
0.03525
0.03555
0404470
0404790
004980

0.05210
0604170
0.04148
D0.04123
0.04950
004070
0.04008
0.0477C
0.03930
0« 03855
0.04470
0.03810
0.03635
0.039130
0.03885%
003510
003790
0.03700
003655
0.03375
0.03540
0.03470
0.03260
0603295
0.03020
0.02960
002915
002790
0602920
0. 02575
002875
0.02520
002460
002590
0.02390
0.02295%

005410
004490
0.0455S
004630
0«05670
004790
0604975
0.05850
0.05210
005435
006150
005570
005915
0.06690
0.06735
0.06470
006830
006920
0.0696%
006875
0.07080
0.07150
0.07220
0.07325
0.07600
0.07660
007705
0.07830
0.08240
008045
0.08375
0.08100
0.08160
009350
0.09830
O0e10115




184

TABLE 97

Indexed Diffraction Data of B-Zr(SO4)25H2O

SIN({SQUARE)
(OBSFRVELD)

- ———

0.0083C
0.0106C
001070
0.0161C
0.01710
0.0186C
001950
0.02180
002550
0.02826
0.03050
0.0333¢C
0.03730
0.03820
0.0424C
0«04490
0047930
004980
0.0521¢
0.05450
0405670
0.05840
006140
0. 06570
006840
0.0747¢
0.08160
0.0827¢C
0.08420
0.0877¢C
0.0884¢C
009210
009370
Q.03610
0.10010
010190
0.1038C
0.1098¢C
0.11420
Oe.12610
0.12890
0«13270
Os1456C
0.1487¢C

SIN(SQUARE)
(CALCULATED)

0«00834
0.01062
001067
0.01610
0.01707
0.01846
001956
0.02182
0.02551
0.02772
0403044
003337
0.03726
0.03827
0.04247
004486
0.04787
0404970
0.0%213
005496
005653
0.05821
0.06158
0.06570
0.06827
0«07471
0.08175
0.08242
0.Q8411
0.08740
0.08840
0.049240
0.09356
0.09604
0.10039
0.10204
0410357
010993
Oel11447
0.12612
0.12873
0613271
0.14535
0414870
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TABLE 97 (CONTINUED)

0.15370 0.15360 0 3 -3
015710 : 0.15721 -3 2 -2
De 16620 0.16618 -3 3 0
0.1697C 0.16987 0o 0] 4
0.17260 0.17262 4 3 1
0.17760 017759 -2 e 3
P= 0400834 Q= 001067 S= C.0106€2
V= 0.00286 U= 0.00059% W= 0.00422

STANDARD CEVIATION=0.000163
THIS 1S A TRICLINIC CRYSTAL PUWDER PATTERN

This computer method gives better solutions.
Example B

This example, chosen from Henry, Lipson and Wooster,59
indexes the data made from four superimposed single-crvstal
rotation photographs with the crystal set in four unrelated
arbitrary orientations. There were fifteen reflection lines
to be indexed. Observed Sin?® values are listed in Table 98.
The indexing procedures may be described as follows. (1) The
set of Sin?6 values is the input of the computer program DA.
The output of the computer program, listed in Table 99, is a
difference table. (2) Since there are no recurrent values in
Table 99, one may decide that this is possibly a triclinic
powder pattern. (3) Let 0.0100 be the possible parameter P

(0.0100 : 0.0399 =1 : 4). Also, let 0.0165 be the Sin?%8 value



186

TABLE 98

Sin’6 Values Calculated
from the Data Chosen from Henry, Lipson and Wooster

DIFFRACTION

SIN(SCUARE)

OIFFRACTIUN

SIN(SQUARE)

LINE (CBSV,.) L INE (0B3SVe)
1 001000 9 0.03990
2 0401650 10 0.04200
3 001950 11 0s04250
4 002230 12 004370
o 0602620 13 0046930
6 0.03100 14 0.05000
7 Ve 03380 15 006060
8 0.03840

TABLE 99

Difference Table of the Powder Diffraction
Data Selected from Henry, Lipson and Wooster

000050
V00400
000460
0e00GLTO
Ve 002270
0«0t 100
Oe 01310
Ue 01620
0e 01860
0.02100
NDe021380
0e02770
003550
0« 05060

OIFFERENCE ANALYSIS OF THE POWDER

0e00120
0.00310
000480
0.00700
000870
0.01150
001370
001620
0.01890
002140
002420
0.02840
003370

000150
0.00320
000490
000740
000890
001150
001370
001630
001900
002190
002460
002960
003440

0.00170
0400360
000530
0.00750
000950
001150
0.01430
0.01690
001970
002220
0.02550
002990
003690

000210
000380
000580
000760
000970
001160
0«014S5S0
0.01730
002020
0.02250
002600
0.03040
003830

DIFFRACTION DATA

000260
000390
0.00610
0.00800
000990
001220
0.01580
001750
002040
002300
002680
003050
004000

0.00280
0400410
000630
0.00820
0401010
0.01230
001590
0001760
002070
0402340
002720
0403200
004110

0.00280
0, 00440
000650
0.00850
0.01060
0.01270
0.01610
0.01810
0. 02070
0.02380
0.02740
0.03250
0.04410
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belonging to either the (010) or (110) plane. Let 0.0100 and
0.0165 together with the other twelve reflection lines be the
inputs to the computer program ATR; the output is then recorded
in Table 100. (4) In Table 100, the possible U is 0.00715
(average of 0.0070 and 0.0073; it appears eight times) for which
the possible P and Q are 0.0100 and 0.0165. The reason is that
the values associated with 0.00715, 0.0195, 0.0338, and 0.0419
are equal to or near some of the observed Sin?6 values; especially
0.0195 is considered as (I10) under the possible parameters
0.0100 and 0.0165. (5) Therefore, we assume that the possible
S could be 0.0223. Let the possible parameters 0.0100, 0.0165,
and 0.0223 together with the reflection lines, 0.0262, 0.0310,
0.0338, 0.0384, 0.0420, 0.0425, 0.0437, 0.0469, 0.0500, and
0.0606 be the inputs to the computer program ATR again; the
output is recorded in Table 10l1l. (6) In Table 101, by the same
token, we select the possible V as 0.0061 (it appears six times)
and the possible W as 0.00795 (it appears four times) for the
possible S=0.0223. (7) Let the possible parameter pairs (0.0100,
0.0165, 0.0223, 0.0071, 0.0061, 0.00795), (0.0100, 0.0165,
0.0223, 0.0071, -0.0061, 0.00795), and (0.0100, 0.0165, 0.0223,
-0.0071, -0.0061, 0.00795) together with all the reflections be
the inputs to the computer program TRI, the indexed powder

diffraction data is then recorded in Table 102. (8) The standard
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TABLE 100

First Output Data of the Auxiliary Computer Program

(ATR) for the Data chosen from Henry, Lipson and Wooster

P OR Q=

0.01000

T — . ———— —— - — - ————— D ————————— ) “— — — - —— G > — —— - " Y ———— —— A . = . - - = A —

0.01650
000613
0600567
Ce 00770
000487
0.01650
0«00422
0e00375
000940
0016350
Ve 0UV305
0601050
001650
000212
0.01650
001650
0.01135
0.00160
001650
N0«01650
0.01650
001650
0.01650
001650
0.01650
0.01920
001650
0.01650
0.01650
0.016%0
0.01650
0« 01650
0.01650
0.01650
0.01650
0401650

0.00030
0.00037
0.00083
0.00120
0.00163
0.00205
0.00228
000275
000290
000325
0.00345
000400
000420
0.00437
000450
0.00480
0.0048%
0.00490
000640
0«00700
0.00730
0.00770
000905
0.01135
0.01190
0«01270
0.01275
0.01300
0.01400
001455
0.01477
0.01515
001550
0«01600
0.01690
001710

CEBMEOEMNINMNANNNOMNMNNSENNSEFENNNNMNNNNNNOGINNDOGENDNODNDSWNDN

0.02620
0.01577
0.01483
0.01650
0.01323
0.02445
0.01193
0.01100
0401650
0.02325
0.00960
0.01650
0.02230
000775
002200
0.02170
0.01650
0.00670
C.02010
0.01950
0.01920
0.01880
001745
0.01515
0.01460
0.01650
0.01375
0.01350
0.01250
0.01195
0«01173
0.01135
0.01100
0.01050
0.00960
0.00940

0.02680
0.01650
001650
0.01390
0.01650
0.02855
C«01650
001650
0.02230

0.02975

0.01650
0.02450
0.03070
0.01650
0.03100
0.03130
002620
0401650
0403290
0.03350
0.03380
0.03420
0.03555
0.03785
003840
0.04190
0.03925
0.03950
004050
0.04105
0.04127
0.08165
004200
004250
004340
0.04360

0.05590
0. 04540
0.04400
0404530
0.04160
0609240
0039065
0.03825
0404360
0. 05000
0.03615
004250
0404810
0.03338
0.047%0
0.04690
0« 04105
0.03180
0604370
0e 04250
004190
0.04110
0« 03840
0.03380
003270
0+03380
003100
0.03050
0. 02850
002740
0.02695
0.02620
0402550
002450
002270
002230

005710
Q.04687
0.04733
0.05010
0. 04813
006060
004878
004925
0. 05520
006300
004995
005850
0.06490
0.05087
0. 06550
006610
006105
005140
0.064930
007050
0.07110
0.0719¢C
0.07460
007920
0.08030
008460
008200
008250
008450
008560
008605
0.08680
008750
008850
009030
0+09070
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deviation, 0.000058, shows that the experimental data and the
calculated value is very close. The maximum discrepancy is
only about +0.00014. The assigned Miller indices agrees with

the original paper.

TABLE 101

Second Output Data of the Auxiliary Computer Program
(ATR) for the Data Chosen from Henry, Lipson and Wooster

P OR Q= 0,01000

us uvw NQe H=-1 H=1 H=-2 H=2
0402230 0.00085 2 003145 0.03315 006060 006400
002230 0.00130 4 0.03t00 0.03360 005970 006490
0600943 0.00287 3 0.01657 0.02230 004370 0405517
0.00883 0.00347 4 001537 0.02230 004190 0605577
Ve00760 0.00470 3 001290 0.02230 0.03820 005700
0.00680 0400550 2 0.01130 002230 0.03580 005780
0.00640 000590 2 0.01050 0.02230 0.03460 005820
0e02230 0.00610 6 002620 0.03840 0.05010 0607450
000613 0.00617 3 0.00997 0.02230 0.033890 0405847
0.00520 0.00710 3 0.00810 0.02230 0.03100 0005940
0.02230 0.00770 2 002460 0.04000 0.04690 007770
0.00442 0.00787 2 0.00655 0.02230 0.02868 006017
0.00395 0.00835 2 0.00560 0.02230 0.02725 0.0606S
0.02230 0.00930 2 0.02300 0064160 004370 0+08090
0002230 0.00970 4 002260 004200 0.04290 0.08170
002230 0.00990 2 0.02240 004220 0.04250 0.08210
0.02230 0.01015 S 0402215 0.04245 0.04200 0.08260
0.02230 0.01140 2 0.02090 004370 0.03950 0.08510
0.02230 0.0119% 2 002035 0e04425 0.03840 0.08620
002620 0.01390 2 0.02230 005010 0.03840 0609400
0.02230 001425 2 0.0180% 004655 0.03380 0.09080
0e02230 0.01460 2 0.01770 0.04590 003310 009150
0e0c230 0.01565 2 001665 004795 0.03100 009360
0.02230 0.01715 2 0.01515 0.04945 0.02800 06 09660
0.02230 0.01770 2 0.01460 0.05000 0002690 0.09770
0.02230 0.013805 2 0.01425 0.05035 0.02620 0.09840
0«02230 0.01930 2 0.01300 N+05160 002370 0.10090
002230 0.01980 2 0.01250 0.02270 0.10190

0.05210
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TABLE 101 (CONTINUED)

P OR Q= 0401650
as uvw NOe H==1 H=1 =2 H=2
0.00618 000038 2 002230 002307 007142 007295
002230 0.00040 2 0.03840 003920 0.08750 0.089}10
0.00695 0.00115 2 0.02230 002460 0070695 007525
0.00775% 000195 2 0.,02230 002620 0. 06985 0.07765
0.02230 0.00320 2 0.03560 004200 0.08190 009470
0.00940 0.00360 2 0.02230 002950 0.06820 008260
0.02230 000370 2 0.03510 004250 0.08090 009570
000207 000373 2 0.01483 0.02230 0.06060 0607553
0.02230 0.00%500 4 0.03380 004380 007830 009830
0002230 000780 2 0.03100 0404660 007270 010390
002230 0.00810 2 0.03070 004690 0.07210 010450
0.02230 0.01120 2 0.02760 005000 0.06590 0e.11070
0.02230 0.01260 2 0.02620 005140 0.,06310 0.11350
0.02230 0.01385 2 0402495 005265 006060 0.11600
0.02230 0401915 2 001965 005795 005000 012660
002230 0.02070 2 0.01810 005950 004690 012970
0.,02230 0.02180 2 0.01700 0.06060 0404470 0013190
0.02230 0.02230 2 001650 0.06110 0.04370 0.13290
0.02230 0402255 2 0.01625 0.06135 0.04320 0s13340
0.02230 0402290 2 001590 0.06170 0004250 0013410
0.02230 002315 2 0.01565 006195 004200 0e13460
002230 002365 2 0.01515 006245 0«04100 013560
0.02230 0402495 2 0.01385 0.061375 0.03840 O.13820
Example C

86

This example, chosen from Bear and Mumme, indexes the

Y—Zr(SO4)2H20 powder pattern. There were fortv reflection lines
to be indexed. The indexing procedures are similar to the

previous examples. The indexed powder diffraction data is recorded
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TABLE 102

Indexed Diffraction Data of
the Data Chosen from Henry, Lipson and Wooster

SIN(SQUARF) SIN(SQUARE) + K L
(OBSERVED) (CALCULATED)
001000 001000 1 0 0
001650 0.01664 1 0
JeV 1950 001955 ~1 1 0
0«.02230 0.02229 0 1
002620 002620 -1 Q 1
0«03100 0.03095 0 i -1
003380 0403374 1 l 0
0e 03840 003839 1 0 1
0e0 3930 0403995 -1 1 -1
004200 0«04195 1 i -1
0604250 0604246 -2 1 0
0e04370 004372 -1 1 1
0604690 0¢04691 0 1 1
005000 0.05011 -2 0 1
0.06060 006053 -2 1 1
P= 0401000 Q= 0.01664 S= 002229
V= 0400610 U= 0.00710 W= 0400798

STANDARD VLEVIATION=0.000058
THIS 1S A TRICLINIC CRYSTAL POwDER PATTERN

in Table 103. The standard deviation, 0.00309, shows that the
experimental data is not close to the calculated value. The
maximum discrepancy is about +0.0009. There are nine reflection
lines assigned differently than in the original paper. This

method gives better solutions.



192

TABLE 103

Indexed Diffraction Data of Y—Zr(SO4)2H20

SIN(SQUARE)
(OBSERVECD)

- ———— o - —

P=
V=

0.0078¢C
VeOll2C
001500
002470
0.0311¢0
0.0318C
003320
0eU344C
003740
Oe06470
0e4640
0.04810
005080
0e0548C
0605740
006030
0e0624C
0.0€&48C
006930
060701C
0.0823C
0e0845C
Oe0882¢C
00910¢C
0. 09330
009610
Oe.1010C
0«10700
0.10810
0612050
O« 1350C
0013810
O0e14150
015330
O0e15730
0017870
0.1853¢C
0619300
0.20030
0620220
O0.01122
0«0040€

S IN(SQUARE)
(CALCULATED)

- ——— -

0.0078¢4
0.01123
0.01501
0.02461
0.03137
0.03179
0.03312
0.03448
0.03755
0.04463
0.04688
0.04781
0.05071
0.05465%
0.05731
0.06005
0.06163
0.06443
0.06963
0.07058
0.08140
0.08484
0.08809
0.09114
009320
0.0G673
010104
0.10709
0.10806
0412104
013510
0.13818
0.14135
0152932
015729
017853
0.18554
019272
020039
0.20216

Q=
U=

002499
0.01160

STANDARD DEVIATIUON=0.,000309

THIS IS A TRICLINIC CRYSTAL PCWDER PATTERN
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CHAPTER VII

INDEXING OF UNKNOWN

ROTATING-CRYSTAL PATTERNS

Introduction

The rotating-crystal method used to obtain the nécessary
diffraction data of the crystals was developed in German and
England.87-91 It is superior to any other X-ray method in its
ability to determine the dimensions of the true unit of structure
of a crystal. 1In other methods, where diffracted beams are
observed from only a limited number of planes, one may mistake
diffraction of the second order for first order diffraction from
a unit crystal having only half the true dimension. Using this
method, such a mistake is much less likely to occur since the
rotation about a coordinate axis brings together on a single
layer line diffracted beams from planes having a common intercept
on the rotation axis but having widely different orientations.
With such a wide variety of planes it is quite unlikely that
whole layer lines will be missed on the pattern even though they
may be quite faint.

