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ABSTRACT

A programme has been constructed for the automatic calculation of structure
factors of centrosymmetric (F (hkl)) and non-centrosymmetric (| F (hkl)| and «(hkl))
structures. The number of atoms in the unit cell must not exceed 727 (in the centro-
symmetric case 254) and the number of atomic species must not be larger than 12.
The calculations can be made on any reflection (hkl} with the following limitation:
—127 < b k1< 127. The structure factors are obtained grouped in one of three
alternate ways corresponding to the three ways for grouping the structure factor
data in the programme, which has been developed by our programming team, for the
calculation of the electron density function. The possibility of calculation with indi-
vidual isotropic temperature factors is emphasized. A further enlargement of the
programme in order to make possible the use of anisotropic temperature factors is
planned.

The principles employed in this work should be applicable also to other digital
computers than the present one (BESK).

Introduction

In order to facilitate the computational work associated with crystallographic
structure determinations, a few programmes have been constructed to be used with
the digital computer BESK (1). The one to be described in this article calculates
structure factors and is called SNUSKMUS (“Sekvens f6r Numerisk Utrdkning av
Strukturfaktorer i Kristallstrukturer Med och Utan Symmetricentrum”). The
principles on which it is based could also be used in programmes for many other
computers.

The functions calculated
The programme distinguishes between centrosymmetric and non-centrosymmetric
structures and the centre of symmetry is also the only symmetry element that is

taken into consideration. The different functions that are calculated in the both cases
are given below. The following symbols are used:
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T: the temperature factor = exp ( — $/A2-sin?0) where f is a constant, A the wavelength of the radia-
tion used and 0 the glancing angle for the reflection (hkl).

%:  an index for the numbering of the atomic species.

I: the number of atomic species.

fi: the atomic scattering factor of the ¢:th element.

N;: the number of atoms of the #:th element.

M;,,: the number of atoms of the ¢ first elements; M, =0, My, = M; + N,.

Tn, Yns» 2n: the coordinates of the n:th atom.

In structures with a centre of symmetry, the structure factor, ¥, is calculated
according to:

I M+ N,
Fhkl)=2-T-3 [f,-- > cos 27z(hx,,+kyn+lzn)]
i=1 M+l

The summation is made over half the unit cell.
In structures without a centre of symmetry, the absolute value of the structure
factor, | F |, and the phase angle, «, are calculated as follows:

|F(hkl)|=T-VA2+ B>

I M+ Ny
where A= [f, - > cos 27z(hx,,+ky,,+lz,,)]
i+1 M+l

I M+ N
B=> [f, < > gin 2 (ha, + ky,,—f—lz,,)]

171 M1
(h k1) 1 arcsin : (cycles)
-4 = —
27 Varige
Here the summation is made over the whole unit cell.
The atomie scattering factor, f;, is calculated according to a three-term expression

given by Appel (2):
fi=A;-exp (—a,/A%-sin?0) + B,-exp (—b;/2%-sin2h) + O, - exp ( —c;/A? - sin2f)

where 4, B;, C,, a;, b;, ¢; is a set of constants characteristic for the element concerned.
It is also possible to add a fourth term, D,, corresponding to the real term of a disper-
sion correction (3).

Sin?§ is calculated according to the formula:

sin?0 = A4-h%*+ B-k*+ C-12 — 2Dkl — 2Ehl — 2Fhk.

The programme is made up of a number of subroutines, viz. a self-loading routine,
a routine that reads the decimal data from the tape and translates them to binary
form, routines for calculation of cosine and sine, exponential functions, arc sine and
square roots, a routine for decimal printing and the main routine.

Input data

The data that are needed for the calculations are grouped in three sets. The con-
stants of the first set include the administrative constants and the constants which
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Table 1. Input data for SNUSKMUS IV.

Heading.

Q =0 if sin?§ wanted, @ =1 if sin®( not wanted.
P =1:his varied in each group of the result.

P =2k is varied in each group of the result.

P =3:1 is varied in each group of the result.

8 =0: Centrosymmetric structure.

S { 8 =1: Non-centrosymmetric structure.
G Number of decimals wanted in F.
I Number of atomic species in the structure.
I<12.
N Number of atoms in (half) the unit cell.
N <127,
A
B
6: 9D Constants for the calculation of sin?4.
—-2E
-2F
Zmin
1
lmml: —127< h, k,1 < 127. If for example the calculations are to be made on the h k 0-reflec-
Ponax tions, one must put I, =7 .. =0.
kmax
lmax
Bz For the calculation of the temperature factor. §/4% > 0.001.
R, The sum, with opposite sign, of all the numbers in the group excluding the heading.
A
2. &D d3D d3D dsD 3D 3D d3D 3D
N, A, B, C, D, a, /A2 b,/A2 cy /A2
N, A, B, c, D, ay/A? by A2 o A2
NI AI BI CI DI 0/1/].2 bl/lz C]/}.z
R3 R} R} B3 R} R} R} R}
A A A A A A A A
N;=the number of atoms of the ¢-th element in (half) the unit cell.
3. 3D d3D )
Ty 4 Z
Ty Ya 2y
N Yn zZN
R} R; R}
A A A

The order in which the atomic coordinates are punched follows that of the N;'s. .
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4 No Is Place G equal Input of | | Input of
< q p STOP!
hl P=1? to the number datatape programmetape.
of decimals in F J
b Yes Y & i
F Anything wrong v
J Put {—No with-the data or Yes
Y hy=h with the datainput?
hy= : Prepare for calcu-
hy= lations on a new
structure.
*No
Y Yes
s 1Y o l e '"‘"z}_‘_‘L b1 by e 13 < by e |
p=2 [
h1 =
hy=
No hs=h
A 4 W\
P=3. Put Start with the first Re-set
—— h=i > atom of the first Ne | typewriter
hy=h element: 1—n. carriage.
hy =k 10
b 4
— Re-set
Form Slnl.e and <« typewriter
“°;;'t' Lh,+1 ——h|1 carriage.
Original addresses
Is sin? < 12 M Yes N°Jf for all parameters.
l.e. is the reflec- N Prepare for calcu- €
tion inside the reci- S 5 [ 15 hy< by, me? lations on the next
procal lattice sphere? reflection.
qu
Form and store the - Print sin? 0.
atomic scattering _(__Chur;ge1eLeTent. )F
factor f. + - A
No Yes
Form |F|l=T-|Fyl. -
y 2 ? l
‘1 A Print bk, I, ||, | Is sin? ¢ wanted?
Form and store
oo 1 A
> cos 2z (hxa+ Ky, +12,)
:’1 Form and store
'S sin 2 Iz, |Fy| =1} A71 B2 Form F=2T-A’"
P S 2 (hx,+ky,+12,) oy + Print b k1. F.
r a=g- arc smV_A—'ﬁ
Yes 4 ~ A
Take the next The same element Yes ‘r y
atom: n+1-~n. as before? No hd No
_ v S
4
Form and store No M No ’'S
A= £ (3 cos) All atoms in Yes
! >— (half) the unit Centrosymmetry?
B;=>_’:f, (S sin) cell included? | Yes
1
Fig. 1. Flow diagram.
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depend on the structure in question except for the constants for the calculation of
the f:s (which belong in the second set) and the atomic coordinates (which form
the third set). The disposition of the data is shown in Table 1.

Punching of data

The data as well as the programme are presented to BESK as punched hole-
combinations on a tape. The data tape is punched according to Table 1. In front
of each group of data, dD is punched, where d denotes the number of decimals with
which the values in the group must be punched, d > 1. The number of digits < 11. Each
number is, if necessary, completed with zeros so as to contain d decimals. Decimal
points and zeros before the first significant digit may be omitted. Every positive
number is followed by the signal D (denoting +-sign) and every negative number
by the signal B (denoting —-sign).