In the ordinary rotating-crystal technique, the X-ray
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beam is customarily made normal to the axis of rotation (normal
beam method), because this brings about a simplicity of inter-
pretation of the films. The interpretation of the rotatina-
crystal pattern is mostly accomplished in a classical way, such
as the graphic method suggested by Bernal.91

However, due to fhe similarity between the powder and
rotating-crystal methods, the computational method suagested in
the previous chapters is applied for indexing the unknown rotating-
crystal patterns under the assumption that only one photograph

in which the crystal is rotated about any one of the crystallo-

graphic axis is needed.

The Computer Algorithm
The computer algorithm for indexing the rotating-crystal
patterns is similar to that for the powder patterns. 1In the
following, some adjustment have been made for rotating-crystal
patterns particularly.

Calculating the Experimental Angles

A set of two dimensional measurements of the diffracted
spots on the rotating-crystal pattern film is given from the
sources. First of all, we are converting them into the Sin?#
values. By doing this, a geometrical representation is achieved,

as shown in Figure 4. For the equatorial line,



Figure 4 A Geometrical Representation for a Rotating-Crystal Pattern

Se6l
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20 = x/R, (112)

which is the relation for the powder photograph using a cylindrical
film.

For the spots not on the equatorial layer, sav Sp on the
nth layer (where C is the center of the rotating crystal; F a
section of the cylindrical film, and R the radius of the camera),
the direct X-ray beam passes through the crystal and makes the
central spot at 0. The angle 26 between the incident rav CO and

the diffracted ray CSp is given by the relation
Cos206 = Cos¢$ Cosu, (113)

where ¢= x/R and Cosp = R/(R2+e2)%.
From the trigonometrical relationship, we may compute the

Sin?6 values from the equation (113) as
Sin%@ = %(1 - Cos208) = %(1 - Cos¢ Cosu). (114)

A computef program, RCEA, listed in Table 104, was
designed for the following purposes. (1) It converts the
measurement of the spots into Sin2?6 values. (2) It computes
the interplanar spacing for both the radiations, CuKa and CukKg,
to select the spots for Ko radiation on the equatorial layer.

Since diffraction spots from both the Ko and the KB wavelengths
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TABLE 104

Computer Program (RCEA) for Calculating
Experimental Angles of the Rotating-Crystal Patterns

C COMPUTER PRUOGRAM FOR CALCULATING SIN(SQUARE) OF THE DIFFRACTION DATA
C OF ROTATING CRYSTAL PATTERNS
DIMENSION A(6+20)sT(6+20)sLA(6)+sD1(6920)¢D2(6+420)4Y(S)
IN=S
LM=6
READ (INs10) M
10 FCRMAY (613)
DC 300 [=1.M
READ (INs15) KASRWAVE Ll 4 WAVE2
15 FCRMAT (13,3F10.0)
READ (INs10) (LA(J) +J=19KA)
DO 20 J=1.+KA
J1=LA(J)
20 READ (IN+s30) (A(Jed2)eJ2=14J1)
30 FORMAT (10F6.0)
JJI=KA-1
READ (INs30) (Y{J)yd=1,JJ)
YY=0e0
DO 40 J3=1,KA
Jil=J3~1
Ja=LA(J3)
IF (JJ1) 38,38,34
34 YY=Y(JJ1)/2.0
33 DO 40 J5=1+J4
PHI=A(J3+J5)/7(2.0%R)
COSMU=R/SORT(YY*YY+R*R)
FTR=SQRT (10-SIN(PHI)*SIN(PHI) )}*COSMU
SNTA=SQRT((10-FTR)/2.0)
D1(J3,J5)=WAVEIL/ (2. 0%SNTA)
D2(J33+4JS)=WAVE2/7(2.0%SNTA)
T(J3+J5)=SNTAXSNTA
40 CONTINUE
DO 80 J6=1sKA
JJ6=46-1
WRITE (IM,45) JJ6
45 FORMAT (/. THE NUMBER®s13+2X+*LAYER L INE?*)
WRITE (IM,50)
S50 FORMAT (1Xe * ARC LENGTH®*¢SXe *SPACING(1)*453Xe*SPACING(2)*4S5Xe*SIN(
1SQUARE ) )
WRITE (IM,60)
60 FORMAT (1X.58(*=-1))
J7=LA(J6)
DO 80 J8=1,J7
WRITE (IMy70) A(J6+J8)eD1(J64J8)+sD2(J6+08)eT(J6,J8)
70 FORMAT (3XsF6e399XeF6a3s9XsF6e3s9XsF8:5)
80 CONTINUE
J9=KA~-1
PARAN=0.0
DC 100 J10=14+J9
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TABLE 104 (CONTINUED)

ALSID=SQRT(R*R+Y (J10)*Y(J10)/4,0)
SN=Y{J10)/(2.0%ALSID)
PARAM=PARAM+J10%XWAVEL1/SN
100 CONTINUE
PARA=PARAM/ J93
PA=WAVEL ¥WAVEL1/{ 4,0 *PARAXPARA)
PAH=WAVE 1 *WAVE L1/ ( 3, 0*¥PARA%*PARA)
WRITE (IMs110) PARA
110 FOURMAY (//,°* ONE OF THF LATTICH PARAMETI.RS=*FteDe"(A)"*)
WREITE (IM,112) PA
112 FORMAT (/¢ PARAMETER P(OR Q OR S)=*.Fita5)
WRITE (IMs114)
114 FORMAT (3X,*(DIVISOR=4 MAINLY FUR CoT DARTIALLY FOR HeGoM)*)
WRITE (IM,116) PAH
116 FORMAT (/+' PARAMETER P='4F8e5, *(DIVISOR=3 FOR HEXAGUONAL)*)
300 CONTINUE
STOP
END

appear on the equatorial layer, care must be taken not to confuse
the two sets of spots. This is ordinarily easy because of the
relatively lower intensity of the B spots and also because of
their positions with regard to the corresponding a spots. (3) It
computes the arithmetic average lattice parameter and the'possible
parameters along the rotation axis. The first possible parameter
is obtained from the equation A2/4a? (A2/4b? or A2/4c?) for cubic,
tetragonal, hexagonal, orthorhombic, and monoclinic systems, and
the second possible parameter is obtained from the equation of
A2/3a? (or A%/3b?%) for the hexagonal system only. The possible

parameters are so calculated that we may use them to compare the
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recurrent value groups obtained by the difference analysis for
helping us decide the possible Bravais lattice type of the
rotating-crystal patterns.

Difference Analysis

A computer program, RDA, listed in Table 105, was designed
to compute the difference among the Sin?0 values on the same
layer as well as on the different layers. First of all, the
recurrent value groups are selected. Following are the analyses
for the six different lattice structures.

(1) The cubic system. Let the smallest recurrent value
group be represented by P. In the equatorial layer, if the ratios
among all the recurrent value groups are 1:2:3:4, etc. and this
P matches the first possible parameter calculated by the computer
program RCEA, the cubic pattern is assured.

(2) The tetragonal and hexagonal systems.

A. The rotation is about the crystallographic c-axis.
This situation is similar to that of the cubic system except the
possible parameter P is not approximately egual to the first
possible parameter calculated by the computer program RCEA. How-
ever, the first possible parameter (represented by Q) calculated
by the computer program RCEA does appear as the lowest recurrent
value group obtained from the difference between the different

layers.



200
TABLE 105

Computer Program (RDA) for the Difference Analysis
of the Diffraction Data of the Rotating-Crystal Patterns

C COMPUTER PROGRAM FOR DIFFERENCE ANALYSIS OF THE DIFFRACTION DATA
C OF ROTATING-CRYSTAL PATTERNS
DIMENSION T(6+20)TD(250)+LA(6)
IN=5
IM=6
READ (INs10) M
10 FORMAT (613)
DO 300 I=1.M
READ (IN,10) KA
READ (INJ10) (LA(J)+J=1,KA)
DO 20 J=1+KA
J1=LA(J)
20 READ (INs30) (T(JsJ2)sJd2=1,J1)
30 FORMAT (10F740)
WRITE (IM,115)
115 FORMAT (1Hl.* DIFFERENCE ANALYSIS®*)
DO 200 J1l1=1,KA
Ji2=J1il-1
WRITE (IM,120) J12
120 FORMAT (/' THE NUMBER®*,13:2Xs'LAYER LINE")
N=0
J13=LA(J11)
J14=J13-1
DG 130 J15=1,J14
JI6=J15¢1
DO 130 J17=016+J13
N=N+1
TO(NI=T(JUL114J17)<F(J11,J15)
130 CONTINUE
N1=N-1
DO 150 J18=1+N1
J19=J18+1
DC 150 J20=J19N
IF (TD(J20)~-TD(J18)) 140,150,150
140 TLARG=TD(J18)
TO(J18)=TD(J20)
TO(1JU20)=TLARG
150 CONTINUE
WRITE (IMs160) (TD(J)eJ=14sN)
160 FORMAT (1X.8F845)
200 CONTINUE
NN=0
J21=KA-1
DO 250 J22=1,421
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TABLE 105 (CONTINUED)

J23=J22+1

J2az=LA(J422)

D0 250 J25=J23+KA

J26=LA(J2S)

WRITE (IM,205) J25sJ422
205 FORMAT (/+' BETWEEN THE NUMBER'13+' AND THE NUMBER'+13,°

1LINES®)

DO 222 J27=1,+,J26

DO 220 J428=1,J24

DF=T(J25,J27)-T(J22,J28)

IF (DF) 222,222,210
210 NN=NN+1

TD(NN) =DF
220 CONTINUE
222 CONTINUE

NN1=NN-1

DO 240 J29=1+NN1

J30=J29+1

DO 240 J31=J30sNN

IF (TD(J31)-TD(J29)) 230,240,240
230 TLARG=TD(J29)

TD(J29)=TD(J31)

TD(J31)=TLARG
240 CONTINUE

WRITE (IM+245) (TD(J)sJ=1eNN)
245 FORMAT (IXs8F8e5)
250 CONTINUE
300 CONTINUE

sTQP

END

LAYER

B. The rotation is about the crystalloaraphic a- or
b-axis. Two different recurrent value groups (represented by
P and Q) appear in the equatorial layer such that the other
recurrent value groups in the same layer may be repfesented as

a linear combination of these two. Also, one of the possible
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parameters P or Q is approximately equal to the first or second
possible parameter obtained from the computer program RCEA. If
it is the first possible parameter, the pattern is possibly
tetragonal; otherwise, hexagonal. Moreover, the lowest recurrent
value group obtained from the differences between the different
layers is also approximately equal to one of the possible
parameters P or Q.

(3) The orthorhombic system. Because of the symmetric
property among all three crystallographic axes, a, b, and ¢, the
indexing of unknown orthorhombic rotating-crystal patterns is
much easier than that of the powder patterns. The two recurrent
value groups, represented by P and Q, are found in the equatorial
layer may be written as a linear combination of these two. How-
ever, the possible parameter, say S, obtained from the computer
program RCEA is not approximately equal to either P or Q. The
recurrent value groups selected among different layers may also
identify S as the third possible parameter

(4) The monoclinic system.

A. The rotation is about the crystallographic b-~axis.
There are no recurrent value groups to be selected from the
equatorial layer. However, the only recurrent value group,
represented by Q, found from the differerices among different

layers is approximately equal to the first possible parameter
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obtained from the computer program RCEA. The possible parameter
triplets (Pj,Sj,Vj) may be obtained by using the auxiliary
computer program AMO provided with the Sin?® values on the
equatorial layer.

B. The rotation is about the crystallographic a- or
c-axis. There are no recurrent value groups to be selected from
the differences among the different layers. However, the two
lowest recurrent value groups, represented by P and Q, may be
selected from the equatorial layer which has no relation to the
first possible parameter obtained from the computer program
RCEA. The auxiliary computer program AMO is used if we let the
possible parameter P and the first three or four smallest positive
values of the Sin%8 (not on the equatorial layer), subtracting the
Q value, be the inputs to the computer program. The possible
parameter triplets (Pj,Sj,Vj) may then be obtained.

(5) The triclinic system. If no recurrent value groups
appear in the difference table, the rotating-crystal pattern is
possibly triclinic. Applying the auxiliary computer program
ATR and the Sin2?f values of the equatorial layer, the possible
parameter triplets (Pj,Qj,Uj) may be obtained. Let the possible
parameters Pj and Qj together with some selected Sin2?¢ values
from the layers other than equatorial be the inputs to the

auxiliary computer program ATR to obtain the other two possible



204
parameter triplets (P ,S ,V ) and (0 ,S. ,W. ). (This is quite
J 1 3] J 3 3]
similar to the procedure for triclinic powder patterns.)

Indexing Techniques

The branch-and-bound technique is used to index the
rotating-crystal patterns. It is similar to the procedure

used for the powder patterns but easier because one of the indices

is fixed for each diffracted layer.

Refinement of Possible Parameters and Selection of a Unique

Solution

These processes are identical to those of the powder

patterns discussed in Chapter IV.

Example

The Use of the Main Computer Program RCTHO

A computer program, RCTHO, listed in Table 106, was
designed for indexing the rotating-crystal patterns of cubic,
tetragonal, hexagonal, and orthorhombic systems whose rotation is
along any of thé three crystallographic axes, a, b, or c.