At the end of each group of data, the signal R is punched, viz. the sum with the
opposite sign of all the numbers in the group (not including the heading). The signal
A then immediately follows. An erroneous digit or letter may be deleted by punching
it over with the signal F.

Organization of the programme

How the programme works is shown in the flow-diagram (fig. 1). The sum of each
group of data is checked by the machine against the corresponding R-value and if they
do not agree the computer stops. The first choice depends on the value of P. This
constant determines the order in which the structure factors will be printed. I.e. the
F-values are always gathered in groups with varying %,-values and constant k,- and
ks-values. When changing from one such group to another, the index A, is first varied,
then %;. The value of P now determines which one of the three indices &, k, ! is identical
with %,. Which index is %, or A, is determined by cyclic permutation, so there are in
all three possibilities: P =1, 2 or 3. In this way SNUSKMUS connects with SUPER-
MUS (4), the programme for electron density calculations, the structure factor data
of which can be arranged in three different ways.

The calculations begin with the reflection (Amin#minlmin) and sin?@ is first of all
calculated. If sin?fis larger than 1, the reflection cannot be registered with the radia-
tion used. The calculation on this reflection is therefore broken off and one or more
of the indices are changed, as shown in the flow-diagram, in preparation for the
calculation on the next reflection. If sin26 is less than 1, the reflection is inside the
reciprocal lattice sphere and the next step in the calculations is to form the atomic
scattering factor, f;, which is then stored. Thereafter the expressions & 2 n (ha, +
ky, +1z;) are formed and stored. If the next atom is of the same atomic species as
the former, the contribution of the former to the sums > cos and D sin is calculated
and stored. This procedure is continued until “the next atom’ is of a different
atomic species. The contribution of the 7:th element to the sums A4; and Bj is then
calculated and the latter are formed and stored. If not all of the atoms in (half) the
unit cell have been used, the ::th element is replaced by the (¢ + 1):st and fi; is
calculated and so on. If, on the other hand, no more atoms are left, the value of the
constant S is examined: If it is zero the structure has a centre of symmetry, if it is not
zero (8§ =1) the structure lacks a centre of symmetry. In both cases, it is tested
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whether the reflection is extinguished or not by comparing the structure factor or its
absolute value with the very small numbers §, or 6, respectively. If it is extinguished,
preparations are made for calculations on a new one. If it is not, then, in the centro-
symmetric case 4’ is multiplied by a temperature factor, 7', and doubled to form F
(the doubling depends on the fact that in the centrosymmetric case the calculations
are made on only one half of the unit cell content). Then 4, k, I, F and, possibly, sin26
(if @ =0) are printed. In the non-centrosymmetric case, the absolute value of the

structure factor, | F | =T VA’2 + B2, and the phase angle, «, are formed, the last
mentioned in parts of a cycle, and &, k, [, | F|, « and, if required, sin?§ are printed.
As regards the printing, one gets A, k, | without decimals, « with five decimals and
sin20 with four. The number of decimals in F is determined by the value of the con-
stant G.

In both cases preparations are then made for computations on the next reflection.
If, however, the just calculated reflection had the indices Ayaz, #max, lnax, Preparations
are made for a possible computation on a new structure and then the machine stops.

The programme can handle any structure for which the number of atomic species
does not exceed 12 and for which the number of atoms in the unit cell does not
exceed 127 for the non-centrosymmetric case and 254 for the centrosymmetric one.
The calculations can be made on every reflection (%kl) whose indices lie in the interval
[ =127, 127]. In the case of centrosymmetry, one puts in only one half of the unit cell
content in such a way that if the atom (z,y,2) is included the atom (1 —z,1 —y,1 —2)
isnot. N.B.If an atom is situated in a centre of symmetry, it must be treated separate
from atoms of the same kind occupying acentric positions. The corresponding atomic
form factor constants 4,, B;, C, and D, (but not a,, b,, ¢;!) should thus be given half
their normal values.