For the input of the computer program RCTHO, M stands for
the total number of the patterns to be indexed as cubic, tetra-
gonal, hexagonal, and orthorhombic systems; KA stands for the
totaltotal number of the layers in each pattern; Ll stands for

the total number of the possible parameter Pj; L2 stands for
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TABLE 106
Computer Program (RCTHO) for the

Indexing of Unknown Cubic, Tetragonal,
Hexagonal and Orthorhombic Rotating-Crystal Patterns

C COMPUTER PROGRAM FOR INDEXING OF UNKNOGWN CuBIC, TETRAGONAL s, HEXAGONAL,
C AND ORTHQRHOMBIC ROTATING=CRYSTAL PATTERNS
DIMENSION T(Se18)sMH(2+5918)eMK(2+5+18)sML(2+5+18)+CAL(2+5+18) ,PP(
110)sPG(10)sPS{10)+SD(2)eSI{2:55,18)sAP(12)+A0(2)+AS({2)sLA(6)
IN=S
[¥=6
READ (INs10) M
10 FORMAT (1013)
DO 500 [=1.M
READ (IN,10) KAyL1sL24L 34K
READ (INs10) (LA(J) +sJ=1+KA)
DO 20 I1=1.KA
II=LA(I1)
20 READ (INe30) (T (lleJd)sJ=1,sI1)
30 FORMAT (10F7.0)
READ (INs30) (PP(J)esd=1eL1l)
READ (IN+30) (PQ(J)sJ=1,4L2)
READ (IN+30) (PS(J)eJd=1,L3)
Jil=1
KK=0
SD(1)=1.0
SD(2)=1.0
DC 300 I12=1.,L1
P=PP(I12)
PT=0.5%P
DO 298 [3=1.L2
Q=PQ(I13)
QT=0.5%Q
DO 296 La4a=1,L3
S=PS(L4)
IF (K-1) 40,40,84
Cm——=- INDEXING CUBIC ROTATING-CRYSTAL PATTERNS
40 SSIN=0.0
SSUM=060
DC 70 I4=1,KA
IS=LA(14)
KK=KK+ 15
DO 70 I6=14+15
TOL=0,1%T([4,16)
153=14-1
TOF=T(14,16)~-1S3*1S3*P
I1S=(TDF+PT) /P
DIFF=ABS(TDF~IS%*P)
IF (TOL-DIFF) S56+¢56+42
42 AIS=1S
IS1=SQORT(AILS)
44 LTI=1S~-IS1*IS1
ALTLI=LT]
1S2=S0RT (ALT1)
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TABLE 106 (CONTINUED)

LT2=LT1-1S52%1IS2
IF (LT2) 48458458
48 IF (IS1) 56456450
50 IS1=1S1-1
GO TG 44
56 SD(JL1)=1.0
GO TO 74
58 SI(Jl1e18,16)=IS+IS3*IS3
MH(J1,14,16)=1S1
MK(Jlsl&s(6)=1I52
ML(J1+14,16)=1IS3
KB=16-1
IF (KB) 66,66,60
60 IF (MH(J1el4s16)~MH(J1+14+KB)) 66462466
62 IF (MK(Jles14416)=MK(J1,sI4,KB)) 66+64,66
66 IF (ML(J1,14,16)-ML(J1,14,KB)) 66,56466
66 SSIN=SSIN+IS*T(14,16)
SSUM=SSUM+IS*IS
P=SSIN/SSUM
70 CONTINUE
AP(J1)=P
DTSP=0.0
AKK=KK
DO 72 [7=1,4+KA
I18=LA(17)
DC 72 19=1,18
CAL(J1+07,19)=S1(J1,17413)%AP(J1)
DTSP=DTSP+(CAL(JY+17,19)-T(I7419))%%2
72 CONTINUE
SD(J1)=SQRT(DTSP/AKK)
74 IF (SD(1)-S0(2)) 76+76.80
76 IF (12-L1) 78+,310.310
78 Jl1=2
GO TC 300
80 IfF (I12~-L1) 82,312+,312
82 Ji=1
GQC TG 300
————— INDEXING TETRAGONAL AND HEXAGONAL ROTATING~CRYSTAL PATTERNS
84 IF (K=S) 86.+.,86,+140
86 TSUM=0.0
VSUM=0.0
TVSUM=0.0
SVSUM=0.0
SSUM=0,.0
DO 120 110=14KA
I11=LA(I10)
KK=KK+111
DO 120 112=1+111
TOL=01%T(110,112)
DF=1,0
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TABLE 106 (CONTINUED)

IF (K-2) 88,88,98
————— ABOUT C-AXIS (TETRAGONAL SYSTEM)
88 153=110-1
TOF=T(110,112)~1S3%[S3%Q
IS=(TDF+PT)/P
DIFF=ABS (TDF-15%P)
IF (TCL-DIFF) 1084108590
90 AIS=IS
IS1=SQRT(AIS)
92 LT1=1S-IS1*IS1
ALT1=LT1
1S2=SQRT (ALT1)
LT2=LTI-152%1S2
IF (LT2) 94,97,94
94 IF (1S1) 108,108,96
96 151=1S1-1
G0 TGO 92
97 DF=DIFF
SI(J1+110,112)=1S+IS3%1S3
MH(J1,110.,112)=151
MK(J1,110,112)=1S2
ML(J1,110,112)=1S3
GO TO 106
----- ABOUT A OR B-AXIS (TETRAGONAL SYSTEM)
98 IF (K-3) 99,99,105
99 1S2=110-1
TOF=T(I10,112)-1S2%[S2%P
KK1=SQRT ( (TDF+QT)/Q)+140
DO 108 I13=1,KK1
1S3=113-1
KK2=1S3%1S3
QT 1=KK2%Q
QT2=TDF~-QT1
IS1=SART( (QT2+PT)/P)
DIFF=ABS(QT2-1S1%IS1%P)
IF (DIFF=TOL) 100,104,104
100 IF (DIFF-OF) 102,104,104
102 DF=DIFF
SI(J1+110,112)=1S1%1S1+1S2%IS2+KK2
MH(J1,110,112)=151
MK(J1+110,112)=152
ML(J1+110,112)=153
104 CONTINUE
GO TC 106
————— ABOUT C-AXIS (HEXAGONAL SYSTEM)
105 IF (K-4) 601,6014+620
601 1S3=110-1
TOF=T(110,112)~153%1S3#%Q
1S=(TDF+PT)/P
DIFF=ABS (TOF-IS*P)
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TABLE 106 (CONTINUED)

IF (TOL-DIFF) 108,108,605
605 AIS=IS -
IS1=SQRT (AIS)
IF (IS-IS1%IS1) 610,608,610
608 [S52=0
GO TO 614
610 IS2=(SQRT(8.0%IS-3.0%IS1%1S1)~1S51)/240
IF (IS-ISI*IS1-IS2%1S2) 612,614,612
612 IF (IS1) 108,108,613
613 IS1=1S1l-1
GO TO 610
614 SI(J14110,112)=IS3I*IS3I+IS
MH(J1+s110+112)=[S1
MK(J1+110,112)=I52
ML(J1,110.,112)=IS3
GO YO 106
————— ABOUT A~ OR B-~AXIS (HEXAGONAL SYSTEM)
620 1S2=110-1
TOF=T(110,112)~IS2%[S2%P
KK1=SORT ((TDF+QT)/Q)+1.0
DO 630 117=1,KK1
1S3=117-1
KK2=1S3%1S3
QT 1=KK2%Q
0T2=TDF-QT1
IS=(TDF-QT14PT)/P
IS1=(SQRT(4.0%[S~-3.0%I1S2%152)~[S2)/240
DIFF=ABS(QT2-1S*P)
IF (DIFF-TOL) 622,630,630
622 IF (DIFF=~DF) 624,624+ 630
624 DF=DIFF
SI(J1,110,112)=IS5+KK2+152%152
MH{J1,110+112)=1S1
MK(J1,110,112)=1S2
ML(J1+110,112)=153
630 CONTINUE
106 I1DF=DF
IF (IDF-1) 110,108,110
108 SD(J1)=1.0
GO TG 127
110 KB=I12-1
IF (KB) 115,115,112
112 IF (MH(J1,110,112)=-MH(J1,110sKB)) 115,113,115
113 IF (MK(J1+1104112)-MK(J1+110sKB)) 115+114,115
118 IF (ML(J1+110+112)=ML(J1+s110eKB)) 115,1084115
115 F1=[S1%1S1+1S2%[S2
F2=1S3%1S3
TSUM=TSUM+T (110, 112 )%F1
VSUM=VSUM+F2%F2
TVSUM=TVSUM+T( 110,112)%F2
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TABLE 106 (CONTINUED)

118

120

125

127
128
129
130

131
132
133

140

SVSUM=SVSUM+F 1 *F 2
SSUM=SSUM+F 1%F 1
DVSR=SSUM*VSUM-SVSUM*SVSUM

IF (DVSR) 120+120,118
P=(TSUMKVSUM-TVSUMXSVSUM)/DVSR
Q=({TVSUM*SSUM-SVSUM*TSUM)/DVSR
CONTINUE

DTSP=0.0

AKK=KK

DO 125 I14=1,KA

I115=LA(I14)

DO 125 116=1,115
F3=ML(JI2114,116)%ML(J1,1I14,116)
CAL(J1+1144+116)=P%(SI(J1+114,116)=F3)+Q%F3
DTSP=DTSP+(CAL(JL+114,116)-T(114,116))%%2
CONT INUE

SD{J1)=SQRT(DTSP/AKK)

AP(J1)=P

AQ(J1)=Q

IF (SD(1)-SD(2)) 128,131,131
IF (I3-L2) 130,129,129

IF (12-L1) 130+340.340

J1=2

GO TO 298

IF (I3-L2) 133,132,132

IF (12-L1) 133,342,342

Ji=1

GO TC 298

SHH=040

SHK=04e0

SHL=040

SKK=0e0

SLL=0.0

SKL=040

STH=0.0

STK=0.0

STL=0.0

DO 200 I18=1,KA

1S3=118~-1

KK3=1S3%1S3

I119=LA(118)

KK=KK+[19

DO 200 I20=1,119

TOL=0.1%T (118, 120)

DF=1.0

TOF=T(I118,120)-KK3%S
KK1=SQRT((TDF+PT)/P)+1.0

DO 160 121=1.,KK1

1s1=121-1

KKK=IS1%[S1
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TABLE 106 (CONTINUED)

QT 1=KKK*P
QT2=TDF~-QT1
IF (QT2+QT) 160+142,142
142 IS2=SQRT((QT2+QT)/Q)
KK2=1S2%1S2
QT 3=KK2%Q
DIFF=ABS(QT2-QT3)
IF (DIFF~-TOL) 145+,1605160
145 IF (DIFF-DF) 150+160,160
150 DF=DIFF
MH(J1,118,120)=1S1
MK(J1,118,120)=1IS2
ML(J1,1185120)=1S3
160 CONTINUE
1DF=0DF :
IF (IDF-1) 1644+162,164
162 SD(J1)=1.0
GO TO 230
164 KB=120-1
IF (KB) 16641725166
166 IF (MH(J1,118,120)-MH(J1,118+KB)) 172,168,172
168 IF (MK(JI,118,120)=-MK(J1,118,KB8)) 172+170+172
170 IF (ML(J1,118,120)-ML{J1,118+sKB)) 172,162,172
172 HH=MH(JL1 s 118, [20)*MH(J1,118,120)
HK=MK(J1+118,120)*MK(J1+,118,120)
HL=ML(J1+118,120)%ML(J1+118+120)
SHH=SHH+HHE®HH
SKK=SKK+HK ¥HK
SLL=SLL+HL*HL
SHK=SHK+HH*HK
SHL=SHL+HH*HL
SKL=SKL+HK*®HL
STH=STH+T( 118, 120)%HH
STK=STK+T(118,120)*%HK
STL=STL+T(I118,120)%HL
DEL=SHH*SKKASLL+2e0*SHK *SKL *SHL ~SHH*SKL ¥*SKL-SKK*SHL *SHL
1-SLL*SHK*SHK
IF (DEL) 200,200,180
180 DELP=STH*(SKK¥SLL~-SKL*SKL ) +STK*(SHL *SKL~SHK*SLL)
1+STL*(SHK*SKL-SKK*SHL )
DELQ=STH*(SKLA*SHL=SLL#*SHK) +STK*#(SHH*SLL-SHL*SHL)
1+STL*(SHL*SHK=-SHH*SKL )
DELS=STH*(SHK*SKL-SKK*SHL ) +STK* ( SHK*SHL ~SHH#*SKL )
14STLH(SHH*SKK~SHK*SHK )
P=DELP/DEL
Q=DELG/DEL
S=DELS/DEL
200 CONTINUE
DTSP=040
AKK=KK
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220

230
232
234
236
238

240
242
244
246
296
298
300
310

312
314

316
318
320
321

322

DO 220 121=1.KA
122=LA(I21)
DC 220 123=1,122

F1=MH(J1 121+ 123)%MH(J1+121,+123)

F2=MK(J1 4+ 121+ 123)#%MK(J1+121,123)
F3=ML(J1+121+123)%ML(J1+121,123)
CAL(J1+121,123)=F1&P+F2%Q+F3%S
DTSP=DTSP+(T(121,123)~CAL(J1e121,4123))%%2

CONT INUE
SD(J1)=SQART(DTSP/AKK)
AP(J1)=P

AQ(J1)=0Q

AS(J1)=S

IF (SD(1)-SD(2)) 232,232,240
IF (LA-L3) 238+234, 234
IF (I3-L2) 23842364236
IF (12-L1) 238,400,400
J1=2

GO TO 296

IF (LA-L3) 246+242, 242
IF (I3-L2) 246,244,244
IF (I12-L1) 246,402,402
J2=1

CONT INUE

CONTINUE

CONTINUE

Ji=1

G0 TO 314

Ji=2

ISD=SD(J1)

IF (1SD-1) 320,+316.316
WRITE (IM.,318) 1
FORMAT (1H1+*THE NUMBER®*s 13,

1 PATTERN')

GGC TO S00

WRITE (IM,321)

FORMAT (1H1)

DO 332 Il1=1.KA

112=1]11~-1

I13=LA(IIY)

WRITE (IM,322) 112

FORMAT (/+* THE NUMBER'+13,°*
WRITE (IM,324)

SET IS NOT A CUBIC ROTATING-CRYSTAL

LAYER LINE®)

324 FORMAT (1Xs*'SIN(SQUARE)'+S5Xe*SIN(SQUARE)"®)

WRITE (IM,326)

326 FORMAT (2Xs*(OBSERVED)® 35X s *(CALCULATED ) ®+4Xs *NUMBER® ¢3X9s "H' 93X, 'K

1 ,3Xs0L*)

WRITE (IM,328)

328 FORMAT (1XsSL(*="))

DO 332 [14=1,113
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11S=SI{(J1,111,114)
WRITE (IM330) T(II1:1I48)sCAL(JLsTI14118)s1I5:MH(JLII1,114)eMK(J1
1+111,T714)sML(J1,111,114)
330 FORMAT (3XsFB8e5:8XsF8eS97XeI304Xe 122X 12+2Xe12)
332 CONTINUE
WRITE (IM,334) AP(J1),SD(J1)
334 FORMAT (1Xs'PARAMETER=®,F8+¢595Xs *STANDARD DEVIATION='4F8¢6)
WRITE (IM,336)
336 FORMAT (LXs*THIS IS A CUBIC ROTATING-CRYSTAL PATTERN')
GO TO 500
340 Ji1=1
GO TO 344
342 J1=2
344 IF (K=3) 345,345,370
345 ISD=S0(J1)
IF (ISD-1) 348,346+ 346
346 WRITE (IM.347) 1
347 FORMAT (1H1,°* THE NUMBER®+s I3+ SET IS NOT A TETRAGONAL ROTATING-C
IRYSTAL PATTERN?')
GO TQ Ss00
348 WRITE (IM,349)
349 FORMAT (1H1)
D0 360 I1I=1,KA
II6=1II1-1
117=LA(II1)
WRITE (IMs350) 116
350 FORMAT (/' THE NUMBER®,1I3,*' LAYER LINE?*)
WRITE (IM,352)
352 FORMAT (1Xs°SIN(SQUARE)*s5Xs *SIN(SQUARE)*)
WRITE (IMe354)
354 FORMAT (2X<¢'(0BSERVED)*¢SX ¢ *(CALCULATED ) ¢+SXe *NUMBER? ¢3X4'H?43X,'K
1°43Xs°L*)
WRITE (IM,355)
355 FORMAT (1Xe51(*~*))
DO 360 11I8=1,117
I119=SI(J1,111,118)
WRITE (IMy356) T(IIIsTIB)eCAL(JLIsTIIIsIIB)e IO MH(JULHLITIL118)sMK(JIL
1+ IT1,IIB) ML(JULLITITLIIB)
356 FORMAT (3XeFB8e5:8XsFB8aSe7Xs1305X01202Xs12:2X412)
360 CONTINUE
WRITE (IMs362) AP(J1)sA0(J1)
362 FORMAT (/1Xe'P=¢,F84,5:9Xs°Q=*3F8e5)
WRITE (IMe364) SO(J1)
364 FORMAT (1Xe*STANDARD DEVIATION=®4F8,6)
WRITE (IM,366) .
366 FORMAT (1X,°*THIS IS A TETRAGONAL ROTATING~CRYSTAL PATTERN?®)
GO YQ S00
370 ISD=SD(J1)
IF (ISD-1) 374,372,372
372 WRITE (IM,373) 1
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373 FORMAT (1H1,°* THE NUMBER®, 13, SET IS NOT A HEXAGONAL ROTATING-CR
LYSTAL PATTERN®)
GO TO 500
374 WRITE (IMe375)
375 FORMAT (1LH1)
DO 390 1110=1sKA
II11=1110-1
1I112=LA(1110)
WRITE (IMe376) 1111
376 FORMAT (/+' THE NUMBER®+[3,' LAYER LINE')
WRITE (IM,378)
378 FORMAT (1X+°SIN(SQUARE) *+8Xs *SIN(SQUARE) )
WRITE (IM,380)
380 FORMAT (2Xe*(OBSERVED)*+8Xes *(CALCULATED) 12X ¢ "H®* 93X *'K®*¢3X,°L")
WRITE (IM,382)
382 FORMAT (1Xe52(%=1*))
DO 390 1113=1,1I112
WRITE (IMe384) TUII10+1I13)sCAL(JLoIT10,1TI13),MH(JL1,IT110,1113)MK(
1J1100001813)eMLCJLLIT10,1113)
384 FORMAT (3XoF8¢Se11XsF8e5012X912:2Xe12+2X,12)
390 CONTINUE
WRITE (IM,392) AP(J1),AQ(J1)
392 FORMAT (/+'P=*9F8eS+9Xe*Q=?'4FB8.5)
WRITE (IM,394) SD(J1)
394 FORMAT (1Xes*STANDARD DEVIATION='9F846)
WRITE (IM,396)
396 FORMAT (1Xs* THIS IS A HEXAGONAL ROTATING-CRYSTAL PATTERN?')
400 Ji=1
GO 70 410
402 J1=2
410 ISD=SD(J1)
IF (ISD-1) 41544125412
412 WRITE (IMsa14) 1
414 FORMAT (1H1+°* THE NUMBER®s 13, SET IS NOT AN ORTHORHOMBIC ROTATIN
16-CRYSTAL PATTERN!?!) :
GO T0O 500
415 WRITE (IM,416)
416 FORMAT (1H1)
D0 460 1114=1,KA
I11S=1114-1
II16=LA(I114)
WRITE (IM,417) [115
417 FORMAT (/% THE NUMBER®'+13,* LAYER LINE*)
WRITE (IM,418)
418 FORMAT (/e1Xe*SIN(SQUARE)'s7Xe *'SIN(SQUARE) ")
WRITE (IM,420)
420 FORMAT (2X+*(OBSERVED)* 47X *{ CALCULATED ) *312Xs *H®*e3Xe*K*3Xe'L ")
WRITE (IM.430)
430 FORMAT (1Xe52(%-1))
DC 460 [I17=1,1116
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WRITE (IMe840) T(IT18,I117)sCAL(JLoIT14,1117)eMH({JL1114,1117) 9MK(
1J1, 1114, I117)sML(JU101T114,1117)
440 FORMAT (3XosF8eS5+11XeF8eSs12Xe12:2Xs12e2X012)
460 CONTINUE
WRITE (IMy464) AP(J1)+AQ(J1)sAS(UL)
464 FORMAT (1X'P=9,F8.5¢5X9s?Q=*+FBe595Xe?S=1+F8.5)
WRITE (IM,475) S5D(J1)
475 FURMAT (1Xe*STANDARD DEVIATION='4F846)
WRITE (IM,490) :
490 FORMAT (1X.* THIS IS AN ORTHORHOMBIC ROTATING-CRYSTAL PATTERN®)
500 CONTINUE
sSTaP
END

the total number of the possible parameter Qj; L3 stands for
the total number of the possible parameter Sj: K represents

the structure and the rotating axis (here we set K=1 for the
cubic system and the rotation is about any of the a-, b-, or c-
axes; K=2 for the tetragonal system and the rotation is about
the c-axis; K=3 for the tetragonal system and the rotation is
about the a- or b-axis; K=4 for the hexagonal system and the
rotation is about the c-axis; K=5 for the hexagonal system and
the rotation is about the a- or b-axis; K=6 for the orthorhombic
system and the rotation is about any of the a-, b- or c-axes);
LA(J) stands for the total number of spots on each layer; T(I;J)
stands for the Sin?6 value of the Jth spot on the Ith layer;

PP(J) stands for all possible parameters of-Pj; PQ(J) stands for
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all possible parameters of Qj; and PS(J) stands for all possible
parameters of S,..

The output of the computer program contains the observed
Sin%6 and the calculated Sin26 values for each spot on the
rotating-crystal film together with their Miller indices.
Example

The only example, chosen from Davey,g2 illustrates how
a rotating-crystal pattern is indexed. A urea single crystal
was the sample. The pattern was taken in a camera of radius
3 cm with Cu radiation, A(Ka)=1.5392 and A(KB)=1,3898. The
indexing procedures may be described as follows. (1) The set
of two-dimensional measurements of spots together with the length
between each layers were the inputs to the computer program
RCEA. The output, listed in Table 107, has all the information
about the interplanar spacing for both the Ko and the KB radiation
for the purpose of selecting spots on the equatorial layer, the
corresponding Sin?6 values for all the diffracted spots, a
possible lattice parameter, 4.674072, and two possible parameters,
0.02710 and 0.03614. (2) After the a-spots on the equatorial
layer are selected, all the Sin?6 values of the a-spots in the
first quadrant of the film are inputted to the computer program
RDA. The output, listed in Table 108, is a difference table.

(3) One may easily select several recurrent value groups in each
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TABLE 107

Interplanar Spacings and Sin%6 Values
Calculated from the Rotating-Crystal Pattern of Urea

THE NUMBER 0 LAYER LINE

ARC LENGTH SPACING(1) SPACING(2) SIN(SQUARE)
24110 44399 3.970 0.03060
24340 3.971 3584 0.03755
20980 3.131 2826 006041
3330 2809 2535 0,0750S
3.730 2516 2271 0.,09355
44290 24199 1985 012245
44770 1.988 1794 0414986
Se370 1778 1605 0.18724
64170 1565 1.412 0.24188
66610 1470 1327 0.27394
64980 le401 1264 0.30186
7410 1329 1.199 0.33524
7890 le259 1136 037349

THE NUMBER 1 LAYER LINE

ARC LENGTH SPACING(1) SPACING(2) SIN(SQUARE)
1.670 3e579 3.230 0.04623
24390 3.018 2.724 0.06502
3.400 2.411 2.176 0.10184
3.830 26212 1997 0.12100
4,900 1.830 1651 . 0.17689
Se220 1¢740 1570 0419569
5¢530 1.661 1499 0.21472
7160 1¢348 1.216 0.32606
7410 1e311 1.183 0.34449
7670 1.276 1151 0.36394
8¢170 1214 1.095 0.40202

THE NUMBER 2 LAYER LINE

ARC LENGTH SPACING(1) SPACING(2) SIN(SQUARE)
04860 2162 1.952 0.12665
2060 2.022 1.825 0.14479
3.420 1.802 1626 0.18242
3.940 1.715 1548 0.20123
5230 1517 1369 ' 0.25724
5630 1462 1320 0.27701
$5¢990 1415 1277 029566
6980 1300 1173 035051
7930 1.206 1.089 0.40699
80240 1.179 1064 0.42600

8650 1145 1034 0.45142
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ONE OF THE LATTICE PARAMETERS= 4,67407(A)

PARAMETER P(OR Q OR S)= 0.02710
(DIVISOR=4 MAINLY FOR CeT PARTIALLY FOR HeOsM)

PARAMETER P= 0403614(DIVISOR=3 FOR HEXAGONAL)

layer. 1In the equatorial layer, the groups are 0.03744 (0.03738,
0.03750), 0.05615 (0.05600, 0.05631), 0.09352 (0.09336, 0.09369),
etc. In the first layer, the groups are 0.01880 (0.01843,
0.01879, 0.01880, 0.01903, 0.01916, 0.01945), 0.03780 (0.03682,
0.03783, 0.03788, 0.03808), 0.05585 (0.05561, 0.05589, 0.05598),
0.07480 (0.07469, 0.07477, 0.07505), 0.09379 (0.09372, 0.09385),
etc. In the second layer, the groups are 0.01875 (0.01824,
0.01865, 0.01881, 0.01901), 0.03800 (0.03763, 0.03842), 0.05600
(0.05485, 0.05587, 0.05601, 0.05644, 0.05648), 0.07475 (0.07468,
0.07482), 0.09400 (0.09327, 0.09443, 0.09459), etc. From the
above information, we may let P=0.01880 and the other recurrent
value groups may simply be represented as integral mpltiples of
P. (4) The possible P is obviously not equal to both possible
parameters suggested in Table 107; thus, the pattern is unlikely
to be a cubic rotating-crystal pattern. (5) From the differences

between layers, a common recurrent value group is found near the
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TABLE 108

Difference Table of the Diffraction Data

of Urea

DIFFERENCE ANALYSIS

THE NUMB
0«01850
06409202
0el14969
0e27994

THE NUMB
001843
0e03788
007505
0e 13037
016760
0622422
0.28102

THE NUMBER 2

001824
0e04443
0007482
0.11245
0el14975
019418
0626220

BETWEEN THE NUMBER 2

000829
0.02748
0.08335
Gel2206
0617670
025216
0632697

BETWEEN
000829
0« 02703
003350
005378
008334
010214
0.11618
0e13967
016369

ER
0.03738
0.09336
0.16683
029769

ER 1
0.01879
0.03808
0075936
0.13066
J0.16825
0.22513
029826

001865
0.0548S
007549
Oe11324
0.15046
0e20572
026900

0.00845
0.02853
008345
O0.13882
Oel17717
0.26944
0+.36447

THE NUMBER 3

000845
002745
003513
0.06429
0.08345
010261
012064
014487
0016511

0 LAYER LINE

003750
009369
0.185S38
0.29844

LAYER LINE

0.01880
005561
009372
013067
016849
024265
0.29892

LAYER LINE

0.01881
0.05587
0.07578
0.12998
0615087
020576
0.28044

0.00868
0.02870
008418
0.13934
0e19463
027039

000868
002747
004583
006486
008418
010724
0.12117
014580
017620

AND

0.03825
0.11219
0.18625
0033594

0.01903
005589
0.09385
014880
0.18705
0.24294
0.30018

001901
005601
009327
0.13034
015576
022396
0.28121

0.00925
0.04583
0.10184
013967
0.21408
0.28851

000925
002748
0.04595
006678
0.08887
010737
0.12206
0415725
0.17670

005464
011231
020433

0.01916
0.05598
0e11134
014917
0.18730
0.26104
031771

001977
005644
009443
0.13069
016809
0 22457
0.29945

THE NUMBER 1

0.02679
0.04595
0.10214
0.15725
021478
0.28889

AND THE NUMBER 1

001399
0.02853
0.05124
006974
0.08900
010738
D.12618
0.15814
Oel7717

005600
0.13161
0622363

0.01945
005753
0.11187
0014922
020506
0.26210
033700

002542
0.05648
009459
0e13222
0.16876
022477
030663

0.05631
0.14800
0.24169

0.03682
0607469
0O.11288
0414946
0.20633
0427947
0435579

0.03763
0.07350
010091
0.14899
0.16911
0.24358
0.32487

LAYER L INES

002703
0.06429
0.10261
0015814
023251
030694

0.02745
0.06486
0.12064
016014
025094
0.30847

LAYER LINES

001527
002870
0.05137
007000
0.08977
010768
012715
Oe16014
0.18219

001536
0.03256
0.05150
0.0717S
0.09076
010842
0.13882
0616327
0.18346

007481
0.14833
026019

0.03783
007477
012977
014970
022349
027983

003842
007468
0011133
0e14928
O0el7441
025019

002747
006678
Cel2117
017620
025101
0432639

002679
003300
005251
007793
0010184
010863
013934
016368
018412
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0e19463
0e21975
0«25696
0.28851
032697
0+.38845

BETWEEN
0000497
000925
0602471
0.03256
004595
0.06153
006974
0.08058
0.08748
009997
010738
Oel2117
0. 13624
0615540
0.16511
0.18346
0.20211
0621969
0.23251
0.25101
0427039
0030156
0032416
035095
0. 38640

020065
022061
025713
028889
033194
0e.41387

THE NUMBER 3

000553
001399
002679
003300
004940
006155
007000
008093
0.08887
010012
0.10768
0.12206
0.13882
015601
0.17362
0.18412
020954
021975
023670
025216
027453
030428
0632639
035787
038845

0.20196
0.23251
0.25811
030156
033245

000554
001527
0.02703
003350
0.05124
0.06206
007175
008094
0.08900
0.10184
0.10842
012536
013934
015725
0¢17466
0el9222
0e21101
022061
023876
025573
0627546
030500
0632697
036076
040519

0.20211
0.23876
0.26418
030694
035095

0.00555
0.01536
0.02745
0.03513
0.05137
0.06229
0.07793
0.08132
0.08977
010214
0.10863
0.12618
0013967
015814
0617517
0.19227
0.21128
0.22951
0.23946
0.25696
0.27614
030515
0.33042
0.36098
0.41387

020954
023946
0426944
030847
035787

AND THE NUMBER 2

000602
0.02379
002747
0.04252
005150
006250
007977
0.08151
009076
0.10261
0.11618
012715
014487
0.16014
017620
0.19382
0.21130
0.23010
0.24867
0.25713
028549
0.30694
033194
036447

0.21408
025094
027039
031296
036447

0021478
025101
0e27546
0«31 344
036944

LAYER L INES

0.00829
0.02398
002748
004295
0.05251
0.06429
0.08023
0.08334
0.09856
0410693
0.11740
013579
0.14580
0.16327
017670
0.19463
0.21199
0.23031
0.24911
0.25811
0.28599
0.308a7
0433245

0.36944

000845
0e 02434
002853
004305
005378
0.06486
008032
0.08345
009939
010724
0011877
013619
015482
016368
Oel7?7717
020065
021408
023064
024943
026418
028851
031296
0634197
0637637

021969
025216
0427614
032639
037637

000868
002445
0.02870
0.04583
006142
0.06678
0.0803S
008418
009994
010737
0412064
0013621
15500
0.16369
0.18219
020196
021478
023078
025094
026944
0.28889
0031344
034958
0637977
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value of 0.02710. Comparing with the first possible parameter
suggested in Table 107, the pattern could possibly have a
tetragonal structure. (6) Let P=0.01880 and Q0=0.02710 together
with all the Sin?6 values of a-spots be the inputs to the computer
program RCTHO (here we let K=2); the indexed diffraction data is
then recorded in Table 109. (7) The standard deviation, 0.001305,
shows that the experimental data and the calculated value are not
very close. The maximum discrepancy is about +0.00615. However,

the suggested assignments agree with the original paper.

Discussions

(1) Because of the difficulty of obtaining the experimental
data, the computer programs for indexing the monoclinic and tri-
clinic rotating-crystal patterns are not included in this chapter.
The mentioned computer programs may be designed similar to those
of the powder patterns.

(2) If the orientation of the single crystal is completely
random, several (maybe more than three) rotating-crystal patterns
are needed for the determination of its lattice structure and
necessary diffraction data. This can be treated as a powder

pattern if one collects all the a-spots on the equatorial layer.
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TABLE 109

Indexed Rotating-Crystal Diffraction Data of Urea

cooo0ooo0ot F

gt e P g s P e e e P

r

MOV NRNNDN

THE NUMBER O LAYER LINE
S1IN(SQUARE) SIN(SGUARE)

(OBSERVED) (CALCULATED) NUMEBER H K
0603755 003743 2 1 1
0e 07505 0.07485 4 2 0
009355 009357 5 2 1
0e.14986 De14971 8 2 2
0.18724 0.18B714 10 3 1
0.24188 0.24328 13 3 2
0+ 33524 0433685 18 3 3
0.37349 037427 20 4 2

THE NUMBER 1 LAYER LINE

SIN(SQUARE) SIN(SQUARE)

(OBSERVED) (CALCULATED) NUMBER H K

———————————————— e - e — > o o ——— -—— D — A S S T W —
0« 04623 004582 2 1 0
006502 006453 3 1 1
0.10184 0410196 ] 2 0
012100 0412067 6 2 1
Oe 17689 D.17681 9 2 2
0«19569 019553 10 3 0
0e21472 0.21424 11 3 1
0¢32606 De 32652 17 4 0
0« 34449 0434524 18 a4 1
Oe 36394 036395 19 3 3
0e40202 0440138 21 4 2

THE NUMBER 2 LAYER LINE

SIN(SQUARE) SIN{SQUARE)

(OBSERVED) {CALCULATED) NUMBER H K
0e 12655 0e12713 5 1 0
0el14479 0+14585 6 1 1
ODe 18242 0e.18327 8 2 0
0.20123 0420199 9 2 1
0625724 025813 12 2 2
0.27701 027684 13 3 0
0629566 0029556 14 3 1
0435051 0435170 17 3 2
0440699 0.40784 20 4 0
042600 042655 21 4 1
0e45142 044527 22 3 3

P= 001871 0= 0.,02711

STANDARD DEVIATION=0.001305
THIS IS5 A TETRAGONAL ROTATING-CRYSTAL PATTERN




CHAPTER VIII
DISCUSSIONS AND CONCLUSIONS

(1) The suggested computer algorithm was successfully
applied for indexing both the unknown powder patterns and the
wnknown rotating-crystal patterns. The main computer programs
will index the powder patterns if the lattice parameters are
already known.

(2) The computer method works well even for those cubic
and tetragonal powder patterns in which some of the reflections
have very large values of s, (where si=h;+k;+1§ for the cubic
system, si=h§+k§ for the tetragonal system).