The constant 7' is an over-all temperature factor. It is also possible, however, to
use individual isotropic temperature factors. The k-th individual temperature constant
of the ¢-th element may be written:

ﬁt.k :ﬁo + Aﬂi.k (Aﬁ = 0)

(Note: § is usually denoted by B but we have chosen this notation § since we have
already used B for one of the constants in the expression for sin?0.) One must now
first replace the last of the constants of the first set (cf. Table 1), §/42, by f,/42 and
then add the constant AS;; to each of the constants a,, b, and ¢,. Formally, atoms of
the same kind but of different temperature factors are thus treated as different
atomic species.

N. B. The fact that sin?0 /A2, which enters into the exponents in the three term ex-
pression for £, is a constant depending only on the indices &,%,! of the reflection in ques-
tion and on the unit cell dimensions of the structure makes possible a shortening of
the computing time in certain cases. If, namely, the X-ray exposures have been made
with radiation of a relatively short wavelength, e.g. Mo-radiation, the damping effect
of the temperature factor will lead to the result that only the reflections from the
interior of the reciprocal lattice sphere are registered. If, furthermore, one or more of
the unit cell angles of the structure differs considerably from 90°, it is not possible
to limit the range for the calculations by putting |hmm|, |kmm| , |lmm| , |hmx| , |kmx|
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and/or |lmx| sufficiently small. One would then of course lose some of the reflec-
tions of the type (hkl) with a large value for one or more of the indices. One may now
choose a new suitable artificial wavelength, A’, which is larger than the one used
and then calculate a new set of cell constants 4,B,C,..., using A’. In this way, one
can “shrink” the reciprocal lattice sphere and thus avoid calculations on a lot of
the non-observed reflections.

Computing time

As regards computing time, the following information may be given: The input
of the programme tape takes about 20 seconds. The time for the input of the data
tape varies with the number of data but is of no importance in comparison with the
real computing time. The latter, excluding the time for the output, can be estimated
to be (¥ +21)-0,01 seconds/reflection. The time for the output cannot be easily
estimated. An approximate value is 0.40 + (S —@)-0.11 seconds/reflection. A rough
estimate of the total computing time, ¢, is thus:

t=(N+2I)(U+ V)-0.01 +[(S —@)-0.11 +0.40]- U (seconds)

where U is the number of non-extinguished reflections and ¥ the number of extin-
guished reflections. (The remaining symbols have already been specified in Table 1.)

The programme tape is available at BESK. The instructions for the use of SNUSK.-
MUS are given in Table 2.

Table 2.

1. Turn knob “UTMATNING” (output) to position “SKRIVMASKIN” (typewriter). Set highest
input-speed.

2. Put programme tape in tape reader. Press button “O-—MS”. Then press button “START
FRAN REMSA” (start from tape).

3. When input has stopped, check signal typed by typewriter. If only “AA” has been typed,
continue. Otherwise start again from 2.

4. Turn knob “UTMATNING” (output) to position “STANS” (punch). Set lowest input-speed.

5. Put data tape in tape reader. Press button “START"”. If anything is wrong with the data or
with the data input, the machine stops immediately. Try once again from 5 and if the same
thing happens, break off the calculations. If the data and the data input are correct, the
calculations are performed and thereafter the machine stops.

6. Begin again from 5 with the next data tape.

Final remarks

The applicability of the principles employed in the programme described above
is by no means restricted to the computer BESK for which it has been constructed.
They should be applicable to various types of electronic digital computers.

The present programme should be applicable, without any modification, to the
computer model FACIT EDB which has just been installed at the Swedish Board
for Computing Machinery. The larger core-memory of the latter computer as com-
pared with BESK may, however, make possible an extension of the programme to
include e.g. anisotropic temperature factors.
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