(3) If the indexed cubic powder diffraction data in the
"Number" column appear as integral multiples of those numbers
listed in Table 2, the possible parameter P should be changed
to that multiple of P for obtaining a solution of the "first-
order" reflections. |

(4) Some computer programs are based on choosing the
cell constants by assigned low Miller indices to the lower
reflections of the powder patterns. This mav result in a wrong
solution if the lower reflection lines were not measured
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accurately enough because the relative error is higher for these
short distances.

(5) The advantage of selecting the possible parameters
by difference analysis is that the possible parameters are chosen
from averaging the recurrent values in the difference table,
yielding fewer possible parameters than the trial-and-error
methods. This will reduce computing time.

(6) Some revisions are needed for indexing of unknown
tetragonal powder patterns if the values of h2+k? are even
integers for all i, i=1,2,...,K and the crystal does not belong
to a body-centered structure. This can be done by doubling the
parameter P and re~-running the computer program TET.

(7) The rhombohedral powder patterns may be indexed in a
method similar to that used for the powder patterns of the
tetragonal and hexagonal systems since the plane-spacing equations
have two unknown parameters, a and c (or a), for all three systems.

The plane-spacing equation for the rhombohedral system

can be written as

—;2—1-— = (h2+k?+1%)P' + (hk+k1+h1)Q', (115)
hkl
where
P' = Sin%a/a?(1-3Cos?a+2Cosda),
and Q' = (Cos?a-Cos a)/aZ(1l-3Cos20+2Cos’a),
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where a and a are the two lattice parameter of the unit cell.
We then obtain a relation between Sin’?6 and Miller indices

(hikili) by inserting equation (115) into (4). Thus, we have
Qin? - 2.1.2,12

where P = A2P'/4 and Q = A2Q'/4 for i=1,2,...,K.

The summations h2+k?+12 and hk+kl+hl are carried out in a
systematic manner similar to that of the tetragonal and hexagonal
systems. Further, equation (116) and equation (9) and (11) are
of the same type. Therefore, the rhombohedral system can be
treated just like those two systems. Since the plane-spacing
equation for this system is too wieldly to be used directly, we
will not devote more time to this topic.

(8) The computer method suggested by Werner29 is
generally applicable, but the computing time becomes prohibitive
for those cases in which many Sin?8 values of the lower reflection
lines are generated by two of the three parameters in the ortho-
rhombic system (for example, the powder pattern of NaTizAlsolz'
selected from Mumme and Wadsley,'76 whose Miller indices of the
first seven reflection lines are (110), (020), (120), (130),
(040), (240), and (330)) or one of the unit-cell dimensions is

much larger than the other two (since its indexing loop only

indexes the reflection lines up to (777) in general). At least
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500 combinations of the lower Miller indices must be assigned
to the three selected reflection lines to complete the trial
indexing of a powder pattern of orthorhombic crystals.

(9) The suggested computer method may certainly reduce
tremendous working hours on the indexing of the unknown
monoclinic and triclinic crystal powder patterns. However, for
those powder patterns in which most of the lower reflection
lines are accidently missing, the auxiliary computer programs,
AMO and ATR, must be revised; that is, more computing time
will be needed for selecting the possible parametérs.

(10) The computer running time is always our major
concern. The éomputer running times for each of the computer

programs are recorded in Table 110.

TABLE 110

Computer Running Time of the
Samples for each Computer Program

Computer Program Number of Examples Total Computing Time
CEA 4 _ 0.96 sec.
DA 16 .148 .88 sec.
CUB 9 3.15 sec.

TET 9 22,59 sec.
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TABLE 110 (CONTINUED)

Computer Program Number of Examples Total Computing Time
HEX 10 11.60 sec.
AOR 3 5.28 sec.
ORT 9 19.15 sec.
AMO 2 6.74 sec.
MON 7 68.60 sec.
ATR 2 17.35 sec.
TRI 3 50.00 sec.
RCEA 1 0.78 sec.
RDA 1 13.28 sec.
RCTHO 1 0.98 sec.
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TABLE A

Computer Program (CUB) for the
Indexing of Unknown Cubic Crystal Powder Patterns

C COMPUTER PRUOGRAM FOR THE INDEXING OF UNKNOWN CUBIC CRYSTAL POWDER
C PATTYERNS
DIMENSION T(70)sP(20)sS(2:70)sMH(2+s70)sMK(2+70)sML(2570)+AP(2) +CAL
1(2,70) ,SD0(2)
IN=5
IM=6
READ (INsl1l) M
1 FORMAT (13)
DO 40 I1=1,M
READ (IN+2) K,L

2 FORMAY (213)

READ (INe3) (T(J)sJ=1eK)

READ (INes3) (P{JU)eJd=1,.L)
3 FORMAT (10F7.0)

Jl=1

SD(1)=1.0

SD(2)=1,.0

00 26 12=1,L

PP=P(12)

PT=0.5%PP

SSIN=0.0

SSUM=0,0

DO 15 K1=1,K

TOL=0e1%T (K1)

IS=(T(K1)+PT)/PP

DIFF=ABS(T(K1)~IS*PP)

IF (DIFF=-TOL) 64.13,13

6 AIS=IS
IS1=SOQRT(AIS)

8 LTI=1S-1S1%x]S1
ALTI=LT1
1S2=SCRT(ALT1)

9 LT2=LT1-1S2*%1S2
ALT2=LT2
1S3=SQeRT(ALT2)
LT3=LT2~-1IS3*IS3"

IF (LT3) 10,14,10
10 IF (1S2) 102,102,101
101 IS2=1S2-1
GO TO 9
102 IF (IS1) 13,13,11

11 IS1=]IS1~-1
GO TO 8

13 SD(J1)=1.0
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TABLE A (CONTINUED)

G0 10 20
14 S(J1,K1)=1IS
MH(J1.,K1)=1IS]
MK(Jl+.Kl)=1S2
ML(J1,K1)=1IS3
KL=Kl~1
IF (KL) 144,144,14)
141 1F (MH(J1,K1)=-MH( Jl .KL)) 1444142,144
142 IF (MK(J1+K1)=MK(JLl+KL)) 144,143,144
143 IF (ML(J1,K1)=-ML(J1+KL)) 144,413,144
144 SSIN=SSIN+IS%kT (K1)
SSUM=SSUM+IS*1IS
PP=SSIN/SSUM
15 CONTINUE
AP(J1)=PP
DTSP=0.0
AKK=K
DO 18 K2=1,.,K
CAL(J1+K2)=S(J1sK2)%XAP(J]1)
DTSP=DTSP+(CAL(J1+K2)=T(K2))%%2
18 CONTINUE
SD(JL)=SQRT(DTSP/AKK)
20 IF (SD(1)=-SD(2)) 21,21,23
21 IF (12-L) 22,29,29

22 Jy1=2
GO Ta 26
23 IF (12-L) 24,30,30
24 Ji=1
26 CONTINUE
29 Ji=1
G0 Ta 130
30 Jy1=2

130 IsSD=SD(J1)
IF (ISD-1) 31,131,131

131 WRITE (IM,132) 11

132 FORMAT (1Hl,* THE NUMBER®,1I3,* SET IS NOT A CUBIC CRYSTAL POWDER
1PATTERN?®)
GO T0 40

31 WRITE (IM,32)

32 FORMAT (1H1,¢ SIN(SQUARE)"SXo'SIN(SQUARE)'Q4X"NUMBER'O3X"H'Q3XQ
1'K®*e3Xe'L") A
WRITE (IM,33)

33 FORMAT (2X+*(0OBSERVED)® 45X, *({CALCULATED)"*)
WRITE (IM,34)

34 FORMAT (IX.ll('-').SXoIZ('-!)oQXpG('-').ZX.J('-').IX.J('-').lxoB('
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TABLE A (CONTINUED)

35
36

37

38
40

1-9))

DO 35 K3=1,K

K4=S(J1sK3)

WRITE (IM336) TUK3)sCAL(J1:K3)eK4sMH{JLeK3)  MK(J1sK3I)sML(JL+K3)
FORMAT (3XsF8e5s8XeF8e5:7X01304Xe12e2X01292X412)

WRITE (IM,37) AP(J1)+SD(J1)

FORMAT (* PARAMETER='"4F8.595Xs *STANDARD DEVIATION="',F8.6)
WRITE (IM,38)

FORMAT (* THIS IS A CUBIC CRYSTAL POWDER PATTERN?)
CONTINUE

STOP

END




READ
T(J3),J=1,K
P(J),J=1,L]|?

N
Jl=1

SD(1)=1.0

sD(2)=1.0

I2=1

PP=P (12)
£ PT=0.5*PP

(" SSIN=0.0

SSUM+0.0

COMPUTE
TOL=0.1*T (K1)
IS=(T (K1) +PT) /PP *

DIFF=ABS (T (K1) -IS*PP) )

| IS1=SQRT (AIS) |

: é -

Figure A The Flow Chart of the Computer Program (CUB) for the
Indexing of Unknown Cubic Crystal Powder Patterns
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SSIN=SSIN+IS*T (K1)
SSUM=SSUM+IS*IS
PP=SSIN/SSUM

14u

no

AP (J1)=PP
DTSP=0.0
Akk=K

COMPUTE
CAL (J1,K2) je-

DTSP

Is

K2=K
2 18

yes

*

20
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SD (J1) =SQRT (DTSP/AKK)

29

—e= ISD=SD (J1)

yes

[K4=S (31 ,K3)]
]
WRITE
T(K3) ,CAL(J1,K3),
K4,MH (J1,K3)
| MK (J1,K3) ,ML(J1,K3)

35

yes

WRITE
THIS IS NOT A
CUBIC CRYSTAL
POWDER PATTERN

131



no

240

[ae

WRITE
(J31) ,SD(J1)

37
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APPENDIX B

THE COMPUTER PROGRAM AND FLOW CHART FOR

TETRAGONAL SYSTEM
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TABLE B

Computer Program (TET) for the
Indexing of Unknown Tetragonal Crystal Powder Patterns

C COMPUTER PROGRAM FOR THE INDEXING OF UNKNOWN TETRAGONAL CRYSTAL
C POWDER PATTERNS
DIMENSION T(70)sP1(20)+sP2(20)sAP1(2)eAP2(2)+S(2+,70)+CAL(2,70),
IMH(2+70) s MK(2,70)sML{(2,70)+SD(2)
IN=S
IM=6
READ (IN.1) M
1 FORMAT (I3)
D0 80 Iil=1.M
READ (INs2) KslLl,L2
2 FORMAT (313)
READ (INs3) (T(J)sJd=1,K)
READ (INs3) (P1(J)sJ=1,sL1)
READ (INs3) (P2(J)s J=1,L2)
3 FORMAT (10F7.0)
Ji=1
SD(1)=1.0
SD(2)=1.0
DG S0 12=1,L1
DO S0 13=1,L2
P=P1(12)
PT=0.5%P
Q=pP2(13)
QT=0.5%Q t
TSUM=0.0
VSUM=0.0
TVSUM=0,0
SVSUM=0,0
SSUM=0.0
DO 20 Kl=1,K
TOL=0e1%T (K1)
DF=1.0
IF (Q) 50+50,301
301 KK1=SORT({T(K1)+QT)/Q)+1.0
DO 15 K2=1,KK1l
IK2=K2~-1
AK2=IK2%1K2
QT1=AK2%Q
IF (P) S0+50,302
302 KK2=(T(K1)+PT-QT1)/P
QT 2=KK2%pP
FT1=QT1+QT2
DIFF=ABS(T(K1)-FT1)
IF (DIFF-TOL) 4,15,15
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TABLE B (CONTINUED)

4 IF (KK2) S5¢546
5 JK2=0
LK2=0
GO TO 11
6 AKK2=KK2
JK2=SQRT ( AKK2)
7 K11=JK2%JK2
CcK2=K1ll
LK2=SQRT (AKK2-CK2)
K12=LK2%LK2
IF (KK2~K11-K12) 8+11,8
8 IF (JK2) 941549
9 JK2=JK2-1
GO TG 7
11 IF (DIFF=DF) 12412,15
12 OF=DIFF
F1=KK2
F2=AK2
MH(J1 +K1)=JK2
MK(J1K1)=LK2
ML(J1sK1)=IK2
15 CONTINUE
IDF=DF
IF (IDF=-1) 174164517
16 SD(J1)=1.0
GO TQ 27
17 KKK=K1-1
IF (KKK) 1714174,171
171 IF (MH(J1sK1)=MH(J] oKKK)) 17441724174
172 IF (MK(J1eK1)=MK({J1+KKK)) 174,173,174
173 IF (ML(J1sK1)=ML(JLsKKK)) 1744164174
176 S(J1.K1)=F1+F2
TSUM=TSUM+T (K1) *F1
VSUM=VSUM+F2%F 2
TVSUM=TVSUM+T (K1 ) #F 2
SVSUM=SVSUM+F 1 *F 2
SSUM=SSUM+F 1 ¥F 1
DVSR=SSUMKVSUM-SVSUM*SVSUM
IF (DVSR) 20+20,18
18 P=(TSUMKVSUM=TVSUMESVSUM)/DVSR
Q=(TVSUM%SSUM=SVSUM*TSUM)/DVSR
20 CONTINUE
DTSP=04.0
AKK=K
DO 25 K3=1.K
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TABLE B (CONTINUED)

F3=ML(J1+K3)EML(J1,K3)
CAL(J1+K3)=P%(S(J1:K3)~F3)+Q0%F3
DTSP=DTSP+(CAL(J1+K3)=T(K3))**2
25 CONTINUE
SD(J1)=SQRT(DTSP/AKK)
AP1(J1)=P
AP2(J1)=Q
27 1IF (SD(1)-SD(2)) 28,30.30
28 IF (13-L2) 29,281,281
281 IF (I12-L1) 29,544,554
29 J1=2
GO TO SO
30 IF (13-L2) 32,31,31
31 IF ([2-L1) 32+56,56
32 J1=1
S0 CONTINUE
5S4 Jli=1
GG TQ 57
56 J1=2
57 1SD=SD(J1)
IF ([SD-1) 60,58,58
58 WRITE (IM,59) (1
S9 FORMAT (1H1.,' THE NUMBER'+13+* SET IS NOT A TETRAGONAL CRYSTAL PO
IWDER PATTERN?') ’
GO TC 80
60 WRITE (IMe62)
62 FORMAT (1H1+*' SIN(SQUARE)?*s5SXs *SIN(SQUARE)®* 44X *NUMBER®+3Xs 'H® 43X,
1K 3Xs%L ")
WRITE (IM,64)
64 FORMAT (2X+*(OBSERVED)®*,5X,*(CALCULATED)*)
WRITE (IM.66) _
66 FORMAT (1Xo11(°=*)sS5Xp12(%=9)9A8Xeb(*=9)e2Xe3(*=)o1Xs3(*~-0),1X,3¢("
1-*))
DO 70 Ka=1,K
IK=S(J1,K4)
70 WRITE (IMe72) T(KA) s CAL(JS1+KE)o IKeMH(J14sKE) MK(JLoKaG)ML(J] KG) -
72 FORMAT (3XsF8e548XesFB8e5:e7X91304Xs12¢2Xs12:2X912)
WRITE (Iﬂo74) AP1(J1).AP2(J1)
74 FORMAT (¢ "sFB8e5eIXe*Q=*4FB.5)
WRITE (IM075) SD(J1)
75 FORMAT (* STANDARD DEVIATION=*,FB8.6)
WRITE (IM,76)
76 FORMAT (* THIS IS A TETRAGONAL CRYSTAL POWDER PATTERN?Y)
80 CONTINUE
STAP
END
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READ
T(J),J=1,K
P1(J),J=1,L1
P2(J) ,J=1,L2]| 3
]
Jl=1
SD(1)=1.0
SD(2)=1.0

P=P1(12)
PT=0.5*P
Q=P2(I3)
or % | OT=0.5%*Q
—™ TSUM=0.0
VSUM=0.0
TVSUM=0.0
SVSUM=0.0
SSUM=0.0

TOL=0.1*T (K1)
# DF=1.0
KK1=SQRT (T (K1) +OT) /Q) +1.0

[ K2=1]

Figure B The Flow Chart of the Computer Program (TET) for the
Indexing of Unknown Tetragonal Crystal Powder Patterns




KK2= (T (K1) +PT-QT1) /P
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)

IK2=K2-1
AK2=TK2*IK2
* QT1=AK2*Q

QT2=KK2*P
FT1=QT1+QT2
DIFF=ABS (T (K1) -FT1)

no Is
— DIFF<TOL

JK2=0
KK2=0

+ﬁ

AKK2=KK2
JK2=SQRT (AKK2) 6
[ ]
K11=JK2*JK2
CK2=K1l1

LK2=SQRT (AKK2~CK2)
K12=LK2*LK2

—JK2-1I9




%

o
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DF=DIFF

F1=KK2

F2=AK2
MH(J1,K1)=JK2
MK (J1,K1) =LK2
ML (J1,K1) =IK2

12

<&

15
yes

SD(J1) =1'°}TE\

?
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COMPUTE
—__]s(31,Kk1),TSUM,
VSUM, TVSUM, SSUM,
DVSR, SVSUM

no
yes

COMPUTE
P,0

DTSP=0.0
AKK=K
K3=1

174

27
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COMPUTE
F3,DTSP
CAL (J1,K3)

SD (J1) =SQRT (DTSP/AKK)
AP1(J1)=P
AP2(J1)=Q




N

250

|IsD=sD (J1)| .

WRITE

THIS IS NOT A
TETRAGONAL CRY-
STAL POWDER
POWDER

WRITE
T(K4) ,CAL(J1,K4),
S(J1,K4) ,MH(J1,K4)

MK (J1,K4) ,ML(J1,K4)

K4=1,K

’

l

WRITE
AP1(J1) ,AP2(J1),

SD(J1)

74,75

ves

59
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APPENDIX C

THE COMPUTER PROGRAM AND FLOW CHART FOR

HEXAGONAL SYSTEM
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TABLE C

Computer Program (HEX) for the
Indexing of Unknown Hexagonal Crystal Powder Patterns

C COMPUTER PROGRAM FOR THE INDEXING OF UNKNOWN HEXAGONAL CRYSTAL POWDER
C PATTERNS
DIMENSION T(70)sP1(20):P2(20)sAP1{2)sAP2(2)+CAL(2:70) s MH(2+70) o MK(
12+70) s ML(2+70)+SD(2)
IN=S
1M=6
READ (INs1) M
1 FORMAT (13)
DO 80 I1=1,M
READ (IN,2) KsbL1l,L2
2 FORMAT (313)
READ (INs3) (T(J)sJ=1eK)
READ (INs3) (P1(J),J=1,L1)
READ (IN,3) (P2(J)sJ=1,L2)"
3 FORMAT (10F7.0)
Ji=1
SD(1)=1.0
SD(2)=1.0
DO S0 I2=1,L1
DG 50 I3=1,L2
P=P1(12)
PT=0.5%P
Q=pP2(13)
QT=0,5%0Q
TSUM=0,0
VSUM=0.0
TVSUM=0,0
SVSUM=0.0
SSUM=0.0
00 20 Ki1=1,K
TOL=0e1%T(K1)
DF=1.0
IF (Q) 50¢50,301
301 KK1I=SORT{((T(K1)+QT)/Q)+1.0
DC 15 K2=1,KK1
I1K2=K2-1
AK2=IK2%IK2
QT 1=AK2%Q
IF (P) S0+50,302
302 KK2=(T(K1)+PT=QTL)/P
QT 2=KK2%pP
FY1=QT1+QT2
ODIFF=ABS(T(K1)~FT1)
IF (DIFF-TOL) S01415515
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TABLE C (CONTINUED)

S01 IF (KK2) 502,502+6
502 JK2=0
LK2=0
GO TO 11
6 AKK2=KK2
JK2=SQART { AKK2)
7 AJK2=JK2
Kli=JK2%JK2
CK2=K11
LK2=(SCORT(4.0%AKK2=-3,0%CK2)-AIJK2)/2.0
Kl12=LK2%LK2
K13=JK2%LK2
IF (KK2-K11-K12-K13) 8,11,8
8 IF (JK2) 9,15,9
9 JK2=JK2-1
GO TQ 7
11 IF (DIFF-DF) 12,12,15
12 DF=DIFF
Fl1=KK2
F2=AK2
MH(J1 sK1 )=JK2
MK(J1 oK1 )=LK2
ML(J1sK1)=1IK2
15 CONTINUE
IDF=DF
IF (IDF-1) 17+16+17
16 SD(J1)=1.0
GO TO 27
17 KKK=K1-1
IF (KKK) 171,174,171
171 IF (MH(J1+K1)=MH(JL KKK)) 174,172,174
172 IF (MK{J1oK1)=MK(J]l oKKK)) 174,173,174
173 IF (ML(J1sK1)=-ML(J1,KKK)) 174,164,178
174 TSUM=TSUM+T (K1l )*F1
VSUM=VSUM+F25F2
TVSUM=TVSUM+T(KL ) *F2
SVSUM=SVSUM+F1 *F2
SSUM=SSUM+F 1%F1
DVSR=SSUMRVSUM=-SVSUM*SVSUM
IF (DVSR) 20,20,18
18 P=(TSUMRYSUM=-TVSUMESVSUM)/DVSR
Q=({TVSUM*SSUM~-SVSUMXTSUM)/DVSR
20 CONTINUE
DTSP=0.0
AKK=K
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TABLE C (CONTINUED)

25

27

28"

281
29

30
31
32
S0
54

56
57

58

59

60

62

64

66

70
72

74

75

76
80

DO 25 K3=1,.K

CAL(JL +K3)=PE{(MH(J1 oKI)EXMH(J1sK3)+MH(J1+K3)EMK(J]+K3)+MK(J1 sK3) kMK
1(J1oK3))+Q*ML(J1 K3 ) *ML(J1:K3)
DTSP=DTSP+(CAL(J1sK3)=-T(K3))%%2

CONTINUE

SD(J1)=SORT(DTSP/AKK)

AP1(J1)=P

AP2(J1)=Q

IF (SDO(1)~-SD(2)) 28+30,+30

IF (I13-L2) 29,281,281

IF (12-L1) 29+:54,54

Ji=2

GO TO S50

IF (I3-L2) 32,31,31

IF (I2-L1) 32+:56,56

Ji=1

CONTINUE

J1=1

G0 TO S7

J1=2

ISD=SD(J1)

IF (ISD-1) 60+58,58

WRITE (IMe59) I1

FORMAT (1H1.,* THE NUMBER®, I3,* SET IS NOT A HEXAGONAL CRYSTAL POW
IDER PATTERN?')

GO TO 80

WRITE (IMe62)

FORMAT (1H1+* SIN(SQUARE)*+B8Xe 'SIN(SQUARE ) *911Xe'H* 33X 'K?o3X,°L")
WRITE (IMe64)

FORMAT (2X«*(OBSERVED)* 48X *(CALCULATED) )

WRITE (IMy66)

FORMAT (1Xel1('=?)eB8Xe12('=")310Xe3(*=*)sIXe3(*=2)31Xs3(*="))
DO 70 K4a=1,K

WRITE (IM,72) T(KQ)oCAL(JloKﬁ)oMH(JloKQ)oMK(J‘.K4)’ML(JIQKQ)
FORMAT (3XeFB8e5:11XsFB8e5:12X912:2Xs12e2Xs12)

WRITE (IMs74) API(J1).,AP2(J1)

FORMAT (' P=',F8¢5¢9X9°Q=*3F865)

WRITE (IMs75) SOD(J1)

FORMAT (' STANDARD DEVIATION=',F8.6)

WRITE (IMe76)

FORMAT (* THIS 1S A HEXAGONAL CRYSTAL POWDER PATTERN®)
CONTINUE

sSTOP

END




I1=1

READ
( K,L1,L2|

READ
T(J),J=1,K
P1(J),J=1,L1
P2(J) J=1,L2

{ ’ 3
J1l=1
SD(1)=0.0
sD(2)=0.0

P=P1(I2),PT=0.5%P,
0=P2(I3),Q0T=0.5%Q,
lor = ** |lmsuM=0.0,VSUM=0.0,
TVSUM=0.0,SSUM=0.0,
SVSUM=0.0

Kl=1

# TOL=0.1*T (K1) ,DF=1.0,
KK1=SORT (T (K1) +QT) /Q)+1.0

Figure C The Flow Chart of the Computer Program (HEX) for the
Indexing of Unknown Hexagonal Crystal Powder Patterns
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IK2=K2-1,AK2=IK2*IK2,
« | QT1=AK2*Q,
——eo= KK2=(T (K1) +PT-QT1) /P,
QT2=KK2*P,FT1=QT1+QT2,
DIFF=ABS (T (K1) -FT1)

nc

yYes

AKK2=KK2
JK2=SQRT(AKK2)G
]

AJK2=JK2,K11=JK2*JK2,

CK2=K11,LK2=(SQRT (4.0*
AKK2-3.0*CK2) -AJK2)/
2.0

K12=LK2*LK2,K13=JK2*LK2

JK2=0

LK2=0




* %

— > gy
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DF=DIFF
F1=KK2
F2=AK2
MH (J1,K1)=JK2
MK (J1,K1)=LK2
ML(J1,K1)=IK2

SD(Jl)=1.

e

]




*%

— gy
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COMPUTE
TSUM, VSUM, TVSUM,
SSUM,DVSR, SVSUM

COMPUTE
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COMPUTE
CAL(J1,K3) ,DTSP

[K3=K3+1]

SD (J1) =SQRT (DTSP/AKK)
APl (J1)=P,AP2(J1)=0Q

[13=13+1
or
| 12=12+1




1]

11=11+]]

260

l;sn=sn(J1)]57

WRITE

THIS IS NOT A
HEXAGONAL CRY-
STAL POWDER
PATTERN

WRITE
T(K4) ,CAL(J1,K4),
MH (J1,K4) ,MK(J1,K4),
ML (J1,K4)

WRITE
APl (J1) ,AP2(J1),
SD(J1)

74,75 y

59
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APPENDIX D

THE COMPUTER PROGRAM AND FLOW CHART FOR

ORTHORHOMBIC SYSTEM
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TABLE D

Computer Program (ORT) for the
Indexing of Unknown Orthorhombic Crystal Powder Patterns

C COMPUTER PROGRAM FOR THE INDEXING OF UNKNOWN ORTHORHOMBIC CRYSTAL
C POWDER PATTERNS

DIMENSION T(70)sMH(2+70)sMK(2+70)eML(2:70)sP1(2)sP2(2)4+P3(2)CAL(2
1470)¢SD(2)+AP1(50)s AP2(S0),AP3(50)
IN=S
IM=6
READ (INes2) M

2 FORMAT (213)
DO 80 Il1=1+M
READ (INs2) KL
READ (INs3) (T(J)eJd=19K)
D0 200 J=1.L

200 READ (INs3) AP1(J)e AP2(J)AP3(J)

3 FORMAT (10F7.0)
Ji=1
SD(1)=1.0
sD(2)=1.0
DO 55 Li=1,L
P=AP1(L1)
PT=0e5%P
Q=AP2({L1)
QT=0.5%Q
S=AP3(L1)
ST=05%S
SHH=0,0
SHK=0,0
SHL=0.0
SKK=0.0
SLL=0.0
SKL=0e0
STH=0.0
STK=0.0
STL=0.0
DO 40 Kl=1sK
TOL=01%T (K1)
IF (P) 55+55+301

301 KKI=SORT((T(K1)+PT)/P)+1.0

OF=1.0
DO 21 K2=1.KK1
AK2=K2~-1
QT 1=AK2%AK2 *P
QOT1I=T(K1)+QT-QT1
IF (QQGT1) 21+2144

4 KK2=SQORT(QQT1/Q)+1.0
D0 20 K3=1,KK2
AK3=K3~1
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TABLE D (CONTINUED)

QT2=AK3%AK3*Q
QQT2=T(K1)+ST-QT1-QT2
IF (QQT2) 20+,20s5
S KK3=SQRT(QQT2/S)
QT3=KK3%KK3%S
CALV=QT1+QT2+QT3
DIFF=ABS(T(K1)=CALV)
IF (DIFF-TOL) 7,20,20
7 IF (DIFF-=DF) 8+¢20,20
8 DF=DIFF
MH(J1 oK1 )=AK2
MK (J1 K1l )=AK3
ML(J1 +Kl)=KK3
20 CONTINUE
21 CONTINUE
IDF=DF
IF (IDF-1) 24,22,28
22 SD(J1)=1.0
GO TC 46
24 KL=K1-1
IF (KL) 26¢32+26
26 IF (MH(JL1.K1)=MH(J1.,KL)) 32,28,32
28 IF (MK{(J1:K1)=-MK(J1+KL)) 32+30,32
30 IF (ML(J1,K1)=-ML(J1sKL)) 32.22,32
32 HH=MH{J1sK1)*MH{J1,K1)
HK=MK (J1 s K1) *MK(J1,K1)
HL=ML (J1 + K1) %kML(J1sK1)
SHH=SHH+HH%*HH
SKK=SKK+HK *HK
SLL=SLL+HL*HL
SHK=SHK+HH*HK
SKL=SKL+HK*®HL
SHL=SHL+HH*HL
STH=STH+T (K1) *HH
STK=STK+T (K1) *HK
STL=STL+T(K1)*HL
DEL=SHH¥SKK*SLL+2,0*SHKASKL ¥SHL~SHH*SKL $¥SKL-SKK®SHL ¥*SHL~SLL*SHK%*SH
1K
IF (DEL) 40+40,33
33 DELP=STH*(SKK*SLL-SKL*SKL ) +STK*(SHL*SKL=SHK%®SLL)+STL*( SHK*SKL~SKK*
1SHL)
DELQ=STH*(SKL*SHL=SLL#*SHK) +STK*(SHH*SLL~SHL%ASHL )+STL*{( SHL*SHK~-SHH®
1SKL)
DELS=STH*(SHK*SKL~SKKXSHL ) +STK¥(SHK*SHL. ~SHHESKL ) +STL* ( SHH* SKK~SHK*
1SHK)
P=DELP/DEL
Q=DELQ/DEL
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TABLE D (CONTINUED)

40

44

46
48
49
SO
52
S5
58

59
60

601

61

602

62

64

66

70
72

74

75

76
80

S=DELS/DEL

CONTINUE

DTSP=0.0

AKK=K

D0 44 K4=1,K

CAL(J1 KA)=PRMH( J1e KA I EXMH{ J1+KA)+QRMK(J]1 KA IEMK(JI1 KA ) +SEML (I 4KE)
1ML (J] oK4G)

OTSP=DTSP+(T(KA)-CAL(J1:K&))*%2

CONTINUE

SD(J1)=SQRT(DTSP/AKK)

PLJL1)=P

P2(Jl)=Q

P3(J1)=S

IF (SD(1)-SD(2)) 4B 4850

IF (L1-L) 49,58.58

Ji1=2

GO YO 55

IF (Ll=-L) 52+:59¢59

Ji=1

CONTINUE

Ji=1

GO TA 60

Ji1=2

ISD=SD(J1)

IF (ISD-1) 602+601,601

WRITE (IM,61) I1

FORMAT (1H1+' THE NUMBER®, I3 SET IS NOT AN ORTHORHOMBIC CRYSTAL
1 POWDER PATTERN?)

GO TO 80

WRITE (IM,62)

FORMAT (1H1+° SIN(SQUARE)®* ¢ 7Xs 'SIN(SQUARE)®s12Xs*H® 43X *K®* 43X, L")
WRITE (IM,64)

FORMAT (2Xs*(0BSERVED)®+8Xs'(CALCULATED)?)

WRITE (IM,66)

FORMAT (1Xe11(*=0)8X912(%=9)s10Xe3(%°=*%)slXs3{('=?)eliXe3(°*~"))
DO 70 KS5=1,K

WRITE (IM372) T(KS)+CAL(J1sKS) s MH(J1eKS5)sMK(J1+KS)sML{J1+KS)
FORMAT (3XeFB8eSs11XsFBeSe12X912:2Xs12e2X012)

WRITE (IMe74) PL(JL)P2(J1)P3I(J1)

FORMAT (°* =% FB8eS5eSX0 Q=9 F8eS595Xe *'S=?4F8eS)

WRITE (IM,75) SD(J1)

FORMAT (* STANDARD DEVIATION=',F8.6)

WRITE (IMe76)

FORMAT (* THIS IS AN ORTHORHOMBIC CRYSTAL POWDER PATTERN®)
CONTINUE

sSTOP

END




READ
T(J),J=1,K
AP1 (J) ,AP2(J) ,AP3(J)
: J=1,L

J1l=1
SD(1)=1.0
SD(2)=1.0

P=APl (I1) ,PT=0.5*P

Q0=AP2(I11) ,0T=0.5%Q

S=AP3(1l) ,ST=0.5*%S
*% | SHH=0.0,SHK=0.0,
SH1=0.0,SKK=0.0,
SKL=0.0,SLL=0.0,
STH=0.0,STK=0.0,

=
-
[

e

TOL=0.1*T (K1)
KK1=SQRT ((T (K1) +PT) /P)+1.0
DF=1.0

#1

Figure D The Flow Chart of the Computer Program (ORT) for the
Indexing of Unknown Orthorhombic Crystal Powder Patterns
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266

S

AK2=K2-1
QT1=AK2*AK2*P
QQT1=T (K1) +QT-QT1

#2

Is

LKKZ-SQRT(QOT1/0)+1 of ,

AK3=K3-1,0T2=AK3*AK3*Q
QQT2=T (K1) +ST-QT1-QT2

Is
QT2>0
?
yes

KK3=SQRT (QQT2/8S)

QT3=KK3*KK3*S

CALV=QT1+QT2+QT3
DIFF=ABS (T (K1) -CALV)

20 21



* %% #1

267

IO

DF=DIFF
MH (J1,K1) =AK2
MK (J1,K1)=AK3
ML (J1,K1) =KK3

yes




K1=K1l+1

\ SHK,SHL, SKK,

268

COMPUTE
HH,HK,HL, SHH

SKL,SLL,STH,
STK,STL,DEL

32

Is
DEL>0 no

?

yes

COMPUTE
DELP,DELQ,DELS,P,0Q,S

33

es
40
no

DTSP=0.0
AKK=K

46
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COMPUTE
CAL(J1,K4) ,DTSP

Is
K4<K
?

yes

by
no

SD (J1) =SQRT (DTSP/AKK)
P1(J1)=P,P2(J1)=Q,
P3(J1)=S

~
{1SD=SD (J1)] .o

18 yes

61
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WRITE
T (K5) ,CAL(J1,KS),

MH (J1,K5) ,MK(J1,KS),

IML (J1,K5)

WRITE
THIS IS NOT AN
ORTHORHOMBIC
CRYSTAL POWDER

IIl=Il+1"—

l 70 | PATTERN
WRITE
P1(J1),P2(J1),
P3(J1l) ,SD(J1)
7%,75
Is
Jyes I1<M J
2
80
no

(STOR)

61
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APPENDIX E

THE COMPUTER PROGRAM AND FLOW CHART FOR

MONOCLINIC SYSTEM
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TABLE E

Computer Program (MON) for the
Indexing of Unknown Monoclinic Crystal Powder Patterns

C COMPUTER PROGRAM FOR THE INDEXING OF UNKNOWN MONOCLINIC CRYSTAL
C POWDER PATTERNS
DIMENSION T(70)sA(8,4)eB(4)sP1(10),P2(10)P3(10)+P4A(10),APL(2)+AP:
1(2),AP3(2)+sAPA(2)+sCAL(2+70)9sMH(2,TO)sMK(2+70) s ML(2e70)sSD(2)
2C(44+4)CL(T70)
IN=5
I M=6
READ (INsl1l) M
1 FORMAT (213)
DO 80 I[=1.M
READ (INs1l) K,L
READ (INe3) (T(J)eJd=14K)
3 FORMAT (10F7.0)
DO 4 J=1,L
4 READ (INs400) PL1(J)sP2(J)sP3(J)ePa(J)
400 FORMAT (4F10.0)
Ji=1
SD(1)=1.0
SD(2)=1.0
DO 50 It=1.L
P=P1(I1)
Q=P2(11)
S=P3(I1)
V=P4(I1)
DO S5 13=1+4
DO S I[4=1.,4
C{I3+414)=0.0
S CONTINUE
STH=0.0
STK=0.0
STL=0.0
STHL=0.0
DC 31 II=1,2
DO 30 Kil=1.K
PT=0s5%P
QT=05%0
DF=1.0
IF (Q) S0+50:495
495 KKI=SQRT((T(K1})}+QT)/Q)+1.0
DO 150 K2=1,KK]1
AK2=K2~1
QQT1=AK2*AK2*Q
QQT11=T(K1)-QQT1
IF (ABS(QQT11)=00002) 49664964497
496 DIFF=ABS(QQT11)
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TABLE E (CONTINUED)

497
498

499
4990

4991

4992

500

503
505

506

507

508
510

KK2=1

GO TQ 4990
QOT12=GQT11+PT

IF (P) 150+150,498

IF (QQT12/P) 150,+1504499
KK2=SQRT(QQT12/P)+2 .0

DO 15 K3=1.KK2

AK3I=K3-1

AKK3=AK3%AK3

QAT2=AKK3*P
QO0T13=QQT11-QQT2

IF (ABS{QQT13)~0.,0002) 4991,4991,4992
DIFF=ABS(QQT13)

KKS5=0

GO TC 9

QQT3=AK3 *V
QQT4=T(K1)-QQT1-QQT 2
QOTS=QQT 3xQQT3+4 ., 0%S*QQT4
IF (QQTS) 15+500,500
QOT6=SQART(QQTS)

QQT7=0QT 3+QQT6

IF (QAT7) S501+503.502
KK3=(QQT7-S)/(2.0%S)

GO TO S0S
KK3=(QQT7+S)/7(2.0%S)

GO YO 505

KK3=0

QQT8=0QT 3-QQT6

IF (QGT8) S506+5084507
KK4=(QQTB8~S)/(20%S)

GO TO S10
KK4=(QQTB8+S)/(2.0%S)

GO TO S10

KK4=0

QT 1I=0GQ T4~ KK3I%kKK3I %S+ AK I¥KK I %V
QT2=Q00T4~-KK4EKKA xS+ AKIXKKA XY
DIFF1=ABS(QT1)
DIFF2=ABS(QT2)

IF (DIFF1~-DIFF2) 6+6+97
DIFF=DIFF1

KKS5=KK3

Ga TQ 9

DIFF=DIFF2

KKS=KK4

TOL=0e1%T(K1)

NK3=AK3
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TABLE E (CONTINUED)

NK2=AK2
IF (DIFF-TOL) 10,15.15

10 IF (D1IFF-DF) 11,15+15

11 KL=K1-1
IF (KL) 13,13,12

12 IF (NK3=-MH(J1l:KL)) 13,200,113

200 IF (NK2-MK{Jl.,KL)) 13,202+13
202 IF (KKS=ML{J1,KL)) 13+15,13
13 IF (I11-2) 14,203,203

203 IF (K1-K) 204.14,14
204 KLL=K1+1

IF (NK3-MH{J1.,KLL)) 14,20S,.,14
205 IF (NK2-MK(J1sKLL)) 14,206,14
206 IF (KKS=ML{JlsKLL)) 14,1S5,.14

14 DF=DIFF
MH(J1+K1)=NK3
MK (J]l oK1 )=NK2
ML (J1 oK1 )=KKS

15 CONTINUE

150 CONTINUE
IDF=DF
IF (IDF-1) 22+16+22

16 SD(J1)=1.0
GO TC 37

22 BK2=MH(J1,K1)®MH(J1,K1)
BK3=MK(J1+K1)EMK(J1l +K1)
BK4=NML(J1,K1)*ML{J1,.,K1)
BKS=MH(J1:K1)®ML{J1 +K1)

IF (11-2) 229,24+24

229 CL(K1)=P*BK2+Q*BK3+S%BK4-V*BKS
IF (KL) 24,24,23

23 IF (CL(K1)=-CL(KL)) 230.,24+24

230 DIF=T(K])-T(KL)
STH=STH+ (MH(J1 KL )®MH(J1,KL)-BK2)%DIF
STK=STK+ (MK{JLl KL)EXMK{J1KL)~BK3)%DIF
STL=STL+(ML(Jl0KL)*ML(J‘OKL)‘BK4)*D‘F
STHL=STHL+(MH({J1 s KL ) *¥ML(J1,KL )-BKS)%DIF
MH(J1 K1 )=MH(J1+KL)
MK(J1,K1)=MK(Jl,KL)
ML (J1 K1 )=ML(J1lsKL)

24 Cl1+1)=C(1,1)+BK2%BK2
C(1+2)=C(1,2)+BK2%BK3
C(1.3)=C(1,3)+BK2*BK4
C(1+4)=C(1+4)-BK2%*BKS
C(2+1)=C(1,2)
C(2+2)=C(2+,2)+BK3%BK3
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C(2:3)=C(2+3)+BK3I*BKS
C(2+,4)=C(2,4)-BKI*BKS
C(3,1)=C(1+3)
C(3,2)=C(2+3)
C(3+¢3)=C(3+3)+BK4*BKS
C(3+,4)=C(3+4)-BK4*BKS
C(4,1)=-C(1,4)
C(4,2)=—-C(2+4)
C(443)==C(3+4)
C(4,4)=—=C(1,3)
STH=STH+BK2%T (K1)
STK=STK+BK3*T(K1)
STL=STL+BK4*T(K1)
STHL=STHL +BKS5*T(K1)
IF (C(1,1)) 30,30,123
123 IF (C(2+2)) 30+30+124
124 1IF (C(3+43)) 30430.,125
125 IF (Cl4,4)) 1264304126
126 B{1)=STH
B(2)=STK
B(3)=STL
B{(4)=STHL
DO 130 I5=1,.,4
DO 130 16=1.4
A(IS,16)=C(1S,16)
130 CONTINUE
CALL SIMQ(A+Bs4sKS)
IF (KS~1) 25+,30,30
25 P=8(1)
Q=8(2}
S=8(3)
v=B(4)
30 CONTINUE
31 CONTINUE
DTSP=0.0
AKK=K
00 35 K4=1,6K
CAL(JLoKA)=PEMH(J1,KE)XMH{ J1,KE)+Q*MK(J1,KG)IXMK(JI1+KG)+SEML(J] 4KS)
1ML JL o KA)=VEMH( J1,KE)EML{ J1,K&)
DTSP=DTSP+(CAL(J1,K&)~-T(KAE))*%x2
35S CONTINUE
SD(J1)=SART(DTSP/AKK)
APL1(J1)=P
AP2(J1)=Q
AP3(J1)=S
APa(Jl)=V
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37 IF (SD(1)~-SD(2)) 38.,38.41
38 IF (I1-L) 40,52+52

40 J1=2
GO TC SO
41 IF (I1-L) 43454554
43 Jl=1
S0 CONTINUE
52 Ji=1
GO TQ S6
54 J1=2

56 ISD=SD(u1l)
IF (ISD=-1) 60,58.+60
58 WRITE (IM,59) |
S9 FORMAT (1Hl+' THE NUMBER?'y 13,* SET IS NOT A MONQCLINIC CRYSTAL PO
1WDER PATTERN'!)
GO TQ 80
60 WRITE (IM,62)
62 FORMAT (lH1+* SIN(SQUARE)*+8Xe *SIN(SQUARE )" +12X e "H? 9SXs*'K?4SXe*L?)
WRITE (IM,64)
64 FORMAT (2X,*'(0BSERVED)®¢8Xe*(CALCULATED)*)
WRITE (IM466)
66 FORMAT (2Xe10(*=*)o8Xe12(*~=%)s11Xe15(*~"))
' DO 70 K5=1,4K
70 WRITE (IMs72) TIKS) o CAL{JLsKS5) s MH(J1KS) s MK(JL1sKS)oeML(JL¢KS)
72 FORMAT (3XosF8e5011XeF8eSs12Xe]13e3Xes1363Xs13)
WRITE (IM,74) AP1(J1),AP2(J1),AP3(J1)+AP4GI(I1)
74 FORMAY (¢ SO FBeSs 5K 'Q=' sFBaSsS5Xe 'S=?sFB8e595Xe'V=1,F8,.5)
WRITE (IMe7S) SD(J1)
75 FORMAT (* STANDARD DEVIATION=',F8e¢6)
WRITE (IM,76)
76 FORMAT (* THIS IS A MONOCLINIC CRYSTAL POWDER PATTERN')
80 CONTINUE
sSTOP
END




* ¢ READ
( K,L

READ

T (J) ,J=1,K
P1(J) ,P2(J) ,P3(J),P4(J)
J=1,L
(] 9,400

Jl=1

SD(1)=1.0
SD(2)=1.0

I1l=1

x%x |P=P1(Il),0Q=P2(Il)

~ —™1s=P3(Il),Vv=P4(Il)

] .
C(I3,14)=0.0
13=1,4;T4=1,4

1
STH=0.0,STK=0.0,
STL=0.0,STHL=0.0

[,iZ__Lp'r=o .5*P,0T=0.5%Q,DF=1, 0]

Figure E The Flow Chart of the Computer Program (MON) for the
Indexing of Unknown Monoclinic Crystal Powder Patterns
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@ .
yes

[§§1=SQRT((T(K1)+QT)/Q)+1.0]ugs

QQT1=AK2*AK2*(Q
QQT11=T (K1) -QQT1

DIFF=| 0QT1l|
KK2=1

13

A

j
[KK2=SQRT(QQT12/P)+2.0]bgg
K3=1 /
49930

AK3=K3-1
#4 _ |AKK3=AK3*AK3

QQT2=AKK3*P

QQT13=QQT11-QQT2

150

S0
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kokk 4] 42 $3 #4 B
bbb
Is
Q0T13|>0.0002>Lwi DIFF=|0OT13|
2 KK5=0
4991
yes
QOT3=AK3*V,QQT4=T (K1) ~QQT1-0QT2
QQT5=QQT3*QQT3+4.0*S*QQT4
4992
Is
QOT5<0 yes ) w
?
no
0QT6=SQRT (QQT5)
0QT7=00T3+00T6
KK3_QQT7+S < KK3=QQT7"S
25 25
502 501
[0QT8=00T3-00T6] .
Is < T8-5
KK4=20T8+51,0<  nomg 0 olkka=20T8-S
_ 25 2 28
507 506
=0
KK4=0
L Py 1 1
c 9 15 150 S0
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* k% 31 #2 #3 #4

SRRER

QT1=Q0QT4-KK3*KK3*S+AK3*KK3*V
QT2=0QT4-KK4*KK4*S+AK3I*KK4*V
DIFF1=ABS (QT1) ,DIFF2=ABS (QT2)

DIFF=DIFF1l DIFF=DIFF2
KK5=KK3 KK5=KK4

—— 6 - 7
TOL=0.1*T (K1)

jntll— S/
NK3=AK3,NK2=AK2

9

B

15 150 S50
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*okk 41 42 #3 #4

14**11

|

14 15 150 50




* k% 41 #2 #3 44 e

by

DF=DIFF

MK (J1,K1) =NK2
ML (J1,K1) =KK5

14

MH (J1,K1)=Nk3 J/

K2=K2+1

SD(J1)=1.6116

BK2=MH (J1,K1) *MH (J1,K1)
BK3=MK (J1,K1) *MK (J1,K1)
BK4=ML (J1,K1) *ML(J1,K1)
BK5=MH (J1,K1) *ML (J1,K1)

o

22




* k*k #1 #2

by ¥

l

283

COMPUTE
DIF,STH,STK,STL,STHL
MH(J1,K1)=MH(J1,KL)
MK (J1,K1)=MK(J1,KL)

ML (J1,K1)=ML(J1,KL)
‘ 230

COMPUTE
c(1,1),c(1,2),c(1,3),C(1,4),
c(2,1),c(2,2),c(2,3),c(2,4),
c(3,1),c(3,2),c(3,3),C(3,4),
c(4,1),c(4,2),C(4,3),C(4,4),
STH,STK,STL,STHL

24

V|

37 50



* %

|
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#1  #2

I

no

no

yes

B(1)=STH,B(2)=STK,
B(3)=STL,B(4) =STHL

]

I5=1,6;1I6=1,6

A(I5,1I6)=C(15,16)

K
CALL
SIMQ

yes

P=B(1),Q0=B(2),5=B(3),V=B(4)

25

37 50



DTSP=0.0
AKK=K
I

COMPUTE
CAL(J1,K4) ,K4=1,K

DTSP

]

35

AP1(J1)=P,AP2(J1)=Q,
AP3(J1)=S,AP4(J1l)=V

SD(J1) =SQRT (DTSP/AKK)

54

[ISD=SD(JiT|56,
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WRITE
THIS IS NOT A
MONOCLINIC
CRYSTAL POWDER
PATTERN

WRITE
T(KS5) ,CAL(J1,K5),
MH (J1,K5) ,MK (J1,K5) ,
|ML (J1,K5) :K5=1,K

72

!
WRITE

aArl(Jl) ,ap2(J1),

Apr3(J1) ,AP4(J1),

74 75

59
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APPENDIX F

THE COMPUTER PROGRAM AND FLOW CHART FOR

TRICLINIC SYSTEM
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TABLE F

Computer Program (TRI) for the
Indexing of Unknown Triclinic Crystal Powder Patterns

C COM
C PAT

500

501

5012
5014

PUTER PROGRAM FOR THE INDEXING OF UNKNOWN TRICLINIC CRYSTAL POWDER
TERNS

DIMENSION T(70)+A(6:6)9C(6+6)9B(6)sP1(10)sP2(10),P3(10)+P4(10) +PS{(
110)+P6(10)2AP1(2),AP2(2)+sAP3(2),AP4(2)+APS(2),AP6(2)+CAL(2,70)+SD(
22) o MH{2970) s MK(2570)sML{2670)sD(6)+BK(6),CL(70)
IN=S

IM=6

READ (INsi) M

FORMAT (213)

DO 80 I=1.M

READ (INs1) KebL

READ (IN+2) (T(J)eJd=14K)

FORMAT (10F7.,0)

00 3 J=1.L

READ (INs4) PL1{J)eP2(JIePI(J)ePA(J)ePS(J)PE(Y)
FORMAT (6F10.0)

Ji=1

sD(1)=1.0

SD(2)=1.0

DO SO0 Il1=1.L

P=P1(I11)

Q=P2(I11)

S=P3(11)

v=pP4(11)

U=pPsS(I1)

w=pP6(11)

DO S 12=1,6

DO S I3=1+6

Cll2:13)=0.0

CONTINUE

DO S00 14=1+6

D(14)=0.0

CONTINUE

DO 31 II=1.2

D0 30 Ki=1eK

ST=0.5%S

QT=0.5%Q

DF=1.0

IF (S) $50,+,50,501

KK1=SORT((T(K1)+ST)/S)+1.0

KK2=2e0%KK1=-160

DO 15 K2=1+KK2

AK2=K2-1 .

IF (K2-KK1—-1) S014,5012,5012

AK2=K2~2%KK1

AKK2=AK2 *AK2
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TABLE F (CONTINUED)

502

503
$035
5036

S04

505

506

601

602

603
604

605

606

607
608

QT1=AKK2 %S

QQT=T(K1)~-0T1

AQQT=ABS (QQT)

IF (AQQT=0,0002) S02¢503,503
DIFF=AQQT

KK3=1

GO TO S04

IF (Q) S5S0:¢50+5035

IF (QQT+QT) 50+,5036+5036
KK3=SCRT((QQT+QT)/0)+2.0
DO 1S K3=1,KK3

AK3=K3-1

AKK3=AK3*AK3

QT2=AKK3%Q

QT3I=AK2% AK3 *W
QaT1=0QT-QT2-QT73
AQQT1=ABS(QQT1)

IF (AQQT1-040002) S5S05+506¢506
DIFF=AQQTI

KK7=0

GO T0O 9

QAT2=AK2%V+AK I %V
QQT3=00T2*QQT2+4 ,0%P%xQQT1
IF (QGT3) 15+:15+6
QQT4=SQRT(QQT3)
QQT5=QQ0T4-0QQT2

IF (QGQTS) 601+,603+602
KKS=(QQTS~P)/(2.0%P)

GO YO 604
KKS=(QQTS+P)/ (2. 0%P)

GO TO 604

KKS=0

Qa7T6=~-Q0QT2~-QQT4

IF (QCT6) 605+607+606
KK6=(GQAT6-P)/(2.0%P)

GO TQ 608
KK6=(QQT6+P)/(2.0%P)

GO TO 608

KK6=0

VVT=AK2%V

UUT=AK 3%V

QT4=00Tl -KKS*(KKS5%P +VVT+UUT)
0T5=00T1 ~KK6* (KK 6%P +VVT +UUT)
DIFF1=ABS(QT4)
DIFF2=ABS(QTS)

IF (DIFF1-DIFF2) 7+7.8
DIFF=DIFF1
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10
11

111
112
113

12
121

122
123
124
125

13

16

22

212
213

KK7=KKS

GO 74 9

DIFF=DIFF2

KK7=KK®6

TOL=0.1%T (K1)

IF (DIFF-TOL) 10+15,15

IF (DIFF=DF) 11,415,155

NK3=AK3

NK2=AK2

KL=K1-1

IF (KL) 12,12,111

IF (KK7-MH(JLleKL)) 12,112,412

IF (NK3-MK{J1sKL)) 12,113,12

IF (NK2-ML(J1eKL)) 12,15,12

IF (I1-2) 13s121,4121

KLL=K1+1

IF (KLL-K) 122,122,13

IF (KK7-MH{Jl.KLL)) 13,123,13

IF (NK3-MK{JleKLL)) 13,124,133

IF (NK2-ML{J1l+KLL)) 13,125,13

IF (CL(K1)=-CL(KLL)) 13,15,15

DF=DIFF

MH(J1 «K1)=KK?

MK(J1,K1)=NK3

ML(JI1 sK1)=NK2

CONTINUE

IDF=0F

IF (IDF-1) 22,16+22

SO0(J1)=1.0

GG T4 37

BK(1)=MH(Jl oK1 )EMH( J1,sK1)

BK{2)=MK(Jl eK1)*MK( J1l,sK1)
BKE3)=ML (Il oK1 ) XML J1,4KL)

BK{(4)=MH(J]l +K1)XML(J1,K1)

BK(S)=MH{J]l +K1)XMK(J1,K1)

BK(6)=MK(J1l +K1)XML{JL1,K1)

IF ([1I-2) 211,219,219
CL(K1)=P%2BK(1)+0%BK(2) +S*BK(3)+V*BK(4)+UkBK(S)+WsBK(6)
IF (KL) 2194219212

IF (CL(K1)~CL(KL)) 213,219,219
DIF=T(K1)-T(KL)
DUL)=D(1)+(MH(J]l KL )*MH(J1,KL)-BK(1))*DIF
D(2)=D(2)+(MK(J1,KL)IEMK(J1.KL)-BK(2))%DIF
D(3)=D(3)+(ML{JL,KL)XML(JL1.,KL)-BK(3))RDIF
D(4)=D(A)+(MH(JIL1 KL)ISML(J1,KL)-BK(4))*DIF
DIS)=DIS)+{MH(J]1 oKL )EMK(J1 oKL )-BK(S))*D IF
D(6)=D(6)+{ML{JL1+KL)SMK(J1.,KL)~BK(6))*DIF
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219

220

221

222

223

224

23

24

242
243
244
245
246
247

25

MH(J1l,K1)=MH(J1,KL)
MK{J1+K1)=MK({J1sKL)
ML(J1,K1)=ML(J1,KL)

DO 220 15=1,6
C(1+I5)=C(1,1I5)+BK{1)*BK(IS5)
CONTINUE

C(2+1)=C(1,2)

DO 221 16=2.6
C(2:,16)=C(2,16)+BK( 2)*BK(16)
CONTINUE

C(3+41)=C(1,3)
C(3+2)=C(2,3)

DO 222 17=3,6
C(3+17)=C(3,17)+BK( 3)*B8K(17)
CONT INUE

C(a,s1)=C(1.4)
C(442)=C(2+8)
C(4,3)=C(3,4)
C(4+4)=C(1,3)
C(a,5)=C(1,+6)
C(a,46)=C(3,5)

DO 223 18=1,4
C(S+18)=C(18,5)
CONTINUE

C(545)=C(1,2)
C(S+6)=C(2,4)

DO 224 19=1,5
C(6+19)=C(19,6)
CONTINUE

C(6:+6)=C(3,2)

D0 23 I110=1,6

DO 23 111=1,6
A(I10,I11)=C(110,111)
CONTINUE

D0 24 1I12=1,6
D(I12)=D(I112)+T(K1)*BK(I12)
CONTINUE

IF (A(1s1)) 242,430,242
IF (A(2,2)) 243,30,243
IF (A(3.3)) 244,30, 244
IF (A(4,4)) 245,30, 245
IF (A(S+5)) 246,304 246
IF (A(6+6)) 247,430, 247
DO 25 I13=1+6
B(I13)=D(113)

CONTINUE

CALL SIMQ(A.B,6sKS)
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26

30
31

35

37
38
40

41
43
S0
52

S4
56

58
59

60
62

IF (KS-1) 26+30,30

P=B(1)

Q=B8(2)

$S=B(3)

v=8{(4)

U=B(9S)

w=B(6)

CONTINUE

CONTINUE

DTSP=0.0

AKK=K

DO 35 K&4=1,K
PTI=P%*MH(J]1l K4 )XMH( J1,K4)
PT2=Q%MK(J1 +K4)XMK( J1+K4Q)
PT3=S*ML(J1:K&)XML(J1,K4)
PTa=VEMH(J1l +K4&)EML( J1,K4Q)
PTS=UXMH(J1 oK4)*MK( U1 +K4)
PT6=WEML (J]l +K&)*¥MK( J]1,K4)

CAL(J1+KA)=PT14PT24PT3+PTA4+PTS5+PTH6

DTSP=DTSP+(CAL(JL1sK4)-T(KA) }%x%2

CONTINUE
SD(J1)=SQART(DTSP/AKK)
APL1{(J1)=P

AP2(J1)=Q

AP3(J1)=S

AP4(J1)=V

APS(J1)=U

AP6(JLl)=W

IF (SO(1)~-S0D(2)) 38.:38,41

IF (I1-L) 40,+S2,52
J1=2

GO TO 50

IF (I1-L) 43,54,54
Ji=1

CONTINUE

J1=1

GO TO S6

J1=2

ISD=SD(J1)

IF (ISD-~1) 60.+58+60

WRITE (IMe59) I

FORMAT (1H1+® THE NUMBER®*, 13,
IDER PATTERN®)

GO TO 80

WRITE (IM,62)

SET IS NOT A TRICLINIC CRYSTAL POW

FORMAT (1Hle® SIN(SQUARE)®*+8Xs *SIN(SQUARE)*+12Xs*'H?¢5X+*K?¢5Xe*'L"?)

WRITE (IM,64)
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64

66

70
T2

74

741

75

76
80

FORMAT (2X,*(0OBSERVED) ' +8X, *(CALCULATED)*)

WRITE (IM.66)

FORMAT (2Xel1(9=9)g 7Xo12( =)o 11Xe3(*=2)43X+s3(*=2)s3Xe3(*~"))
DO 70 KS=1,K

WRITE (IMe72) T(KS) sCAL(J1sKS)eMH(JILIeKS)sMK(J1+KS)eML(J1+KS)
FORMAT (3XoF8e¢S5911XeFB8eSe12Xe13e3X9I343Xe13)

WRITE (IMe74) APL(J1).AP2(J1).AP3(J1)

FORMAT (° = ,FBaSs 13Xs%0=°FB8e5513Xe?S=?+F8e5)

WRITE (IMe741) APA(J1)+APS(J1).APE(JIL)

FORMAT (' V=9 oFBeSe13Xs U= 9FB8e5+s13X,y 'W="3F8e5)

WRITE (IMs75) SD(J1)

FORMAT (' STANDARD DEVIATION=?,F8.6)

WRITE (IMe76)

FORMAT (* THIS IS A TRICLINIC CRYSTAL POWDER PATTERN®)
CONTINUE

STQOP

END




READ
T(J) ’J':].'K
P1(J),P2(J),P3(J),P4(J),
P5(J) ,P6(J) J=1,L
]
Jl=1
SD(2)=1.0

«x |P=P1(I1),0=P2(I1),
S=P3(Il) ,v=P4(I1),
U=P5(Il) ,W=P6 (Il).
]
C(12,13)=0.0
I12=1,6;1I3=1,6
' 5
D(I4)=0.0
14=1,6

500

Figure F The Flow Chart of the Computer Program (TRI) for the
Indexing of Unknown Trielinic Crystal Powder Patterns
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*x 41 42
) * ;
Is no
S0
> )
ves
[5;(1=SQRT((T(K1)+ST)/S)+1.ol501
[KK2=2*KK1-1. 0]
yes [AK2=K2-2*KK1|
- 5012
AKK2=AK2*AK2
QT1=AKK2*S
QQT=T (K1) -QT1
AQQT=ABS (QQT)
5014
DIFF=AQQT
KK3=1
502
no
— -
!
504 50




*okk 41 #2 43

|

_

P

296

[KK3=SQRT ((QQT+QT) /Q) +2.0]

§036

J

_quwﬁl
504

AK3=K3-1
AKK3=AK3*AK3

#4 | QT2=AKK3*Q
( " QT3=AK2*aK3*W
QQT1=QQT-QT2-QT3
AQQT1=ABS (QQT1)

yes

3

DIFF=AQQT1
KK7=0

QQT2=AK2*V+AK3*U

QOT3=QQT2*QQT2+4.,0*P*QQT1

no

506

QQT4=SQRT (QQT3)
QQT5=Q0T4-QQT2

§05




*okk 41 #2 #3 #4

bl

KK5-Q0T5+P
2P

J

602

VVT=AK2*V,UUT=AK3*U

QT4=00QT1-KK5* (KK5*P+VVT+UUT)
QT5=QQT1-KK6* (KK6 *P+VVT+UUT)
DIFF1=ABS (QT4) ,DIFF2=ABS (QT5)

yes @ no

DI
KK7=KK5

FF=DIFF]|

~

608

KK7=KK6

RY.4

|TOL=0,1*T (K1)}«

[DIFF=DIFF2

9

18

$0



*okx 41 $2 #3 #4

H;l*l

298

14

NK3=MK (J1,KL)

K2=ML (J1,KL)
?

111,112,113

yes

121

13




299

* kk 41 $2 #3 #4

*AAI@H

NK3=MK (J1,KLL)

NK2=ML (J1,KLL)

L (K1) >CL(KLL
?

122 123
124 125

yes

DF=DIFF

MH (J1, K1) =KK7
MK (J1,K1)=NK3 fe———

13

K2=K2+1

yes

ISD(J1)=1.6116

37




* * % #1 #2

l%ll

300

BK(1)=MH (J1,K1) *MH (J1
BK(2) =MK (J1,K1) *MK (J1
BK (3) =ML (J1,K1) *ML (J1
BK (4) =MH (J1,K1) *ML(J1
BK (5) =MH (J1,K1) *MK (J1
BK (6) =MK (J1,K1) *ML (J1

K1)
K1)
+K1)
+K1)
+K1)
K1)

Is
no

22

II<2
?

yes

COMPUTE
CL(K1)

COMPUTE
DIF,D(1),D(2),D(3)
D(4),D(5),D(6)

’

]

213

COMPUTE

MH(J1,K1)=MH(J1,KL)
MK (J1,K1)=MK(J1,KL)

ML (J1,K1) =ML (J1,KL)|

B —

C(I'J) ,I=1’6;J=1’6

219




* k% #1

IQ*

#2

301

A(1,3)=C(1,J)
I=1,6;J=1,6

23

COMPUTE
D(I) ’I=1'6

yes

{B(I)=D(I),I=1,6]

no

25
[CALL_SINQ]
Is
KS<1
?
yes

P

=B (1) ,0=B(2) »S=B(3),

V=B (4) ,U=B(5) ,W=B(6)

26

COMPUTE
CAL(J1,K4) ,K4=1,K
DTSP,SD(J1)

®

37

SO0
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AP1(J1)=P,AP2(J1)=Q,
AP3(J1)=S,AP4(J1)=V,
AP5 (J1)=U,AP6 (J1) =W

WRITE
THIS IS NOT A
TRICLINIC CRY-
STAL POWDER
PATTERN

WRITE K5=1,K

T (K5) ,CAL(J1,KS),

MH (J1,X5) ,MK (J1,K5),
ML (J1,K5)

i ‘ 70

WRITE

AP1(J1) ,AP2(J1) ,AP3(J1),
AP4(Jl) ,AP5(J1) ,AP6(J1),
SD (J1)

7% 741 75
Is
no oM _ J
?
80
yes



